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Welcome to the 10th Heat Powered Cycles Conference

This is the 10th Heat Powered Cycles Conference. The first was held at Nottingham in 1997.

This  time  the  event  is  being  co-organized  by  the  University  of  Edinburgh,  (Edinburgh,

Scotland),  The  University  of  Applied  Sciences,  Vorarlberg,  (Austria),  and  Universidade

Paulista - UNIP, (Brazil). The conference is hosted by the University of Edinburgh by Prof.

Giulio  Santori.  In  addition  to  formal  presentations  of  technical  papers,  including  invited

Keynote papers, the event includes poster sessions and a Special Session on  Joint Talk on

Materials  and  Processes  for  Carbon  Dioxide  and  Water.  The  Kenneth  Denbigh  Medal

Lecture will  also  be  presented  during  the  conference.  The conference  is  concerned  with

scientific and technological innovations relating to the efficient and economic use of heat,

derived from all its sources, for the production of cooling, heating, and mechanical power

either independently or co-generatively.

University of Edinburgh

Subject areas of particular interest  include; hybrid cycles, ORCs, Stirling cycle machines,

thermo-acoustic  engines  and  coolers,  sorption  cycle  refrigerators,  heat  pumps,  jet-pump

(ejector)  machines,  temperature amplifiers (heat  transformers),  chemical  heat pumps, new

working  fluids,  mass  and  heat  transfer  phenomena,  desalination  of  brackish  water  and

seawater,  compact  heat  exchanger  research  (including  foams  and  other  micro-channel

research),  thermo-economics,  process  optimization,  and  modeling,  process,  and  cycle

thermodynamics. 
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History

2022: Bilbao
The ninth Heat Powered Cycles conference was hosted by the 

University of the Basque Country, Bilbao, Spain.

2018: Bayreuth
The eighth Heat Powered Cycles conference was hosted by the 

Bayreuth University, Germany.

2016: Nottingham
The seventh Heat Powered Cycles conference was co-organised by the
Universities of Nottingham and Bristol. The conference was held at the
University  of  Nottingham  and  was  hosted  by  the  HVASCR  & Heat
Transfer Group.

2012: Alkmaar
The  sixth  Heat  Powered  Cycles  conference  was  hosted  by  Energy
research Center of the Netherlands (ECN) in the Golden Tulip Hotel in
Alkmaar.

2009: Berlin
The fifth Heat Powered Cycles conference was hosted by the Technical
University of Berlin.

2006: Newcastle
The fourth Heat Powered Cycles conference was hosted by University
upon Tyne Newcastle.

iv

https://heatpoweredcycles.org/7th-hpc-in-Nottingham
https://heatpoweredcycles.org/6th-hpc-in-alkmaar
https://heatpoweredcycles.org/5th-hpc-in-berlin
https://heatpoweredcycles.org/4th-hpc-in-newcastle


Two Special Issues after HPC 2023

The Organizing Committee of the Heat Powered Cycles Conference will select some of the

presented manuscripts,  after  the conference  is  finished, to be invited for publication in a

special issue of Applied Thermal Engineering (Elsevier), and Carbon Neutrality (Springer).

The selection of the manuscripts will be based on their quality and presentation. The selected

manuscripts will undergo a normal review process for those journals.
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Prof. Dr. Giulio Santori, The University of Edinburgh (UK)
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Prof. Dr. Mike Tierney, University of Bristol, UK

Program and Review Chair
Prof. Dr. Roger R. Riehl
GamaTech Thermal Solutions 
Faculty of Thermal/Fluid Sciences - Universidade Paulista - Brazil

Scientific Advisory Panel
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Abstract  

The study presents experimental investigations on a glass oscillating heat pipe. Subsidising the 

reference fluid deionised water by a mixture of deionised water and particles shows an increase 

of the thermal performance by about 10 %. However, this effect quickly disappears due to the 

chemical reactions occurring during operation. 
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Introduction/Background 

Heat exchangers and other heat engineering equipment are of outstanding importance for the 

energy transition. With the currently feared drastic shortage or increase in the price of fossil 

primary energy sources, there is also a growing need to use previously unavailable reservoirs 

of regenerative thermal energy. The need of users to have such systems at their disposal or to 

increase their effectiveness is noticeable in all sectors of the economy. Oscillating heat pipes 

(OHP) operating at low temperatures could be such a system. To increase the thermal 

performance of OHP's and to avoid an instantaneous heat flux at the condenser, new working 

fluids need to be investigated. 

Discussion and Results 

Figure 1 shows the ILK OHP test rig. The OHP consists of a glass body with four loops (di = 

3 mm). A resistant heater heats the lower part (evaporator) of the glass body. The condenser 

(upper part of device) is cooled by a water stream (volume flux, Ve = 6, 20 & 40 l/h; inlet 

temperature tein = 15 °C) provided by a thermostat. After evacuation the glass body is filled 

with 9 ml working fluid (FR = 66 %). The employed working fluids are either deionised water 

(DI water) or a mixture of DI water and galinstan (EGa). Galinstan is the eutectic alloy of 

gallium, indium and tin (77.2 / 14.4 / 8.4 at. %) [1]. Its appearance is metallic bright and its 

melting point is at about 10.7°C.  

The nominal content of galinstan in the working fluid amounts to 0.5 vol. %. For the working 

fluid, liquid galinstan is added to DI water and sonicating for 4 hours. 

The efficiency – ratio of thermal energy retrieved at condenser to heat input at evaporator – at 

a condenser volume flux of 6 l/h shows Fig. 2. At day one, the efficiency of the OHP operated 

with the water/galinstan mixture (left plot, orange symbols) is about 10 % higher than for pure 

water (Fig. 3, left plot). Repeating the experiment 24 hours later shows the fading of this effect 

(Fig. 2, right plot).  
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Figure 1. Working principle of OHP (left) and ILK test rig without insulation.  

 

 

 

 

 

 

Figure 2. Efficiency of OHP first day (left) and second day. Condenser volume flux 6 l/h. 

 

 

 

 

    

 

 

Figure 3. Left plot shows increase of heat received at condenser at day one for three 

condenser volume fluxes. Right a SEM-image (magnification 5.000) shows the 

agglomerates formed in the working fluid. 
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SEM images (Fig. 3, right) reveal the size and structure of the particles formed in the working 

fluid. The originally liquid alloy has obviously turned into solid agglomerates with sizes up to 

2m. In some cases, the shape is reminiscent of hollow granules. Based on a quantitative phase 

analysis, it is determined that the compounds making up these particles are GaO(OH), In(OH)3, 

InSn4 and pure indium. The summary of these results leads to the conclusion that hydrolysis 

takes place in the OHP. Larger solid agglomerates and non-condensable gases – probably 

hydrogen and oxygen – form. While the former may support the OHP’s thermal performance, 

the latter definitively increase its thermal resistance. Figure 4 represents the instantaneous 

temperature difference at the condenser. Large break down events occur for DI water with low 

heat input at the evaporator (20 W, Fig. 4, left diagram). Employing the mixture of DI water 

and particles eliminates these disturbances of the heat flow. At high evaporator heat loads, the 

heat flux   is very similar for both working fluid.  

Summary/Conclusions  

The conclusion from the experiments is that a heterogeneous mixture of water and any gallium 

alloy is a complex problem when it comes to working fluids for phase change probes. The 

reason for this is the extraordinarily high reactivity of gallium towards oxygen. However, the 

experiments also suggest that the addition of particles (not only nanoparticles) is a way to 

improve the thermal performance of OHP’s significantly.  

Probably the best hypothesis to describe the processes taking place inside the OHP is the 

following. 

1. In the first minutes / hours of operation, gallium compounds coat the evaporator 

surface. This coating make the glass rougher. An open-porous, wick-like surface 

structure may even form. In both cases, the heat transfer at the evaporator is enhanced 

either by increasing the number of nucleation sites (roughness) or by wicking. In the 

latter case, basefluid is transported under the developing bubbles and accelerate their 

growth. 

2. During operation, chemical reactions of the alloying partners (Ga, In & Sn) with the 

basefluid (water) take place. These reactions are likely to generate hydrogen and 

oxygen both non-condensable gases (NCG) that accumulate in the condenser. The 

high operation temperature accelerates this process. That of course increases the 

thermal resistance of the entire OHP. 

In the experiments on the first day, the amount of NCG is small and the coating improves the 

heat transfer at the evaporator and thus the thermal performance of the OHP. We assume that 

large particles/agglomerates further improve heat transfer by enhancing capillary instabilities. 

Furthermore, small particles can influence the thermal performance of the OHP by 

accumulating at the interface at the liquid/gas phase interface, thus changing the surface tension 

of the working fluid. In the experiments on the second day, the NCG thwart all these positive 

effects by impeding the heat transfer at the condenser. 
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Abstract 

In the light of the energy crisis and the extreme fluctuations of prices for e.g., gas and 

electricity, domestic microgeneration and low temperature waste heat recovery is more 

required than ever. For WHR of internal combustion engines, gas turbines and more energy 

demanding processes like steel, glass and cement industry (>500 kWel) an Organic Rankine 

Cycle is the method of choice and has already established itself over the years. This ORC 

systems contain a pump, an evaporator, an expander, a recuperator, and a condenser to make 

ideal use of the low temperature waste heat. For low power WHR (<5 kWel) this complexity of 

the ORC plant aggravates its miniaturization and is only partially suitable. Therefore, the 

authors aim for a disruptive approach with a so-called isochoric vapour engine (IVE), which 

has no need for the already named system containments. The IVE performs a complete 

thermodynamic cycle, is completely self-contained and requires a much smaller assembly 

space than a comparable ORC system. In the following, the architecture and the 

thermodynamics of the IVE are introduced, pros and cons are elaborated, first theoretical 

results are presented and discussed, and next steps are described.   
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Nomenclature 

 

Subscripts 

ℎ Specific Enthalpy, (J/kg) 𝑐𝑜𝑚𝑝. Compression 

𝑚 Mass, (kg) 𝑒𝑥𝑝. Expansion 

𝑝 Pressure, (bar) 𝑖𝑛 Input 

𝑄 Heat, (J) 𝑙 Large 

𝑇 Temperature, (°C) 𝑚𝑎𝑥 Maximum 

𝑢 Specific Internal Energy, (J/kg) 𝑚𝑖𝑛 Minimum 

𝑣 Specific volume (m3/kg) 𝑜𝑢𝑡 Output 

𝑊 Work, (J) 𝑠 Small 

𝑥 Vapour Quality, (-) 𝑣 Volume 

𝜂 Efficiency, (-)   
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Acronyms 

 

  

𝐸𝑈 European Union   

𝐼𝑉𝐸 Isochoric Vapour Engine   

𝑂𝑅𝐶 Organic Rankine Cycle   

𝑊𝐻𝑅 Waste Heat Recovery   

0𝐷 0-Dimensional   

1𝐷 1-Dimensional   

 

Introduction 

About 800 TWh of waste heat are still discharged by industrial processes into the environment 

every year in the EU alone [1]. An ORC system would be capable of using this waste heat and 

convert it partially into electric energy. However, for most of this decentralized waste heat, 

smaller ORC systems would be needed [2]. The Organic Rankine Cycle is already a mature, 

economic technology in the power output range of 100 kWel to several MW [1] but not in the 

region of a few kW. This is, because the downsizing of the technology comes with several 

challenges, that need to be solved. One of them is the plant specific cost (€/kW), and therefore 

the return of investment, which is still unattractive for most of the commercial uses. This point 

is clarified by the ORC market capacity in the power range between 1-100 kW. The capacity 

of ORC units in this range is only at about 4.95 MW – worldwide [3]. Despite the large potential 

of the market, an ORC in this power range is uncompetitive due to the high specific costs - 

even a micro-ORC plant needs a pump, a boiler, an expander and a condenser. Another reason 

for the low market capacity is, that for these small-scale ORC-Units, a simpler scheme of the 

plant is preferred due to its usage in civil, industrial, or domestic environment  

Despite the facts, that ORC-Units in the power range below 100 kWel are mostly unattractive 

for commercial use, there are companies, that sell these units in the beforementioned power 

range, but most of them are still developing prototypes. In the range around 100 kWel, the 

market analysis shows, that there are some companies available, that sell ORC´s commercially, 

e.g., Exergy Italy, Rainbow France, GE clean energy USA etc. [4–6]. In the region of a lower 

power output (<20 kWel) there are only very few companies, that provide ORC plants. 

ORCAN– Munich provides units from 20 kWel which use a Scroll-Expander. They are able to 

use waste heat from 80 °C and claim cycle efficiencies of about 5 % [2]. The French Company 

Enogia sells a ORC unit with a power output down to 10 kWel using a radial turbine coupled 

with a high speed generator and a total mass of about 450 kg [7]. Below 5 kWel, there is no 

commercially available unit offered by any company – to the authors knowledge. In research, 

there are units tested with a power output below 5 kWel, like [8] that investigated a 2,5 kWel 

ORC for the domestic use with a scale of 0,74 m x 0,74 m x 1,6 m in size without the evaporator. 

Research is mostly focused on the appropriate choice of the expander unit in the ORC e.g. 

screw, scroll or reciprocating [9–13].  

 

Another approach could be small Stirling engines, which are an alternative to micro-ORC 

systems [14] They generally consist of a working cylinder and a displacement cylinder with 

associated pistons and a crankshaft. Stirling Engines without a crankshaft are the free-piston 
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versions [15] such as those offered by Viessmann, Vaillant or Senertec with approx. 1 kWel 

installed in gas boilers for building heating in the 2010s. This is possible due to their 

compactness and quiet running. In the Stirling hot gas engine, heat is supplied on principle 

after initial compression of the working gas (some 10s of bars). After that, the expansion of the 

hot gas takes place under work output. The useful work is only the small difference between 

the large compression work and the somewhat larger expansion work. To ensure that a usable 

difference is available as useful work even with friction and heat losses occurring in reality, 

these small Stirling machines require relatively high upper process temperatures (450 °C-

750 °C; [15]) and are thus ruled out for low temperature (waste heat) utilization. To the authors 

knowledge, only one Stirling engine for low-temperature heat utilization is currently under 

development at MACH1881 [16]. With all of this information and considerations, the question 

raises whether there are other, completely detached, disruptive approaches that could take 

advantage of this unused low-grade waste heat? 

 

This is where the IVE - Isochoric Vapour Engine comes in place. The IVE is the concept 

(patent pending) of a new type of heat engine with isochoric evaporation and condensation. It 

does not require a feed pump and recuperates part of the waste heat internally. The compression 

or pumping work is omitted, and the expansion work is almost fully useful work. This, and the 

use of low-boiling, organic working fluids, makes heat sources with temperatures below 

100 °C exploitable. The IVE concept combines the advantages of the ORC plant in terms of 

low-temperature application and the simplicity of design of the Stirling engine in terms of its 

compactness. 

 

IVE Working Principle 

 

First, the new working principle of the IVE is explained in detail to clearly illustrate the 

differences to other cycles. From this statement, it already becomes clear: The Isochoric 

Vapour Engine aims to undergo a complete thermodynamic cycle and is not just a newly 

designed expansion machine. Due to the big differences to other engines, the working principle 

of the IVE is explained step by step. First its architecture and second, the corresponding 

thermodynamics. Fluid dynamics will not be addressed, as it would exceed the scope.  

 
Architecture and basic thermodynamics of the new heat engine 

 

To clearly illustrate the mechanical working principle of the IVE, a very simple schematic 

representation is used below (Fig.1.). In this representation, the process of heating, cooling, 

and the expansion of the working medium in the cell wheel is described. The description is 

supplemented by the TS-diagram displayed in Figure 2. 

 

The IVE is based on an outer rotating cell wheel and an inner "expander wheel” - which can 

be either a turbine (Fig. 1 left) or e.g., a rotary vane expander (Fig. 1 right). The non-rotating 

housing (grey), which contains the flow channel (red arrows) is mounted around the expander 

unit. It ensures, that the overflow of the fluid from heated cells B to cooled cells C is only 

possible at a certain section of the engine. The cell wheel and the inner expander wheel are 
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coupled and are rotating in the counterclockwise direction as shown by the black arrows. The 

cell wheel can be either in direct connection with the expander-wheel or via a gear, to 

implement different rotational speeds of the cell and expander wheel, if reasonable. A shaft is 

connected to the expander wheel, where excess i.e., net work is extracted.  

 
Fig. 1 Schematic mechanical representation of the IVE, left considering a turbine and right 

volumetric expander 

 

 

 
Fig. 2 Schematic Ts-diagram of the IVE cycle in the wet vapour region of an organic working 

fluid 

 

 

For about half of the circumference, the cell wheel is in contact with the heat source, e.g., hot 

water (red area). For the other half to the cooling sink, e.g., cold water (blue area). To be able 

to clearly define the cells in the next steps, they will be named from now on. Cells that are 

heated isochorical are now called B0 (Fig. 1), the corresponding change of state 3-4 is shown 

in Figure 2. Cells that are cooled are called C0 (Fig. 1), the corresponding change of state 5-1 

is shown in Figure 2. Isochoric heating and cooling take place because the cell volume and the 
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cell mass content remain constant while heat addition or rejection. However, while heating, the 

mass in a cell B0 is larger than while cooling in a cell C0. This fact is indicated by solid and 

dashed lines in Fig. 2. At the end of the heating or the cooling hemicycle, respectively, cell 

now named B1 and cell now named C1 are connected via the flow channel. The working fluid 

expands from the warmer cell B1 with high temperature T4, high pressure p4 and high vapour 

quality X4, into the cooled down cell C1 and expands thereby to v5 = v1 at lower temperature 

T5 and lower pressure p5 . As displayed in Fig. 2, the expansion from this certain mass fraction 

(ml-ms) from B1 to C1 is considered as isentropic. Flow work is done which is partly used for 

turning the cell wheel partly available as net shaft work of the expander. The overflowing of 

the difference between the large mass in B1 and the small mass in C1 (change of state 1-2-3) 

is considered in two steps. First, it is assumed that the overflowing hot, high pressure vapour 

(state 4, Fig. 2) from B1 is compressing isentropically the cold low pressure vapour (state 1) in 

C1 till pressure equilibrium p2 = p5 is achieved (1-2, Fig. 2). Because the entire cycle takes 

place in the wet vapor region of the organic working fluid, pressure equilibrium also means 

temperature balance. The second step (2-3, Fig. 2) is considered as adiabatic mixing of two 

vapour fractions with identical pressures, identical temperatures but different vapour qualities. 

Now the cycle starts again. 

 

It must be pointed out, that in contrast to an Organic Rankine Cycle plant, all IVE components 

like evaporator and condenser cells, the expander will always work in transient condition, even 

the IVE works stationary (fixed rotational speed). Furthermore, the IVE cycle could principally 

also be considered as supercritical cycle, completely working in the superheated (gaseous) 

region of a working fluid. However, because heat transfer with an evaporating or condensing 

working fluid is by far stronger than without phase change, the current investigations 

concentrate on a wet vapour engine.   

 

The simple illustration in Figure 1 shows, that the IVE is made from much fewer components 

than a comparable ORC plant. There is no need for a feed pump because the heat is added 

isochoric and therefore, also the pressure increases in the heated cells, while heating. The 

expander is not a separate unit, it sits directly in the middle of the housing. The cells serve as 

an evaporator and condenser, depending on which position - either source or sink semicircle – 

they are. The cells are always in contact with the evaporator- or condenser-side until they are 

connected with each other via the flow channel. Thus, there is no extra need for an evaporator 

or condenser unit, pressure and heat losses through piping to and from these units are therefore 

non-existent. Through the continuous mass exchange between the cells, a storage tank is 

needles. This mass exchange also serves the advantage, that a portion of the heat is recuperated 

internally. The residual heat out of cell B1 is automatically transported into cell C1 before C1 

gets into B0 and is heated up again.  

 

Thermodynamic-Modeling 

 

Based on these basic considerations, the five changes of state (Fig. 2) of the IVE cycle are 

expressed in 0D equations.  To support the derivation of the governing equations, the cell wheel 

has been simplified in Figure 3 as neighboring boxes, without expander. The partition between 
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the boxes is intended to be movable and acts as a piston. The cells are numbered in the upper 

right corner, to see in which state they are. Furthermore, the name of the cell is in the upper left 

corner and the mass distribution, so either the large mass ml or the small mass ms are shown in 

the lower left corner. Also, all the known thermodynamic quantities are presented in the core 

of the cells. In this box representation, two changes of state are also always represented in 

parallel since they happen simultaneously. 

 

Fig. 3 Schematic changes of state of the IVE, 0D-Model 

The change of state from 1 to state 2 is an isentropic compression of the fluid in the small-mass 

𝑚𝑠 cell C1, with the lowest temperature and pressure and vapour quality in the cycle, by the 

overflowing fluid (4-5) from the large-mass cell B1, with the highest fluid temperature, and 

pressure (green arrow Fig. 3.; closed system). Cold vapour (B1) and overflowing hot vapour 

(C1) are still separated by the partition. 

1 → 2: 𝑊𝑣12 = − ∫ 𝑝𝑑𝑉

2

1

= 𝑊𝑐𝑜𝑚𝑝. = 𝑚𝑠 ∗ (𝑢2 − 𝑢1)(> 0) (1) 
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Simultaneously, from 4 to 5, the hot vapour with the large mass 𝑚𝑙 in B1, expands 

isentropically into cell C1 by pushing the moveable partition. The work output 4-5 serves to a 

small extent to compress the cold vapour in C1 (1-2), and to a large extent it is useful work 

(dark blue arrow Fig.3.; closed system): 

 4 → 5:    𝑊𝑣45 = − ∫ 𝑝𝑑𝑉

5

4

= 𝑊𝑒𝑥 = 𝑚𝑙 ∗ (𝑢5 − 𝑢4)(< 0) (2) 

The small mass 𝑚𝑠 is thus compressed just enough, that the pressure of the compressed mass 

𝑚𝑠 equals the pressure of the expanded mass 𝑚𝑙 (p2 = p5). Since the change of state occurs in 

the wet vapor region, the pressure equalization also means a temperature equalization (T2 = 

T5). The resulting net work is: 

𝑊𝑁𝑒𝑡 = 𝑊𝑣45 + 𝑊𝑣12 = 𝑊𝑒𝑥 + 𝑊𝑐𝑜𝑚𝑝. (3) 

 

From state 2 to 3 (black arrow Fig.3.), the overflown mass from cell B1 with its high vapour 

content get mixed adiabatically with low quality vapour in cell C1. For this, the partition is 

now considered to be permeable.   

2 → 3: 𝑚𝑠 ∗ ℎ2 + ∆𝑚 ∗ ℎ5 = 𝑚𝑙 ∗ ℎ3 (4) 

 

From state 3 to 4 (red arrow Fig. 3.), the large mass (ml) of working fluid (solid line Fig.2.) in 

the cells B0 is isochorical heated from the hot water source (Qin3,4). Because the heat is supplied 

isochorical, the temperature, pressure and the vapour content of the fluid increase (closed 

system): 

3 → 4: 𝑄𝑖𝑛3,4 =  𝑚𝑙 ∗ (𝑢4 − 𝑢3) (5) 

 

From state 5 to state 1 (light blue arrow Fig.3.), the remaining low mass fraction 𝑚𝑠 in cell C0 

is cooled by the cold-water source (Qout5,1). The heat is discharged isochorical and therefore, 

the temperature, pressure and vapour content of the fluid decrease – the cycle gets repeated. 

5 → 1: 𝑄𝑜𝑢𝑡5,1 =  𝑚𝑠 ∗ (𝑢1 − 𝑢5)(< 0) (6) 

 

It is obvious, that the changes of state from 1 to 2 and 2 to 3 would actually be combined into 

continuous changes. The lower mass fraction in cell C1 is compressed by the overflowing mass 

and both mass fractions are simultaneously adiabatically mixed. For first assumptions and 0D 

calculations of the cycle, the authors used this partitioning for the sake of simplicity.  
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Model Calculations and assumptions 

Using the equations above, initial calculations of the IVE can now be performed for specific 

boundary conditions.  

 

Fig.5 Quantitative Ts-Diagram for Isopentane with first assumptions 

Figure 5 shows the quantitative TS-Diagram of the IVE cycle for defined boundary conditions. 

A constant heat-source temperature of 80 °C =T4 and a constant cold-sink temperature of 25 °C 

= T1 were selected. This temperature range was chosen because the IVE should be able to cope 

with domestic temperatures, e.g., hot water from a rooftop solar system or other low 

temperature heat sources. For a given temperature in the wet Isopentane vapour region, there 

is a given pressure, as for state 4 it is p4 = 4.57 bar and for state 1 it is p1= 0.92 bar. As a first 

step, a fixed point is then defined for state 4, in which the vapour quality must be specified. An 

x4 of 0.9 was chosen– which of course will be adjusted empirically after the first measurements 

have been carried out. Next, a vapour quality needs to be defined for point 1, e.g., x1 = 0.35. 

By these definitions, points 4 and 1 are now fixed. Since the change of state 5-1 is isochoric, 

the isentropic expansion is drawn from 4 to 5 to the same specific volume as state 1. As 

described above, the hot vapour out of B1 will overflow in cell C1 until pressure equilibrium 

p2=p5 is achieved. By this determination, point 2 is also determined. Now, state 3 can be 

calculated via adiabatic mixing of the two mass fractions ms and ml. Since Qin3,4 and Qout5,1 are 

implemented isochorical, points 3 - 4 and 5 - 1 can now be connected. Due to the two 

specifications of the vapour qualities and temperatures of points 4 and 1, the 0D system is 

overdetermined. For this reason, an iteration must now ensure that: 

𝑄𝑖𝑛3,4 + 𝑄𝑜𝑢𝑡5,1 = 𝑊𝑒𝑥𝑝. + 𝑊𝑐𝑜𝑚𝑝.      [𝑘𝐽] (7) 
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The vapour quality x1 must now be varied (red arrows Fig.5) until the expression above 

becomes true and x1 for state 1 is found. 

One can already assume, that for this small temperature range and low upper process 

temperature, the cycle efficiency and therefore the efficiency of the IVE is not going to be very 

high. The maximum reachable cycle efficiency or Carnot-efficiency is: 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −
298𝐾

353𝐾
= 𝟏𝟓. 𝟓𝟖 % (8) 

 

For the calculation of the cycle efficiency of the IVE, a cell volume must be specified (here, 

for the sake of simplicity, Vcell = 1dm3). With this volume, the thermodynamic quantities 

obtained by the equations above and the REFPROP Database, the heat input, output and the 

expansion and compression work can be calculated. The calculation of the cycle efficiency 

follows as: 

𝜂𝑐𝑦𝑐𝑙𝑒 =
𝑄𝑖𝑛3,4 + 𝑄𝑜𝑢𝑡5,1

𝑄𝑖𝑛3,4
=

2044𝐽 + (−1886𝐽)

2044𝐽
∗ 100 = 𝟕. 𝟕𝟑 % (9) 

 

and the exergy efficiency: 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 =
𝜂𝑐𝑦𝑐𝑙𝑒

𝜂𝑐𝑎𝑟𝑛𝑜𝑡
=

7.73%

15.58%
= 𝟒𝟗. 𝟔𝟏 % (10) 

 

These 0D calculations were carried out with many simplifications to be able to assess whether 

the IVE can deliver useful work in this low temperature range, which can be confirmed 

herewith. The Carnot efficiency and the actual cycle efficiency make clear that this is not a 

high-efficient engine. This is due to the fact, that there is now pressure increase before heat 

addition like in a Rankine cycle.  However, it is possible with the IVE to produce useful work 

even at these small temperature differences.  

Discussion and Results 

The IVE can be a viable engine to use for small-scale, low temperature waste heat utilization. 

Of course, as already mentioned and confirmed by the calculations, not too large efficiencies 

can be achieved due to the lack of pressure i.e., temperature increase before heat supply. 

Furthermore, because the net work output is the small difference of a large amount of added 

(Qin3,4= 2044J) and rejected heat (Qout5,1= -1886J), it can easily become zero, if the cycle is not 

implemented properly. Nevertheless, the compact, simple design which enables low specific 

costs (€/kW), could make up for this low energy yield. Of course, some more precise 

calculations of the IVE must be performed to prove the assumptions. In a proposed follow-up 

project, a complete IVE prototype and a digital twin (1D-modelled) will be built. The digital 

twin shall be validated by experimental results of the prototype and the IVE is opposed to 

become a production-ready product. 
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Still, there are some questions, that need to be solved in the scope of the planed project: 

- What is the most favourable IVE architecture for heat transfer and energy conversion? How 

should the cells be designed (volume to surface ratio, area, shape) which expander design 

(turbo or displacement) can be integrated best, with direct or indirect coupling between cell 

wheel and expander? 

- The transient heat transfer between cells and heating/cooling medium (e.g., water) and the 

organic working fluid in the two-phase region must be physically captured and modelled in the 

0D and future 1D design tools.   

- Depending on the selected IVE architecture and proportions (cell shape, number of cells, 

diameter (ratios), volume to area ratio), the question of the most favourable angular velocity of 

the IVE cell wheel arises to absorb and convert maximum energy per revolution. 

- The question of the most favourable expander type, a turbine (radial, axial, impulse, 

overpressure, etc.) or a volumetric expander (vane, Wankel, scroll, etc.) must be resolved in 

interaction with the overall architecture. 

- To be able to design, compare and evaluate the design variants of the cellular wheel and 

expander, simple 0D/1D design tools are required and must be created. Despite its structurally 

simple design, the thermodynamics and fluid mechanics in the IVE concept are too complex, 

due to the transience and the continuous phase change, for the IVE engine to be designed 

completely in 3D space using CFD - as is already being done, for example, for the ORC 

turbines. 

- The IVE concept represents a complete, very compact heat engine whose components all 

operate transiently even in stationary operation. Due to the compact design, all components are 

also very closely coupled with each other. To analyse and predict the coupled, transient overall 

behaviour and ultimately optimize the IVE, a digital twin is essential. Thus, in addition to an 

experimental demonstrator, a one-dimensional transient twin will also be built. In addition to 

the design and optimization of the IVE, the aim is to improve the scientific analysis of the 

transient behaviour of such a thermal engine. 

 

Summary/Conclusions  

The paper introduced a new, disruptive concept of a so-called isochoric vapour engine – IVE – 

for low grade waste heat recovery. The engine concept was introduced, and the working principle 

was presented both mechanically and thermodynamically. First calculations were performed in 

the 0D as well as in the 1D-Model. The results were compared and deviations from each other 

were discussed. It turns out, that the IVE could still be successful on the market due to its simple 

structure and thus potentially low specific costs regardless its efficiency limitations. 
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Abstract 

For a long time, the energy transition has been regarded as a pure electricity transition. 

However, due to the high share of the heating market in Europe´s final energy consumption, it 

is mandatory to intensify the decarbonisation in this sector as well. High-temperature heat 

pumps (HTHP) could make a major contribution in different areas of application, like the 

supply of existing heating networks or the utilisation of industrial waste heat. However, there 

are still open research questions regarding the technical aspects like fluidselection or part load 

behaviour as well as economical aspects. 

With this motivation, the part load behaviour of a HTHP is investigated on the basis of a 

quasi-steady state simulation model, which is validated from experimental data of a test rig 

with a thermal output of 30 kW. The simulation results are used for thermo-economic analyses 

of the integration of HTHPs in geothermal energy systems. In this context two potential 

applications are considered. On the one hand, the increase of the supply temperature of a 

medium-deep energy system for a district heating network is analysed. On the other hand, the 

peak load coverage by means of HTHP in case of a deep geothermal heat plant is investigated. 

The first measurements show a coefficient of performance (COP) of 3.99 at the design point 

(DP) with a thermal output of 30 kW and a temperature lift of 37.4 K. The simulation model is 

based on off-design correlations for the heat exchanger according to Toffolo et al. [1] and an 

extrapolated compressor characteristic curve. The COP shows a relative deviation compared 

to the experiments below 5.8 % for the considered part load conditions and reproduces the 

measurements qualitatively well. The thermo-economic analyses show that the integration of 

HTHPs into the two systems mentioned is economical, taking into account the current subsidies 

in Germany. Thus, in the peak load application the levelized costs of heat (LCOH) of gas can 

be reduced in the basis scenario by 7.1 % and by 20.1 % in the medium-deep application. 

Extensive sensitivity analyses were carried out to make the influence of the various parameters 

on the economic viability clear. 

In further work, the submodels on component level will be further developed based on extended 

measurement campaigns. 

 

Keywords: high-temperature heat pump, geothermal, part load, techno-economic analyses, 

simulation 
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Introduction 

Stopping global warming is one of the biggest tasks of our time. However, renewable energy 

sources still play a minor role in the heating sector with about 21 % in 2018, although this 

sector accounts for over 50 % of final energy consumption in Europe [2]. In order to provide 

thermal energy in a sustainable and resource-efficient way, the integration of high-temperature 

heat pumps (HTHPs) into renewable energy systems is a promising approach. Potential 

applications are geothermal systems or the upgrading of waste heat from industrial processes. 

The use of HTHPs offers the possibility to ensure sustainable peak load coverage, to increase 

the thermal output of different systems or to raise supply temperatures. 

The term HTHP is not clearly defined in literature. For example, Arpagaus et al. [3] label heat 

pumps with supply temperatures higher than 363 K as high-temperature systems. The 

International Energy Agency [4] defines classic industrial heat pumps with a heat source 

temperature of up to 313 K and a heat sink temperature of up to 353 K as HTHP. In case of 

heat sink temperatures higher than 373 K the term very-high-temperature heat pumps is 

proposed. In this work, the classification according to the International Energy Agency is 

applied, without the distinction between very-high-temperature and HTHPs. 

There are many publications regarding the techno-economic analysis of HTHPs combined with 

industrial systems or district heating networks (DHN). Mateu-Royo et al. [5] investigated the 

integration of HTHPs into DHNs. In their work, the DHN can be used as a heat sink and a heat 

source. Kosmadakis et al. [6] investigated the integration into industrial processes and thereby 

the upgrade of waste heat up to 423 K. They also examined different plant configurations with 

following sensitivity analyses. Sartor et al. [7] also investigated the integration into DHN, but 

focussed on the steam production and the behaviour of the coefficient of performance (COP) 

of the HTHP. Dumont et al. [8] examined the integration of HTHPs in the food and beverages 

industry. Their results indicated, that HTHPs could meet 12 TWh of process heat demand in 

the German food and beverages industry. Some studies have been carried out in the 

experimental field as well. Hassan et al. [9] examined an HTHP with the hydrochlorofluoro 

olefin (HCFO) refrigerant R1233zd(E) and developed a simulation model. The HTHP was 

designed to operate at heat sink temperatures above 403 K, with the possibility to vary the 

compressor speed from 500 to 1500 rpm. The aim of this work was, to reach a COP of greater 

4 in every operation point and to find the boundary conditions to reach this goal. Jiang et al. 

[10] used the same refrigerant and supply temperatures up to 373 K. They reached a COP of 

3.67 at a temperature lift of 50 K, which is the highest efficiency among published lab-scale 

and prototype-scale units and developed a simulation model as well. Arpagaus and Bertsch 

[11] made an experimental comparison between R1224yd(Z) and R1233zd(E) in an HTHP. 

The laboratory HTHP had a thermal output of 10 kW and the performance was examined at 

three different temperature lifts. 

The heat pump market is growing and Arpagaus [12] identified 26 already commercially 

available HTHPs with maximum flow temperatures above 363 K. Overall, market-ready 

technologies already achieve heating capacities between 20 kW and 20 MW. Jiang et al. [13] 

published a review of the state of the art of HTHPs, focussed on the different fluids, plant 

configurations and fields of application. 

As described, there are many publications in the filed of simulation, thermo-economic analyses 

as well as experimental investigations. The published experimental investigations mostly 

focussed on a high temperature lift or high efficiency. So, the literature research points out a 

large research gap in the integration into geothermal systems and the investigation of the part 

load behaviour. However, the integration of HTHPs into renewable systems requires flexibility 

and good part load characteristics. Exemplarily, the heat pumps have to provide short-term 

peak loads or meet fluctuating heat demands. Thus, the aim of this work can be derived from 

the experimental investigation of the part load behaviour of a HTHP on a laboratory scale. The 
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test rig is a HTHP with a thermal output of 30 kW and a supply temperature of up to 378 K. 

The working medium is the HCFO refrigerant R1233zd(E), with low global warming potential 

(GWP) and ozone depletion potential (ODP). The conducted measurement series are analysed 

both at system and component level. Parallel to the construction of the test rig, a quasi-

stationary simulation model is built in ASPEN Plus® in on- and off-design, which is validated 

by experimental data. The developed simulation model is used for thermo-economic analyses 

of geothermal systems under consideration of the off-design behaviour of the HTHP. In the 

following chapters, the methodology, followed by a discussion of the results from the 

experimental investigations and the thermo-economic analyses is presented. 

Methodology 

Experimental setup 

The test rig represents a HTHP with a thermal output of 30 kW at the design point (DP) and a 

maximum flow temperature of 378 K. The system is based on a customized heat pump from 

the manufacturer FM Automation. Additionally, the test rig was modified by the following 

technical measures: 

• Invasive temperature and pressure devices at the inlet and outlet of each component 

• Software-controlled expansion valve 

• Software-controlled mass flow of the water circuits 

• Stepless power control by means of a frequency converter 

• Oil management system 

• Cylinder head cooling of the compressor 

• Use of a higher viscosity oil 

• Optimisation of insulation 

• Four sampling points for fluid data analysis 

A priniciple scheme of the HTHP in the laboratory can be seen in Figure 1.  

 

 

Figure 1: RI-Scheme high-temperature heat pump 
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The HB-THERM heater, type Thermo-5, is used as heat source. To control the mass flow rate, 

a three way valve is implemented. As heat sink the cooling water of the building is used, so 

that the inlet temperature, outlet temperature and the mass flow rate of the heat sink are 

variable. 

The HCFO refrigerant R1233zd(E) is used as the working fluid. The refrigerant has a global 

warming potential (GWP) of 1 CO2e and an ozone depletion potential (ODP) of 0.00034 [14]. 

Due to the overhanging wet steam area in the p-h diagram, shown in Figure 2, superheating of 

the gas phase (at the outlet of the evaporator; state point 1.09) is necessary to avoid compressor 

damage due to droplet erosion. 
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Figure 2: p,H-diagram R1233zd(E) 

Therefore, an internal heat exchanger (IHX) is used as a recuperator and transfers heat from 

stream 1.05 to stream 1.09 (see Figure 1). From the outlet of the recuperator, the superheated 

refrigerant is led to the compressor, where the maximum process pressure of 1.23 MPa is 

obtained. From the compressor outlet, the refrigerant is led to the condenser. There, a phase 

change takes place at a temperature (Tc) of 380 K. Finally, the fluid is subcooled by 3 K at state 

point 1.04. The fluid enters the recuperator and at state point 1.05, the liquid phase is expanded 

to the lower pressure level by the expansion valve. At the outlet of the expansion valve, the 

refrigerant has a vapour content (x) of 0.37, temperature of 318 K and a pressure of 0.25 MPa. 

The expansion valve is software controlled and ensures a superheat of 5 K at the outlet of the 

evaporator (state point 1.02).The compressor, is a Bitzer reciprocating compressor (type 

4JE-22Y) with four cylinders on two banks. The compressor oil used is a polyester oil (POE) 

from Bitzer, designated BSE-85 K. Two different systems are installed for capacity control, 

one is the VARISTEP system from Bitzer. With this system, one cylinder bank can be switched 

off and the compressor can operate at 50 % of the maximum capacity. To use a compressor 

capacity between 50 % and 100 %, the cylinder bank can be switched intermittently. Thus, the 

compressor operates at 100 % for 5 s and then at 50 % for 5 s, resulting in a compressor 

capacity of 75 %. On the other hand, a frequency converter is installed, which can control the 

compressor with a frequency between 25 Hz and 70 Hz. In addition, the cylinder head cooling 

enables operation at heat sink temperatures (Tsink, out) higher than 378 K.  
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PT100 sensors from Omega are used as temperature sensors. These have a measuring range of 

243 K to 623 K and accuracy class 1/3 DIN B. This allows the maximum deviation to be 

determined according to equation (1): 

𝑑𝑇 = ±
1

3
∙ (0,30°C + 0,005 ∙ 𝑇) 

(1) 

 

The uncertainty of the connected measuring card, which amounts to ± 0.15 K at room 

temperature, must also be taken into account. The pressure sensors used, type PAA23SY, are 

also from Omega. Different sensors are used in the low-pressure and high-pressure ranges to 

improve accuracy. The measuring range for low pressure is up to 0.5 MPa and for high pressure 

up to 2 MPa. The measurement uncertainties are ± 0.7 % or ± 0.5 % depending on the 

temperature, plus the inaccuracy of the measuring card of ± 0.76 %. 

Simulation model 

A simulation model of a HTHP is developed in the Aspen Plus® software environment. In a 

first step the test rig at design conditions is simulated. In the following, the control strategies 

and the implemented part-load behaviour of the individual components will be briefly 

described. 

The on-design model is extended by several off-design models in order to describe the part 

load behaviour of the system. The design conditions can be described as follows. The 

evaporator provides superheating at the outlet of 5 K, the condenser subcooling of 3 K. The 

expansion valve thus has a fixed outlet pressure of about 0.25 MPa. The condensate flow is 

cooled by 8 K in the internal heat exchanger. Subsequently, the output pressure of 1.234 MPa, 

an isentropic efficiency ηisen of 0.8 and a mechanical efficiency ηmech of 0.93 are specified as 

boundary conditions for the compressor. 

In the off-design model, the part load behaviour of the individual components has to be 

implemented. For the heat exchangers, the correlation according to Toffolo et al [6] (see 

equation (2)) is used. 

𝑈𝐴 = 𝑈𝐴DP  ∙  (
�̇�

�̇�DP
)

𝑛

 
(2) 

 

Where U is the overall heat transfer coefficient, ṁ is the mass flow of the working medium, A 

is the heat exchanger surface and n is the exponent that reflects the behaviour of the heat 

exchanger depending on type and design. For the evaporator and condenser, n is set to 0.15 

according to Toffolo et al [6]. For the IHX, n  is assumed by 0.67 according to Toffolo et al 

[6]. The n values differ due to the different heat transfer media. Thus, the course of the heat 

transfer capacity UA in part load operation can be described as shown in Figure 3. 
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Figure 3: Heat transfer capacity as function of massflow 

For the part-load behaviour of the compressor, extrapolated characteristic curves of the 

manufacturer based on reference refrigerants are used, since no measured data are available for 

the refrigerant, yet. In Figure 4, the isentropic efficiency of the compressor is plotted against 

the mass flow, as well as the COP resulting from the simulation model. It can be seen that the 

isentropic efficiency shows a maximum at 730 kg/h. The COP, on the other hand, decreases 

considerably with increasing mass flow. According to Jiang et al. [10], this behaviour is mainly 

due to the increasing enthalpy difference between compressor inlet and outlet and the 

increasing mass flow rate. Analogously, the temperature lift ∆Tlift, presented in equation (3), 

increases with increasing massflow.  

∆𝑇lift =  𝑇sink,out − 𝑇source,in (3) 

The influence of the part load behaviour of the heat exchangers on the COP behaviour needs 

to be carried out in the following studies. 
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Figure 4: COP of the system and isentropic efficiency of the compressor as function of massflow 
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The expansion valve is controlled in the off-design model as on the test plant itself and ensures 

a superheat of 5 K at the outlet of the evaporator. The correlations and characteristic curves 

presented for the part-load behaviour of the individual components are examined and evaluated 

in the next chapter regarding their validity.  

Annuity method regarding VDI 2067 

The applications are evaluated with regard to their levelized cost of heat (LCOH) using the 

annuity method according to VDI 2067 [15]. The annuity method is a dynamic investment 

calculation and is used for the evaluation of energy technology projects. It uses the annuity 

factor a (equation (4)) to predict  the annual costs, depending on the interest rate q, in the 

observation period T.  

 

𝑎 =  
𝑞𝑇(𝑞 − 1)

𝑞𝑇 − 1
 

(4) 

 

Further calculation methods and boundary conditions for the economic analyses were carried 

out analogously to Jeßberger et al [16]. Furthermore, the energy costs from the first quarter of 

2021 (Q1/21) as well as the German funding programme "Modelvorhaben Wärmenetze 4.0" 

are taken into account [17]. In a second economic scenario also prices from the first quarter of 

2022 (Q1/22) and the new funding programme "Bundesförderung für effiziente Wärmenetze 

(BEW)" [18] are applied. On this basis, the HTHP is compared with the fossil alternatives. In 

addition to the operating costs for oil and gas boilers, there are also the CO2 levies which are 

set at 60 €/t CO2 in this study. The corresponding energy cost scenarios considered are shown 

in Table 1:  

Table 1: Energy costs for the evaluated periods 

Energy source 
costs Q1/21 

[€/MWh] 

costs Q1/22 

[€/MWh] 

Oil 64 100 

Gas 40 100 

Electricity 190 300 

 

The investment costs of the oil and gas boiler are set at 100 €/kWth in the basic scenario and 

those of the HTHP at 500 €/kWth. In the following, the specific boundary conditions for each 

application are presented and then the results are discussed. Additionally, a ratio between the 

gas and the electricity price is introduced in equation (5), which indicates the point from which 

the integration of HTHPs is just as economical as gas. 

𝑟price =  
𝑐elect

𝑐gas
 (5) 

celect represents the electricity costs and cgas represents the gas costs of the considered time. 

Results and Discussion 

The test rig is analysed at 10 different part load points. The boundary conditions of the heat 

source and heat sink are kept constant. The inlet temperatures are 333 K in each case, the heat 

source is cooled down to 322 K. Depending on the operating point, the heat sink was heated 
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up to a maximum temperature of 377 K. The system was measured in 5 Hz steps from 25 Hz 

to 70 Hz, i.e. the range approved by the compressor manufacturer. Figure 5 shows the COP 

and temperature lift depending on compressor frequency.With increasing frequency and thus 

an increase in the mass flow rate of the working medium, the COP decreases and the 

temperature lift increases. 
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Figure 5: Measurement results COP and temperature lift as function of compressor frequency 

In consequence, at 25 Hz, a maximum COP of 5.92 is obtained with a heating power of 

18.8 kW and a temperature lift of 24.8 K. On the other hand, the maximum temperature lift of 

44.9 K is measured at a frequency of 70 Hz. The thermal power at this operating point is 

35.2 kW and the COP 3.52. Figure 6 shows the thermal power of the heat source and heat sink, 

as well as the electrical power consumed by the system (Pel, compressor). The lines represent the 

values determined with the simulation model. 

 

20 25 30 35 40 45 50 55 60 65 70 75

-30

-20

-10

0

10

20

30

40  Pel,compressor ;  Sim

 Q̇source ;  Sim

 Q̇sink ;  Sim

P
o

w
er

  
/ 

 k
W

Frequency  /  Hz
 

Figure 6: Thermal and electrical power from measurements and simulation as function of compressor frequency 

The medium relative deviation of the heat source power leads to 7.4 %, with a maximum 

deviation of 11 % at 70 Hz and a minimal deviation of 2.9 % at 30 Hz. The medium relative 
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deviation of the power of the heat sink is significantly smaller and leads to 3.8 %, with a 

maximum deviation of 7 % at 65 Hz and a minimal deviation of 0.1 % at 30 Hz. The consumed 

electrical power shows a medium relative deviation of 7.7 %, with a maximum deviation of 

13.5 % at 65 Hz and a minimal deviation of 0.25  % at 45 Hz. The trend shows that the 

calculated consumed electrical power deviates below the DP at 50 Hz positive and over the DP 

negative. The measured capacities are the capacities absorbed or emitted by the heat source 

(Q̇source) and heat sink (Q̇sink). This means that the water circuits are considered here and the 

heat losses to the environment are taken into account. These are not taken into account in the 

simulation model yet. So, in the measurements, a higher power can be achieved on the side of 

the heat sink and a higher power is introduced into the system on the side of the heat source. 

This, and the not adjusted heat exchanger and compressor models can explain the deviations.  
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Figure 7: Relative deviation of the COP and Tsink,out and absolute deviation of Tsink,out as function of compressor frequency 

This is also illustrated by the relative deviation of the calculated COP and the calculated heat 

sink output temperature Tsink,out from the measured values shown in Figure 7. The medium 

relative deviation of the COP leads to 5.8 % and is thus in the same order of magnitude as the 

results from studies by Jiang et al. [10] and Kosmadakis et al. [6]. Therefore, the results can be 

used in the thermo-economic analyses. On the right the absolute deviation of Tsink,out is 

presented and shows more accurate calculations with a medium absolute deviation of 1.3 K. 

The maximum relative deviation of Tsink,out is 0.8 % at 55 Hz. The calculations show good 

deviations to the measurements, but with adaptions of the heat exchanger and compressor 

models, the performance of the model will be improved in the following studies. 
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Thermo-economic analyses 

In the following chapter, the results of the thermo-economic analyses for the integration of 

HTHPs into geothermal systems are presented. First, the substitution of existing peak load 

systems such as oil or gas boilers in geothermal heating plants is examined in application 1 

(AP1). In addition, the increase of the supply temperature in medium-deep geothermal energy 

systems (AP2) is investigated. 

AP1: Peak load coverage by means of HTHP in a geothermal heating plant 

The heating plant underlying AP1 is located in the South German Molasse Basin, south of 

Munich, and has an installed thermal capacity of 15 MW [19]. The heating plant has two 

production wells and one reinjection well. Oil boilers with a capacity of 8 MW are used for 

peak load coverage, which are to be replaced by an HTHP in this application. The HTHP would 

be installed after the DHN heat exchanger and would cool down the thermal water before it 

will be reinjected into the ground. Since the part load behaviour of the HTHP is particularly 

relevant in the area of peak load coverage, this was used for the calculation of the off-design 

simulation (Figure 4) and the annual load profile of the peak load system of 2015 was used as 

input parameters (see Figure 8). 
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Figure 8:Annual load curve of the peak load system of a geothermal heating plant in the Southern German Molasse Basin 

The corresponding COP of the HTHP is calculated for each operating point (every 15 min) and 

coupled to the economic model. In the heating plant, the oil boilers are not only used to cover 

peak loads, but also for redundancy and to compensate for maintenance-related failures of the 

heating plant. Due to the comparatively high investment costs of an HTHP, these two areas of 

application are not considered in the study. As can be seen in Figure 8, between mid-May and 

mid-October, the heating plant can completely cover the heat demand of the district heating 

network (DHN), apart from a few exceptions. From mid-October, the heat demand then 

increases to remain roughly constant at around 4 MW from January to mid-March. After that, 

the demand flattens out again. The curve shows that with an installed thermal capacity of 

8 MW, the heat pump must predominantly supply less than 50 % of the possible capacity. 

Furthermore, a fixed output of 800 kW of the HTHP is implemented in the model when the 

demand is between 0 % and 10 % part load. Figure 9 shows the results of the economic 

analysis. On the left side, the annuities for the four scenarios considered (gas, oil, HTHP and 

HTHP considering the subsidy options) are plotted with their components. The resulting LCOH 
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are shown on the right. The capital-related costs play a very important role in AP1, as the full 

load hours in 2015 were only 308 h/a due to the pure peak load coverage. 
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Figure 9: Annuities and LCOH AP1 

In addition to the different energy sources, the graph also shows the impact of price changes 

between Q1/21 and Q1/22. Thus, the demand-related costs increase by 45.75 % for oil, 

121.61 % for gas and 57.23 % for HTHP (electricity costs). In the case of the subsidised HTHP, 

this cost share increases only by 20.55 % as the BEW includes an operating cost subsidy for 

heat pumps of 70 €/MWh. Thus, the results show that the LCOH of the subsidised HTHP were 

still about double that of a gas boiler in 2021, but in Q1/22 they were 7.12 % lower at about 

169 €/MWh. The results show the great influence of parameters such as energy prices, COP 

and others. The energy price ratio rprice increseases from Q1/21 to Q1/22 from 3 to 3.33 

Therefore, the results for AP2 are presented below and sensitivity analyses are carried out to 

show the influence of the individual parameters on the LCOH. 

AP2: Supply temperature increase at medium-deep geothermal 

In the second application, a more general approach is applied. Here, the part load behaviour is 

not taken into account. For a medium-deep geothermal energy system, a COP of the HTHP of 

4 is assumed, with a temperature range 

∆Tlift of 25 K and 4000 full load hours [2]. 

The geothermal fluid temperature is 

assumed to be 333 K and the reinjection 

temperature 313 K. This leads to a thermal 

power of the geothermal brine of 

7.678 MWth at a mass flow rate of 100 kg/s 

and a specific heat capacity cp of 

3.839 kJ/kgK according to Bauer [20]. 

Figure 10 shows this concept for 

integrating an HTHP to raise the flow 

temperature for medium-deep geothermal 

energy. The drilling depth is 2000 m. On 

the side of the heat sink, the return 

temperature of the DHN should be 333 K 

and the supply temperature 358 K. Based 

on the given data, the energy balance of the HTHP and neglecting the heat losses in the heat 

pump circuit, the output for the heat sink and thus for the DHN can be calculated by 10.1 MWth. 

In this case, oil and gas boilers are again examined as alternative technologies. In order to 

analyse the system economically, the boundary conditions for the geological conditions listed 

in Table 2 have been assumed [16]. 

Abbildung 1: Verschaltung einer HTHP zur Anhebung der 

Vorlauftemperatur bei Mitteltiefer Geothermie 
Figure 10: Use of an HTHP to increase the flow temperature for 

medium-depth geothermal energy 
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Table 2: Economic boundary conditions for the geothermal heat plant [8] 

Drilling costs 3000 €/m 

Central heating system 2.83 M € 

Land costs 2.06 M € 

Additional costs 3.6 M  € 

Electrical submersible pump 0.8 M € 

 

The electrical submersible pump (ESP) represents the borehole pump in the geothermal water 

circuit. Its installation depth depends on the water level in the borehole and the maximum 

drawdown. The installation depth in the heating plant from AP1 is 600 m. Since test drillings 

and pumping tests are necessary for the exact determination of the installation depth, an 

installation depth of 700 m is assumed in order to be able to compensate for any geological 

boundary conditions that negatively influence the result. This leads to an electrical output of 

about 490 kWel. Due to the highly mineralized geothermal water and high temperatures, the 

ESP has a lifetime of about 3 to 7 years and must then be replaced. In the case of medium-deep 

geothermal energy, a lifetime of 7 years was assumed, due to the lower load caused by the 

comparatively low temperatures. 
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Figure 11: Annuities and LCOH AP2 

In Figure 11, as in the previous chapter, the annuities as well as the resulting LCOH are plotted. 

In the scenario for Q1/21, the LCOH of gas are 68 €/MWh and the LCOH for the HTHP with 

considered subsidies lead to 109 €/MWh. Thus, the HTHP is 60 % less economical. In the 

scenario for Q1/22 the ratio changes. Due to the huge increase of the demand related costs for 

gas of 122 %, the LCOH of gas lead to 147 €/MWh. With the operating subsidies in the 

considered funding program, the demand related costs of the HTHP increase by 11 %, what 

results in LCOH of 116.5 €/MWh. The investment costs of the HTHP stay constant between 

both scenarios, for gas and oil the investment costs do not play a major role due to the large 

share of demand-related costs. It follows that the subsidised HTHP is more economical than 

gas or oil boilers. The energy price ratio rprice increseases from Q1/21 to Q1/22 from 2.4 to 3.6. 
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Sensitivity analyses AP2 

For the sensitivity analyses, 8 parameters are selected that have a major influence on the LCOH. 

Two parameters have always been varied at the same time so that a result space is created 

which represents different combinations of the two parameters and their interaction. Figure 12 

thus shows the influence of the lifetime (ESPlifetime) and the observation period (T) on the left-

hand side. On the right, the influence of the full load hours (tfh) and the electricity price (celect). 
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Figure 12: Sensitivity analyses AP2 – variation of ESPlifetime, tfh, T and tfh 

By varying the observation period, an optimum arises, at 25 years, which is caused by 

necessary replacements for ESP and heat exchangers. The influence of the lifetime clearly 

shows that through further development of the technology, the LCOH can be reduced by up to 

2 €/MWh, with otherwise constant conditions, compared to the base case. In the case of deep 

geothermal energy, where the lifetime is shorter, the savings would be correspondingly greater. 

With an increase of the full load hours up to 8000 h/a, the LCOH could be reduced by 15 %. 

Reducing the electricity costs from 300 €/MWh to 200 €/MWh, would result in a decrease of 

the LCOH of 29 %, down to 84.5 €/MWhthermal. 
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Figure 13: Results of the sensitivity analyses for AP2 

To summarize, Figure 13 shows the influence of the individual parameters on the LCOH. It 

can be seen that the LCOH reacts most sensitively to the electricity price,with a reduction of 

29 %, followed by the COP, with a reduction of 22 % and the full load hours, with a reduction 

of 15 %. From the sensitivity analyses presented, steps can now be derived to increase 

economic efficiency and reduce environmental impact. Intelligent heat network planning with 
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thermal storage, for example, can increase the full load hours so that the LCOH can be reduced. 

The development of energy prices can only be passively influenced by operating cost subsidies, 

as in the BEW. By increasing the efficiency of the heat pumps, through new system concepts 

such as cascade connection, absorption-compression heat pumps or new refrigerants, the 

environmental impact can be reduced and profits increased. 

Summary and outlook 

In this work, an experimental setup of an HTHP was used to validate a quasi-steady state 

simulation model. The developed off-design model was applied for thermo-economic analyses 

of the HTHP in geothermal energy systems under consideration of part load behaviour. A 

comparison of experimental data and simulation results shows a sufficient accuracy. The 

medium relative deviation of the COP is below 5.8 %. The part load measurements of the test 

rig show a maximum COP of 5.92 at a temperature lift of 24.8 K and a maximum temperature 

lift of 44.9 K at a COP of 3.52.  

The thermo-economic analyses show that the integration of HTHPs into the two systems 

mentioned is economical, taking into account the current subsidies in Germany. Thus, in the 

peak load application, the levelized costs of heat (LCOH) of gas can be reduced in the basis 

scenario by 7.1 % and by 20.1 % in the medium-deep application. Extensive sensitivity 

analyses were carried out, for the medium-deep application to make the influence of the various 

parameters on the economic viability clear. The LCOH reacts the most sensitively to the 

electricity price, with a saving potential of 29 %, followed by the increase of the COP, with a 

saving potential of 22 %. The increase of the full load hours would result in a reduction of the 

LCOH of 15 %. 

In further work, the submodels on component level will be optimised in an iterative process. 

Exemplarily, the exponent n in the model of Toffolo et al. [1] will be adapted to plate heat 

exchangers in the heat pump application. This will lead to a optimization of the economic 

analysis in an iterative process. 
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Abstract  

 Different applications of hydrochar produced 

from the hydrothermal carbonisation (HTC) of 

sewage and food waste generated by a small town 

in the UK (Chirnside; 2,250 residents) are 

assessed [1]. These are: as a solid biofuel for use 

in domestic biomass boilers (DBB), for use in 

biomass combined heat and power (BCHP) plant, 

as a precursor to activated carbon, and as a soil 

conditioner. For each application, the process had 

a positive net energy when using a portion of the 

hydrochar to power the HTC plant. The highest 

potential revenue of £10,371 - 41,162 can be 

obtained when activating all the hydrochar 

produced (99.08 t yr
-1

), with revenues dependant 

on the characteristics of the final product.  
 

Keywords: Hydrothermal Carbonisation; Hydrocahr; 

Domestic Biomass Boiler; Combined Heat and Power; 

Activated Carbon; Soil Conditioner 

Introduction/Background 

HTC is a thermochemical conversion process 

capable of converting waste biomass in a water 

medium at elevated temperatures and pressures 

(typically 180-250 C and 10-40 bar [1]) into a solid  

product known as hydrochar. As an energy-dense 

and carbon-rich material, hydrochar is exhibiting a 

wealth of potential for use in a multitude of modern-

day applications. This study aims to evaluate four 

alternative applications of hydrochar produced from 

a previously modelled plant [1]. As such, the co-

derivation of a hydrochar from the sewage and food 

waste (99.08t yr
-1

) produced from a small town in 

the UK (Chirnside: 2,250 residents) is to be 

compared for the following applications: Scenario 

(1) as a solid biofuel for use in BCHP (as previously 

determined in [1]), Scenario (2) as a solid biofuel for 

use in domestic biomass boilers (DBB), Scenario (3) 

as a soil conditioner; 3a) all aged, 3b) part used to 

fuel HTC, remaining aged [2] and 3c) part used to 

fuel HTC, remaining thermally treated [3], Scenario 

(4) as a precursor to activated carbon; 4a) all 

activated and 4b) part used to fuel HTC, remaining 

activated. 

 

Results and Conclusions 

Based on an economic potential revenues-

only perspective, the most economically viable 

option was determined to be as a precursor for 

activated carbon. The results show that producing 

activated carbon from hydrochar could lead to the 

highest potential revenues, even when part of the 

hydrochar is used in an integrated industrial biomass 

boiler as a means to supply the plant with its thermal 

energy demands. However, the revenues are highly 

dependent on the quality of the product, which is in 

turn dependant on feedstock, activation method, 

time and temperature. In turn, activated hydrochar is 

recommended to increase the application of HTC. 

Table 1 – Outputs and potential revenues of four alternative 

applications of Hydrochar 

Application Output Est. Rev. (£ yr-1) 

1) BCHP 77.91 MWthyr-1 

121.20 MWeyr-1 

1,987 [4] 

2,885 [4] 

2) DBB 239.98 MWthyr-1 9,352 [5] 

3A) Soil Conditioner  99.08 t yr-1 3,961 [6] 

3B) Soil Conditioner  55.01 t yr-1 4,346 [6] 

3C) Soil Conditioner  60.36 t yr-1 7,134 [6] 

4A) Activated Carbon 32.01 t yr-1 10,371-41,162 [7-8] 

4B) Activated Carbon 12.29 t yr-1 3,982-15,804 [7-8] 

  Acknowledgments 
The PhD Studentship to Eloise Bevan by the Engineering 

and Physical Sciences Research Council (EPSRC) is 

gratefully acknowledged. 

  References 
[1] Bevan, E., Fu, J., Luberti, M. & Zheng, Y. Challenges and opportunities of HTC in the 

UK; case study in Chirnside. RSC Adv. 11, 34870–34897 (2021).  

[2] Puccini, M., Stefanelli, E., Hiltz, M. & Seggiani, M. Activated Carbon from Hydrochar 

Produced by Hydrothermal Carbonization of Wastes. 5, 6 (2017). 

[3] Hitzl, M., Mendez, A., Owsianiak, M. & Renz, M. Making hydrochar suitable for 

agricultural soil: A thermal treatment to remove organic phytotoxic compounds. J. 

Environ. Chem. Eng. 6, 7029–7034 (2018). 

[4] Medick, J., Teichmann, I. & Kemfert, C. Hydrothermal Carbonization (HTC) of Green 

Waste: An Environmental and Economic Assessment of HTC Coal in the Metropolitan 

Region of Berlin, Germany. SSRN Electron. J. (2017) doi:10.2139/ssrn.3050324. 

[5] Lucian, M. & Fiori, L. Hydrothermal Carbonization of Waste Biomass: Process 

Design, Modeling, Energy Efficiency and Cost Analysis. Energies 10, 211 (2017). 

[6] Zhengzhou Zhongchuang Water Purification Material Co., Ltd., ‘Plant Organic 

Fertilizer Biochar For Organic Agriculture', Alibaba.com. (Accessed Mar. 31, 2021). 

[7] Zhengzhou Bo Yue Purification Materials Co., Ltd., Activated Carbon Granular 

Activated Carbon Product, Alibaba.com. (Accessed Mar. 29, 2021). 
[8] Shanghai Xinjinhu Activated Carbon Co. Ltd., Wood Based Activated 

Carbon By Steam Method, Act Granular, Coalivated Carbon For Food, 

Activated Carbon For Water Product on Alibaba.com. (Accessed Mar. 29, 
2021 

31 / 710



 

3rd to 6th of September 2023 
The University of Edinburgh, Scotland 

Automotive hybrid compressor ejector heat recovery cooling system 

Ľ. Kollár1*, S. Polasa1 and A. Hrdý1 
1Hanon Systems Autopal Services s.r.o., Závodní 1007, 687 25 Hluk, Czech Republic 

*Corresponding author: lkollar@hanonsystems.com 

Abstract 

Decreasing energy consumption of compressor cooling systems becomes highly important 
problem to solve in all electric vehicles. Efficiency of typical refrigeration cycle decreases 
when gascooler is exposed to reject the heat at high ambient temperature which results to high 
electric energy consumption, this is one of the most significant factors limiting driving distance 
range. Efficient energy consumption of electric vehicles also supports efforts to reduce CO2 
emissions in atmosphere in connection with global warming. High temperature ambient 
conditions make higher demands to rejects the heat to the ambient, which increases the demand 
to compressor operating performance.  The rejected heat becomes more potential to drive a 
heat powered cycle to generate additional cooling capacity [1]. In this study a hybrid 
compressor ejector heat recovery (HCEHR) refrigeration cycle is analyzed which uses R744 
as a working fluid with focus to recover heat which is normally rejected by gascooler in typical 
refrigeration system. The cooling system shown in Fig.1 consists of primary compressor driven 
loop with integrated secondary ejector cooling loop. It is driven by high temperature heat after 
the compressor outlet where is transferred from gascooler to generator in the ejector loop, both 
systems are integrated in one complex loop uses same working fluid. Ejector loop creates 
additional cooling capacity by heat recovery and this uses to subcool [2] compressor loop 
gascooler below ambient temperature which allows refrigerant expand to higher liquid content 
ratio and increases the system cooling capacity. From the point of the ejector loop it allows to 
pump subcooled refrigerant which minimize demand of pump work and support its efficiency. 
Primary objective of this concept study is to clarify a possibility for performance improvement 
of vehicle cooling system with better energy efficiency. A basic principle in this study is using 
of high enthalpy fluid as a power source to run internal heat recovery system. 

Keywords: R744, hybrid, heat recovery, ejector, subcooling, automotive, cooling, supercritical 

 

Introduction/Background 

In mobile air conditioning (MAC) and heat pump applications, CO2 systems discharge in the 
supercritical region and are said to be operate in a transcritical cycle because evaporation is in 
the subcritical region and heat rejection is in the supercritical region. At high ambient 
conditions, discharge pressures and temperatures are high, efficiency is reduced and problems 
with heat transfer at temperatures close to the critical point can be experienced [3]. 
The process that deviates most from the conventional vapor compression cycle is the 
supercritical heat rejection process, indicating the temperature glide in the gas cooler. The 
significantly higher discharge temperature and larger temperature change for CO2 than those 
for conventional refrigerants at the high pressure region are the most visible differences. In this 
configuration, high temperature refrigerant leaving the gas cooler is cooled more by 
additionally utilizing an internal heat exchanger for obtaining sufficient subcooling effect prior 
to being throttled to the evaporation pressure by an expansion device [4]. 
An integrated ejector refrigeration loop is proposed to extract heat after the compressor to 
generate additional cooling capacity uses to subcool the system. Subcooling reduces the 
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gascooler outlet temperature below the ambient temperature and increases the refrigeration 
effect.  

 
  

Fig. 1: Schematic of HCEHR cycle 
 
The COP of the system is determined [2, 5] from the first law analysis of the system. It is the 
ratio of the cooling capacity Qe to the compressor work input (Wcom) and the pump work input 
(Wpump). Pump operation is shifted in supercritical gas phase area, but with low energy 
consumption to pressurize the refrigerant. Even though it is working with fluid in supercritical 
region it is called as pump (10) in this study. 

 

System description 

Schematic of the system is derived from basic compressor cooling cycle and heat driven ejector 
cycle. Integration both of them into one system is shown on Fig.2. 

  

Fig. 2: Schematic of integration compressor and ejector cycle into single system 
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A compressor cycle colored by blue line consists of basic components as a compressor 1, 
gascooler 3, expansion valve 8 and evaporator 9. Where the generator 2 of the heat driven cycle 
shown by purple lines is located in between compressor and gascooler and similarly subcooler 
5 between gascooler 7 and expansion valve 4. Generator together with subcooler are heat 
exchange components between compressor and ejector cooling loop. The heat driven ejector 
cycle consists with additional components as pump 10, ejector 6, gascooler 7 and expansion 
valve 4. 

While the generator and subcooler ensure heat exchange between both loops, the switching of 
expansion valves shown by blue dashed line merge them into one system. This integration 
allows direct mass flow and pressure interaction between compressor and ejector cycle. 

 

    

Fig. 3: T-s diagram of HCEHR cycle 

 

 

Fig. 4: P-h diagram of HCEHR cycle 
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Working principle of complete system with related temperatures is shown on T-s diagram 
Fig.3. It is defined for evaporation temperature 0°C and gascooler outlet temperature 45°C on 
refrigerant side. Compressor part of system shown by green lines is merged with ejector part 
through its suction port to expansion valve shown by blue lines. Finally, the motion nozzle of 
ejector loop part run by pump shown by orange lines closes the cycle. 

P-h diagram on Fig.4 shows pressure profiles related to enthalpies of each part described above 
and differentiated by same line colors. Refrigerant enters evaporator at state point (a) and 
vaporizes by absorbing heat while cooling down the passenger cabin air. It leaves evaporator 
at state point (b) as dry saturated vapor and it is sucked by compressor. Compressed vapor is 
rejected at the pressure 108 bar and temperature 101°C in point (c) to generator. Heat is 
transferred in the generator from compressor part to ejector loop of system and the temperature 
of refrigerant decreases to point (d) at the outlet of generator. Next the refrigerant temperature 
is decreasing to ambient to state point (d1) in gascooler which releases excess heat from system 
to ambient air. From this point is the refrigerant expanded through first expansion valve to the 
pressure of point (e) and concurrently temperature drops to corresponding value and enters the 
subcooler. Refrigerant at this state point allows to obtain additional cooling capacity when is 
sucked by ejector through subcooler to ejector suction port. This cooling capacity has good 
potential for use in the internal heat exchange of the system by absorbing heat after ejector loop 
gascooler. Despite the previous expansion process, the refrigerant state is still in supercritical 
region and subcooler thus works only with the gaseous state of the working fluid. Its 
temperature increases to state point (f9) and enters the suction port of ejector as a secondary 
stream. Now the process run in ejector where occurs small expansion of fluid in suction nozzle 
to point (f5is) and consequently enters mixing chamber where is mixed with primary stream in 
state point (f6) and undergo a pressure recovery process in diffuser to point (g7). After exiting 
of ejector, the fluid enters primary gascooler where all the heat is rejected to the ambient air 
and fluid temperature drops close to ambient at 45°C in point (h). Subsequently it flows again 
to subcooler in counterflow direction where it is cooled down and exits to point (i). Subcooling 
of working fluid allows its next expansion with higher liquid content ratio in point (a) which 
improves cooling capacity and at same time it supports efficiency of ejector loop when 
compressing of colder refrigerant to point (j) is less energy demanding. As is obvious the 
refrigerant mass flow splits in point (i) in between compressor cooling loop and ejector loop 
with ratio 1.27. Refrigerant enters generator at point (j) and absorbs heat from compressor loop 
before entering ejector motive nozzle in state point (k). It recovers portion of heat normally 
rejected by gascooler by expanding in ejector motive nozzle to run an internal heat driven 
cooling loop and support internal heat exchange to improve overall cooling performance of 
system. 

 

Thermodynamic analysis 

Cycle energy balance analysis  

Thermodynamic analysis of the cycle comes from five balance equations. The objective of the 
first step is to determine mass flow rate mgen of ejector motive loop. For this we will assume a 
known mass flow rate of compressor loop mcom. Next assumptions are related to ambient 
temperature with supposed outlet refrigerant temperature from gascoolers. All the balance is 
correlated with ejector mass, momentum and energy conservation. For the overall cycle 
prediction is supposed isentropic expansion of motive stream in primary nozzle with efficiency 
0.8 and isentropic compression of mixture flow in diffuser with same efficiency.  
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Mixing enthalpy of fluid is based on energy difference of motive and secondary stream just 
before entering mixing chamber in ejector. 

∆𝐻 = ∆𝐻௦ (1) 

After substitution of individual enthalpies is as follows, 

(ℎସ − ℎ)𝑚 =  (ℎ − ℎହ௦)𝑚 (2) 

This is in relation with isentropic expansion Δhej_ex_is with initial efficiency 0.8. 

∆ℎ_௫ = ∆ℎ_௫_௦ ∗ 𝜂_௫_௦ (3) 

In which enthalpy f4 of exit motive streams is determined from, 

(ℎ − ℎସ) = (ℎ − ℎସ௦)𝜂_௫_௦ (4) 

Energy balance of motive nozzle expansion and compression of ejector diffuser is defined as, 

∆𝐻_௫ = ∆𝐻_ (5) 

This is expressed by enthalpy change with related mass flow in nozzle and diffuser as follows, 

(ℎ − ℎସ)𝑚 = (ℎ − ℎ)(𝑚 + 𝑚) (6) 

Where compressed flow exiting of ejector diffuser is defined based on isentropic compression 
with initial efficiency 0.8.  

∆ℎ_ =
∆ℎ__௦

𝜂__௦
 

(7) 

After substitution, the enthalpy g7 at the ejector diffuser outlet is determined from,  

(ℎ − ℎ) =
(ℎ௦ − ℎ)

𝜂__௦
 

(8) 

Analysis of overall energy balance of complete cooling cycle is done with assumptions that all 
of the cooling capacity of ejector loop is used to internal heat exchange, 

𝑄_௩ = 𝑄௦௨ (9) 

(ℎଽ − ℎ)𝑚 = (ℎ − ℎ)(𝑚 + 𝑚) (10) 

and generator absorbs the necessary heat to run the motive flow from compressor loop 
discharge by internal heat exchange.  

𝑄_ = 𝑄 (11) 

(ℎ − ℎௗ)𝑚 = (ℎ − ℎ)𝑚 (12) 
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So, input energy to the cycle consists of evaporator cooling capacity of compressor loop, 
compressor work and pump to run the ejector loop. This is balanced with heat rejection by 
gascoolers after compressor and ejector.   

𝑄௩ + 𝑊 + 𝑊௨ = 𝑄_ + 𝑄_ (13) 

Detailed breakdown of the equation to see all the enthalpies entering the energy balance is 
following: 

(ℎ − ℎ)𝑚 + (ℎ − ℎ)𝑚 + (ℎ − ℎ)𝑚

= (ℎௗ − ℎௗଵ)𝑚 + (ℎ − ℎ)(𝑚 + 𝑚) 
(14) 

COP of the system 

The coefficient of performance COP of the system is defined as ratio of overall cooling capacity 
to all energy inputs. The energy input of compressor loop consists from evaporator heat input 
and power consumption of compressor. Ejector loop primary drive energy is heat absorbed by 
generator and secondary power consumed by compressor/pump. Considering the heat is 
extracting by generator after compressor, it is not included into input of system because it’s 
part of internal energy. Final COP is then defined as a ratio of evaporator cooling capacity to 
power input of compressor and pump. 

𝐶𝑂𝑃 =
𝑄௩

𝑊 + 𝑊௨
 

(15) 

Implementation of Internal heat exchanger 

Internal heat exchanger (IHX) is common component in system using R744 as a working fluid. 
It has significant effect on COP improvement with low impact on complexity of the system. It 
is also easily applying in the HCEHR cycle as it is shown on Fig. 5. The IHX (3’) is located 
after generator in the HCEHR cycle in compressor loop where replaces secondary gascooler. 

 

 

Fig. 5: Schematic of HCEHR cycle with integration of IHX 
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Its performance is expressed by the following enthalpic balance equation based on equilibrium 
of absorbed heat before compressor suction and heat extracted at the secondary gascooler 
location after generator where mass flow both sides is equal. 

∆ℎ௫_ = ∆ℎ௫_ (16) 

Detailed enthalpic breakdown is following, 

(ℎ − ℎ௦) = (ℎௗ − ℎௗ௫) (17) 

Comparison of both system without and with IHX in T-s diagram is shown on Fig. 6. 

             

Fig. 6: P-h diagrams of HCEHR cycle without (left) and with (right) integration of IHX 

 

Despite the fact that integration of ejector loop is focused to maximize internal heat exchange 
and recovery, the IHX still can be applicated. This option was investigated how it can improve 
cooling capacity of subcooler and COP of system. 

 

Ejector performance analysis 

The design of ejector can be categorized into 2 different designs based on the position of nozzle, 
the nozzle exit which is situated in the constant mixing area section is known as “constant area 
mixing ejector” and on the other hand if the nozzle exit is with in the suction chamber is known 
as “constant pressure mixing ejector” [7]. In constant pressure mixing ejector model the 
assumption is made as follows the primary and secondary streams mix at constant pressure [8]. 
For this research 1D ejector model which was introduced by [6]. 

 

Ejector schematic diagram [9] 
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For the analyzation following assumptions are to be made: 

1. The working fluid is an ideal gas with constant Cp and γ.  
2. The flow inside the ejector has to be steady state flow. 
3. The kinetic energy has to be negligible at primary & suction inlets and the diffuser 

exit. 
4. The isentropic relations are used. But for non-ideal process, the effects of frictional 

and mixing losses are considered by using some coefficients introduced in the 
isentropic relations. These coefficients are related to the isentropic efficiency and 
needs to be determined experimentally [7]. 

5. After exiting from the nozzle, the primary stream flows without mixing with the 
suction stream until cross section H-H which is a hypothetical throat. 

6. Both streams will be mixed at the cross-section H-H (hypothetical throat) with 
constant pressure (Pm = PpH = PsH). 

7. At the cross-section H-H (hypothetical throat) the entrained flow is chocked (MsH=1). 
8. The wall of ejector is adiabatic.  

 
Primary flow through the nozzle: 
According to isentropic relations with respect to nozzle flow for given inlet stagnation 
qualities (pressure Pg & temperature Tg), the chocked mass flow rate through the nozzle is 
given as:  

𝑚̇ =
𝑃𝐴௧

ඥ𝑇

ඨ𝛾

𝑅
൬

2

𝛾 + 1
൰

(ఊାଵ)
(ఊିଵ)

 ඥ𝜂 

(18) 

𝜂௦ = isentropic efficiency of primary flow 

 By application of Area Mach number relation from the isentropic relations to obtain Mach 
number at the exit of the nozzle Mp4 and the exit pressure Pp4.      

𝐴ସ

𝐴௧
=

1

𝑀ସ
ଶ 

2

𝛾 + 1
൬1 +

𝛾 − 1

2
𝑀ସ

ଶ ൰൨

ఊାଵ
ఊିଵ

 
(19) 

𝑃

𝑃ସ
= 1 +

𝛾 − 1

2
𝑀ସ

ଶ ൨

ఊ
ఊିଵ

 
(20) 

Primary flow from section 4-4 to section H-H: 
The Mach number MpH is calculated by following isentropic relation at section H-H: 

Pୱୌ

P୮ସ
=

ቂ1 +
γ − 1

2
M୮ସ

ଶ ቃ

ஓ
ஓିଵ

ቂ1 +
γ − 1

2
M୮ୌ

ଶ ቃ

ஓ
ஓିଵ

 

(21) 
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For the calculation of area of the primary stream at the section H-H (ApH), the following 
isentropic relation is used with an arbitrary coefficient φp (isentropic coefficient) [9] is 
included into the equation for the loss of the primary flow from section 4-4 to H-H. 

𝐴ு

𝐴ସ
=

൬
𝜑

𝑀ு
൰ ቂ

2
𝛾 + 1

ቀ1 +
𝛾 − 1

2
𝑀ு

ଶ ቁቃ

ఊାଵ
ଶ(ఊିଵ)

൬
1

𝑀ସ
൰ ቂ

2
𝛾 + 1

ቀ1 +
𝛾 − 1

2
𝑀ସ

ଶ ቁቃ

ఊାଵ
ଶ(ఊିଵ)

 

 

(22) 

Secondary flow from inlet to section H-H: 
For given inlet stagnant pressure Pe, the secondary flow reaches to the chocking condition 
(MsH) = 1  

𝑃௦ு =  
𝑃

ቀ1 +
𝛾 − 1

2
𝑀௦ு

ଶ ቁ

ఊ
ఊିଵ

 
 

(23) 

Secondary mass flow rate at chocking conditions is  

𝑚௦̇ =
𝑃𝐴௦ு

ඥ𝑇

ඨ𝛾

𝑅
൬

2

𝛾 + 1
൰

(ఊାଵ)
(ఊିଵ)

 ඥ𝜂௦ 

 

(24) 

𝜂௦ =  isentropic efficiency of secondary flow 

Cross section area at section H-H: 
The sum of primary flow cross section area and the secondary flow cross section area is the 
cross sectional at section H-H which is area of constant area mixing chamber (A3). 

𝐴ଷ = 𝐴ு + 𝐴௦ு (25) 

Temperatures at section H-H: 
The equations for primary and secondary streams at section H-H, with respect to 
temperatures are as follows  

𝑇

𝑇ு
= 1 +

𝛾 − 1

2
𝑀ு

ଶ  
(26) 

𝑇

𝑇௦ு
= 1 +

𝛾 − 1

2
𝑀௦ு

ଶ  
(27) 

Mixed stream at section m-m: 
According to momentum balance relation 

𝜑ൣ�̇�𝑉ு + �̇�௦𝑉௦ு൧ =  ൫�̇� + �̇�௦൯𝑉 (28) 

𝜑 = mixed flow friction loss coefficient [10].  

 𝑉ு & 𝑉௦ு are the gas velocities of the primary and secondary flows at section H-H, they are 

obtained followingly 
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𝑉ு =  𝑀ு𝑎ு (29) 𝑎ு = ඥ𝛾𝑅𝑇ு (30) 

𝑉௦ு =  𝑀௦ு𝑎௦ு (31) 𝑎௦ு = ඥ𝛾𝑅𝑇௦ு (32) 

From energy balance equation 

�̇� ቆ𝐶𝑇ு +
𝑉ு

ଶ

2
ቇ + �̇�௦ ቆ𝐶𝑇௦ு +

𝑉௦ு
ଶ

2
ቇ =  ൫�̇� +  �̇�௦൯ ቆ𝐶𝑇 +

𝑉
ଶ

2
ቇ 

(33) 

 

The Mach number of mixed flow is calculated as follows  

𝑀 =
𝑉

𝑎
 

(34) 𝑎 = ඥ𝛾𝑅𝑇 (35) 

       

The pressure P3 & Mach number M3 inside the constant area mixing section is solved as 
follows  

𝑃ଷ

𝑃
= 1 +  

2𝛾

𝛾 + 1
(𝑀

ଶ − 1) 
(36) 

According to assumption 6  𝑃 =  𝑃ு =  𝑃௦ு  

𝑀ଷ =  ඩ
1 + ቀ

𝛾 − 1
2

ቁ 𝑀
ଶ

𝛾𝑀
ଶ −  ቀ

𝛾 − 1
2

ቁ
 

 

(37) 

Mixed flow through the diffuser: 
The equation for the pressure at exit of diffuser is  

𝑃 =  𝑃ଷ ൬1 + ൬
𝛾 + 1

2
൰ 𝑀ଷ

ଶ൰

ఊ
ఊିଵ

 
 

(38) 

Discussion and Results 

System performance results 

A 1-D simulation [6] of final cycle was performed for high temperature ambient conditions. The 
default outlet temperature for primary and secondary gascooler was determined to 45°C and for 
the evaporator inlet temperature 0°C. The results show positive effect of subcooling the system 
below ambient temperature on COP. They were compared with typical compressor cooling 
system with internal heat exchanger (IHX) of 70% efficiency. Final results of HCEHR cycle COP 
shows optimum value 1.76 compared to 1.67 of typical system. This represents 5.19% of 
improvement. The same condition setting was used for simulation of HCEHR cycle with 
integrated IHX. It shows COP 1.92 which is 14.72% of improvement compared to typical 
system. A similar trend of results is observable for compressor discharge pressure, where the 
optimal pressure is lower for HCEHR cycle and it drops down more with integration of IHX. 
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All off the cycles were subsequently analyzed for gascooler discharge temperatures 50°C, 40°C 
and 35°C which is shown on Fig.7. The basic HCEHR cycle displayed by blue line slightly 
improves COP along the line of typical cycle with gascooler exit temperature decreasing. 
Consequently, the simulation of cycle HCEHR with integrated IHX displayed by purple line 
shows significantly increasing trend of COP improvement with gascooler exit temperature 
decreasing comparing to typical cycle. It reaches maximum COP improvement at the lowest 
simulated outlet gascooler temperature 35°C and 0°C evaporation temperature where it is 3.46 
compared to 2.43 of typical system which represents 42.43% of improvement. IHX in cycle 
improves cooling capacity of subcooler which reduces gascooler outlet temperature. This 
simultaneously increases heat capacity of generator by lowering inlet temperature which 
consequently results also in lower IHX inlet temperature which leads to higher evaporator 
performance and COP.  

      

    

   

Fig. 7: Comparison of HCEHR cycle COP (left) and compressor discharge pressure (right) at 
0°C, -10°C and -15°C evaporation temperature and 35°C, 40°C, 45°C and 50°C gascooler 
outlet temperature. 
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Ejector performance results 

Analysis of the ejector performance was required from the point of view of verifying the 
attainability of the required parameters of cycle. This is done based on constant pressure mixing 
ejector model mentioned in [7] and also described in “Ejector performance analysis” in this 
article with related assumptions.  

The model provides promising results, which can be considered that it is possible to optimize 
the design of the ejector for the required parameters of the cycle. Results for 1-D ejector model 
are obtained by varying secondary flow pressure Pe for two different sets of primary flow 
parameters Pg, Tg which is shown in Fig. 8. 

 

Fig. 8: Table of results based on constant pressure mixing ejector model 

 

Summary/Conclusions  

This study presents theoretical investigation of hybrid compressor ejector heat recovery cooling 
system for automotive application. It shows the possibility of the ejector loop integration into 
primary compressor cooling system. It allows to work all in one cycle and with the same 
refrigerant. Based on the results obtained from the 1-D simulation is possible to evaluate different 
effect of ejector loop on COP at different ambient condition which are represented by gascooler 
outlet temperature and evaporation temperature. Its improvement declines with increasing 
ambient temperature and decreasing evaporation temperature. Similar trend can be observed for 
the compressor discharge pressure decreasing by the ejector loop at different temperatures. Less 
energy demand of the cooling system has significant effect on range of electric vehicles and it is 
also positive for overall electric energy consumption. In contrast of that the complexity of new 
proposed system can make it difficult to run at optimal performance under different conditions. 
The simulations were done at the theoretical base and needs to be correlated by measurements 
with respect to real components performance.  

 

Nomenclature 

A Area, m2 
a Sonic velocity, m/s 
Cp Specific heat of gas at constant pressure, kJ kg-1 K-1 
Cv Specific heat of gas at constant volume, kJ kg-1 K-1 
D Diameter, m 
M Mach number 
�̇� Mass flowrate, kg s-1 
Pe Refrigerant pressure at the suction port of the ejector, pa 
Pg Refrigerant pressure at the nozzle inlet of the ejector, pa 
R Gas constant, kJkg-1K-1 
T Temperature, K 
Te Refrigerant temperature at the suction port of the ejector, K 
Tg Refrigerant temperature at the nozzle inlet of the ejector, K 
V Refrigerant velocity, m s-1 

Pg Tg Pe Te ϕm ms mp PCn mCn

[bar] [oC] [bar] [oC] - [kg/sec] [kg/sec] [bar] [kg/sec]
192.28 105 60 38 0.592 0.066 0.06 77.17 0.126
192.28 105 67 38 0.592 0.074 0.06 112.91 0.134

129.3 95 60 38 0.592 0.072 0.044 87.48 0.116
129.3 95 62 38 0.592 0.074 0.044 96.8 0.118
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h Enthalpy, kJ kg-1 
∆H Energy difference, kJ 
𝛾 Ratio of specific heats, (Cp/Cv) 
η Isentropic efficiency  
ϕ Coefficient for flow losses  

  
Subscripts  

com Compressor 
comp Ejector compression 

Cn Ejector exit  
ej Ejector 

exp Ejector expansion 
ev evaporator 

subc Subcooler 
is Isentropic 
g Primary nozzle inlet 

gen Generator 
m Ejector motive flow 
M Mixed flow  
t Primary nozzle throat 

p4 Primary flow at nozzle exit  
pH Primary flow at hypothetical throat 
sH Entrained flow at hypothetical throat 
s Ejector secondary flow 
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Abstract 

An efficient workflow is presented to evaluate the performance of adsorption chillers for a wide 

variety of working fluids. The workflow employs dynamic models parametrized by isobars and 

Infrared Large-Temperature-Jump (IR-LTJ) experiments. For the studied refrigerants water, 

methanol, and ethanol, we find that, for an evaporation temperature of 5 °C, methanol is 

preferred over ethanol with a maximum volumetric cooling power of 265 W/L and a maximum 

coefficient of performance of 0.44 J/J. When increasing the evaporator temperature to 10 °C, 

the maximum values for methanol increase to 415 W/L and 0.58 J/J, which is on par with the 

investigated water adsorption chillers at 10 °C with SG123 and Siogel. 

 

Keywords: Dynamic model, Pareto front, adsorption kinetics, adsorption equilibrium.  

 

Introduction and Background 
The performance of adsorption chillers depends on the employed working pair consisting of an 

adsorbent and a refrigerant. Research on the choice of a working pair, however, often only 

varies either the refrigerant [1] or the adsorbent [2]. Furthermore, the kinetics (e.g. heat and 

mass transfer) of the working pair are often neglected. However, only considering 

thermodynamic equilibrium properties is insufficient to assess the process performance [3,4].  

Here, we propose an efficient workflow to evaluate the performance of adsorption chillers with 

the promising working pairs Siogel/water [3], SG123/water [5], CarboTech A35/methanol [2], 

and CarboTech A35/ethanol: Siogel is a well-studied benchmark silica gel [3,6] provided by 

Oker Chemie, SG123 was the silica gel commercially used in adsorption chillers by the 

InvenSor GmbH [5], and CarboTech A35 had the highest volumetric uptake, bulk density, and 

surface area in a comparative study between activated carbons [2]. 

Two temperature triples are studied. The adsorption chillers are compared using dynamic 

models in Modelica [7], based on equilibrium and kinetic properties from small-scale 

experiments: Heat and mass transfer coefficients of mono-layer adsorbent samples were 

determined using the IR-LTJ experiment [8] and inserted into a dynamic two-bed adsorption 

chiller model. The adsorbers of the dynamic model are commonly used lamella heat exchangers 

with parametrization from Kummer et al. [9] while evaporator and condenser are modelled as 

ideal. The performance is then evaluated using two competing performance indicators: The 

volumetric cooling power (VCP) which can be written as 

VCP =
∫ �̇�

𝜏cycle

0 Evaporation
d𝑡

𝑉Adsorber ⋅  𝜏cycle
 (1) 

where the cooling power �̇�Evaporator is averaged over the full cycle time 𝜏cycle and related to 

the adsorber volume 𝑉Adsorber. The cycle time 𝜏cycle is defined as the timespan to complete 
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both a full adsorption and desorption phase in the two adsorbers. Furthermore, the coefficient 

of performance (COP) is defined according to 

COP =
∫ �̇�

𝜏cycle

0 Evaporation
d𝑡

∫ �̇�
𝜏cycle

0 Desorption
d𝑡

 (2) 

where the cooling power is integrated over time and put in relation to the required integrated 

power for regeneration �̇�Desorption. A trade-off exists between VCP and COP regarding the 

cycle time: While small cycle times maximize the VCP (because of the cycle time in the 

denominator) and minimize the COP (because of a small integration interval), large cycle times 

lead to the opposite result. Therefore, we varied the cycle time in our dynamic models for all 

investigated working pairs, resulting in Pareto fronts, which enable a comprehensive 

comparison of the working pairs’ performance in an adsorption chiller. 

 

Discussion and Results 

The two investigated temperature triples are 10/30/80 °C and -5/25/80 °C for evaporator, 

condenser/adsorber, and desorber respectively. For 10/30/80 °C (Figure 1), Siogel/water has 

the maximum volumetric power density VCP with 557 W/L while SG123/water has the 

maximum COP with a value of 0.62 J/J. Furthermore, the methanol adsorption chiller with 

CarboTech A35 can compete with both water adsorption chillers and even outperforms the 

commonly used working pair SG123/water with regard to VCP: CarboTech A35/methanol has 

a maximal VCP of 415 W/L compared to 349W/L for SG123/water while having the same 

maximal COP as Siogel/water. Water and methanol dominate ethanol regarding both COP and 

VCP.  

 

 
Figure 1: Pareto fronts of power density VCP (Equation (1)) over coefficient of 

performance COP (Equation (2)) for the refrigerants water (blue), methanol (purple), and 

ethanol (green) with varying adsorbents Siogel, SG123, and CarboTech A35. Pareto fronts 

for the temperature triple 10/30/80 °C (solid lines) and for 5/25 /80 °C (dashed lines). 

 

For the temperature triple -5/25/80 °C, the performance of methanol and ethanol decreases for 

both performance indicators compared to 10/30/80 °C, as expected, due to the lower driving 

forces. Nevertheless, COPs above 0.4 J/J are still possible for a lower condenser temperature 

of 25 °C (Figure 1). The maximum VCP decreases by 36 % from 415 W/L to 264 W/L for 
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methanol and by 15 % from 294 W/L to 249 W/m³ for ethanol. The performance decreases less 

for ethanol than for methanol compared to the temperature triple 10/30/80 °C since the 

equilibrium properties of CarboTech A35/ethanol allow for a more flexible operation: While 

COPs and VCPs are higher with methanol, a lower chilling temperature affects the methanol 

working pair more than with ethanol as a refrigerant. Further analysis showed that the 

temperature dependence of the heat and mass transfer coefficients played a minor role 

compared to the decrease in driving force from the shift in the equilibrium.  

 

Summary and Conclusions 

A workflow was presented and employed to assess the performance of adsorption chillers with 

water, ethanol, and methanol as refrigerants with respect to the volumetric cooling power (VCP) 

and the coefficient of performance (COP) by evaluating Pareto fronts of each working pair with 

dynamic models in Modelica. We found that, at a chilling temperature of 10 °C, the working pair 

CarboTech A35/methanol outperformed CarboTech A35/ethanol. CarboTech A35/methanol 

could also compete with the investigated water working pairs with regard to COP, but still lacked 

in VCP when compared to the best water working pair, which was Siogel/water. When decreasing 

the chilling temperature to -5 °C, the condenser temperature needed to be decreased by 5 K, to 

still achieve COPs above 0.4 J/J. Methanol was still the preferred refrigerant over ethanol for a 

chilling temperature of -5 °C, although by a much smaller margin than for 10 °C. 

Our study is the first to compare the three most common refrigerants for adsorption chillers with 

varying working pairs and temperature boundaries based on LTJ experiments including a model-

based scale-up. Furthermore, we showed that methanol adsorption chillers can in fact compete 

with water adsorption chillers when chilling above 0 °C while also providing the possibility to 

chill below 0 °C. 
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Abstract 

Sorption-based atmospheric water harvesting (SAWH) provides a fruitful solution to the 

global water crisis. Even though great progress has been made, improving water productivity 

and lowering energy consumption remain a challenge. Herein, we report an engineering 

design of SAWH using sorbent-coated adsorber with cooling-assisted sorption, thermal-

driven desorption, and ambient-based dewing processes. Benefiting from the lower 

adsorption temperature, the enhancement of water productivity was more obvious compared 

with providing a higher desorption temperature and lower condensation temperature. The 

results suggested that introducing a cooling source in the adsorption stage will contribute to 

the 1.84-8.30 times improvement of water productivity compared with that without a cooling 

source at 25°C/60%RH. By utilizing the waste cooling energy in the condensation process, 

the sorbent can be regenerated by low-grade thermal energy with the range of 45-62°C, 

providing great potential for thermal-driven water production. 

Keywords: Atmospheric water harvesting, Sorption, Cooling source, sorbent-coated 

adsorber. 

 

Introduction 

Water scarcity threatens global sustainable development[1]. It was predicted that more than 

2/3 global population will face water shortage problems by 2050[2]. Thus, seeking a clean, 

sustainable, accessible water production technology is imperative and has been extensively 

explored by scientific and engineering communities[3]. Although desalination has been 

regarded as an effective water solution, the requirement of auxiliary equipment and high 

operational cost limited its development, especially for remote and arid regions[4]. It also 

was ignored that the atmosphere is a huge water container. More than 13 trillion kilolitres of 

water existed in the atmosphere, around six times of water content in total rivers[5]. Dewing, 

fogging and sorption are the three main methods for harvesting water from the air. Among 

them, sorption-based atmospheric water harvesting (SAWH) deems to be the only way in the 

arid area[6]. 

Over the past five years, SAWH obtained enormous attention from all over the world arising 

from the development of materials science[7–9]. Different from traditional desiccants (such 

as silica gel and zeolite), the tailored porous structure and the high-water sorption capacity of 

metal-organic frameworks (MOFs) are promising for water harvesting in the arid area[10]. 

Besides, the hydrogel and composite sorbent also received overwhelming interest[9,11]. 

However, it can be found that even if the properties of sorbents are exceptional with high 

working capacity and low regeneration temperature, the improvement of practical water 

productivity is limited. The basic reason behind this problem is the lack of a well-designed 

AWH device. Recently, although the device design obtained attention, such as dual-stage 

AWH[12], advanced heat transfer design and thermal management[5,13], the total daily yield 
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still cannot meet the practical demands[14]. The design of AWH needs reconsideration from 

the basic thermodynamic principle. 

A typical AWH process includes the sorption, desorption and condensation processes. 

Atmospheric moisture is captured by the porous sorbent driven by the humidity difference 

between the ambient air and pores of sorbents. When the sorbent is saturated with moisture, 

the heating-powered desorption is trigged by low-grade thermal energy like solar energy, and 

then the moisture is released, condensed and collected. Almost all designs only consider the 

importance of desorption temperature and condensation process, but the potentials in the 

sorption process are not sufficiently tapped[15]. For most sorbents, the sorption capacity 

tightly depends on the ambient humidity. Followed by the temperature-humidity relationship, 

introducing cooling in the adsorption stage will contribute to the improvement of relative 

humidity (RH), thus the sorption capacity can be dramatically promoted[16,17]. 

In this paper, we report a design of AWH with cooling-assisted adsorption, thermal-driven 

desorption, and air-cooled dewing processes. The basic principles of the water harvesting 

device and cooling effect are revealed. Compared with increasing the heating temperature 

and reducing condensation temperature, introducing cooling into the sorption stage will bring 

benefits to water harvesting. As a result, the water sorption capacity can be enhanced 

dramatically and the water production rate is up to 95.1 g/h, which shows 96.1% promotion 

compared with that in the control case. 

 

Discussion and Results 

The basic configuration of SAWH is illuminated in Figure 1. The water harvester consists of 

three main parts, adsorber units, water bath units, and condenser. The adsorber units are 

fabricated using two identical adsorbers by coating sorbents on the heat exchanger. Two water 

baths were used to simulate the heating and cooling source. The cooling and heating temperature 

of the water can be controlled by the water baths and then flowed into the inner side of copper 

cubes of adsorbers. Two four-way valves (or one eight-way valve) are employed to switch the 

sorption and desorption stages. For air side, ambient air flows into the adsorber with a cooling 

temperature and the moisture was captured by the sorbents. On the desorption side, the air flows 

to the desorber and was humidified and heated. The high humidity and temperature air pass 

through the air-cooled condenser and then back to the desorber, forming a closed loop. The 

cooling and dry air after sorption was exchanged with desorption air to further reduce the 

condensation temperature. Two air valves were assembled to switch the airflow to release the 

water continuously. 

 

Figure 1.  Experimental setup of water harvesting using sorbent-coated adsorber. 
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Silica gel was used as the sorbent and then coated on the surface of heat exchangers by spraying 

methods, and its water sorption isotherms and images can be found in Figure 2a. The isotherm 

shape of silica gel was similarly S shape, and its water sorption capacities are around 0.06 g/g, 

0.15 g/g, and 0.21 g/g at 50%RH, 70%RH, and 90%RH with the temperature of 20°C, 

respectively. Although the water uptake is limited at low humidity, it can be improved by the 

cooling effect due to the increased local humidity. The relative pressure at different temperatures 

can be transferred to the absolute water vapor pressure, as shown in Figure 2b. From the water 

sorption curves, the working capacity of the sorbent can be determined. For instance, the water 

uptake is ΔWd when sorption, desorption and condensation temperature are respective 25°C, 

45°C and 25°C. Traditionally, increasing the heating temperature for desorption and reducing 

the cooling temperature for condensation are common approaches for improving water 

productivity. However, the improvements using the above methods are limited. As indicated in 

Figure 2b, when increasing the desorption temperature at 54°C and decreasing the condensation 

temperature at 20°C, the working capacities are enhanced to ΔWd,h and ΔWd,c, respectively. 

Interestingly, lowering the sorption temperature at 20°C contributes to the significant 

improvement of working capacity to ΔWd,a. That is the design principle of this work. In 

addition, the waste cooling energy from the sorption stage can be further harnessed to cool the 

desorption airflow, providing another chance for reducing condensation temperature, as 

fabricated in Figure 1a. 

Such an enhancement brought by the cooling effect is not unique to silica gel. The main reason 

behind this is that the water uptake of most sorbents tightly depends on the relative humidity. 

With the RH increasing, the sorption capacity increases owing to the huge humidity difference 

between ambient air and the pore of sorbents. Reduced humidity with heating sorbent to low 

local humidity is obviously lower than elevated humidity with cooling sorbent to high local 

humidity. Thus, introducing cooling into the sorption stage could provide a benefit for water 

production, not limited to silica gel. 

 

Figure 2. Water vapor sorption isotherms of silica gel. (a) Water uptake varied with relative 

humidity at 20°C. (b) Water uptake varied with water vapor pressure with different temperatures. 

 

With this proposed SAWH device, the performance was then tested and evaluated. As 

mentioned in the working principle, the cooling temperature for sorption is critical for the 

performance of the device. Typical dynamic results with different cooling temperatures under 

25°C/60%RH are shown in Figure 3. The control case was conducted by keeping the cooling 

temperature at 25°C. Figure 3a depicts the outlet air temperature of the adsorber and RH of the 

condenser. Switching operation leads to fluctuations of temperature and RH once the airflow 
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and water flow were changed. For a low adsorption temperature of 17°C, the outlet air 

temperature is always lower than ambient air, which is a benefit for the condensation process. 

When the adsorption is at 20°C, the initial state of outlet air is higher than the ambient and then 

reduced below ambient air. While for the control case (adsorption temperature at 25°C), the 

outlet air temperature is always higher than ambient air due to the switching operations at the 

initial state and heat transfer resistance during the later period. The changes in RH indicate that 

the condensation occurs in the condensation (humidity is near 100%RH). But a lower sorption 

temperature leads to a longer condensation period arising from a higher water sorption capacity 

at the sorption stage. About 80% of the sorption period is expensed to desorption and 

condensation when the sorption temperature is 15°C. And that was decreased to 69.5% and 42.4% 

when sorption temperature was maintained at 20 and 17°C, respectively. Figure 3b reveals the 

humidity ratio of the inlet and outlet air of the condenser and adsorber with different sorption 

temperatures. The changes between the inlet and outlet air of the adsorber indicate that the 

sorption capacity will dramatically be enhanced by lowering the adsorption temperature. That 

also can be explained by the isotherms with different sorption temperatures. The changes 

between the inlet and outlet air of the condenser represent how much moisture is released. As 

seen, low sorption temperature proceeds the sorption capacity and thus more humidity can be 

released, leading to a large humidity difference between inlet and outlet air. 

 

Figure 3. Dynamic results of temperature and humidity with different adsorption temperatures 

under 25°C/60%RH. (a) Outlet air temperature of the adsorber and outlet air RH of the 

condenser. (b) Humidity ratio changes between the outlet and inlet air of the adsorber and 

condenser. 

 

Afterward, the performances with different desorption temperatures are investigated by keeping 

the sorption temperature at 20°C, as shown in Figure 4. Since the heating and cooling water are 

encountered with each other during the switchover, the outlet air temperature of the adsorber 

will be affected by the heating temperature. As seen in Figure 4a, the outlet air temperature of 

the adsorber is increased with the increase of desorption temperature. When the desorption 

temperature is 45°C, the time when the outlet air temperature of the adsorber is lower than the 

ambient temperature is about 74.5% sorption time. But this period will be reduced to 50.1% and 

30% sorption time when the desorption temperature is increased to 54 and 62°C, respectively. 

However, the condensation time (RH approaching 100%) is prolonged with a low desorption 

temperature since the moisture releasing rate is relatively low and higher temperature features 

faster releasing rate, as revealed by the RH changes in Figure 4a. The humidity ratio changes of 

inlet and outlet air of the adsorber and condenser can be found in Figure 4b. As displayed, the 

sorption side is similar due to the same sorption temperature. Although the desorption 

temperature is different, the much longer time is dominated by the sorption temperature. 
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Therefore, increasing the heating temperature will present little influence on sorption 

performance. However, for the desorption side, the inlet and outlet air of the condenser is quite 

different. High heating temperature leads to a high inlet and outlet air humidity of the condenser, 

but more water is released, as indicated in Figure 4b.   

 

Figure 4. Dynamic results of temperature and humidity with different desorption temperatures 

under 25°C/60%RH. (a) Outlet air temperature of the adsorber and outlet air RH of the 

condenser. (b) Humidity ratio changes between the outlet and inlet air of the adsorber and 

condenser. 

 

With the dynamic sorption and desorption characteristics with different cooling and heating 

temperatures, the practical collected water is evaluated, as shown in Figure 5. Obeyed to the 

above-mentioned results, the water production rate also shows a similar trend. With the decrease 

of cooling temperature for sorption, the water production rate is increased. The water production 

rate can be up to 80.76 and 45.74 g/h with the cooling temperature of 17°C and 20°C when the 

heating temperature is 45°C, which is 8.30- and 4.65-times improvement compared with the 

control case (25/45°C). And these improvements will be 5.01 and 2.93 times when the heating 

temperature is increased to 54°C. At the high temperature of 62°C, although the promotions of 

water production caused by the cooling effect are reduced slightly, there are still 2.60- and 1.84-

times improvements compared with the control case (25/62°C). 

 

Figure 5. Water production rate with different cooling/heating temperatures under 25°C/60%RH. 

 

It should be noted that the water productivity presents a trend of increase first and then decrease 

with the increase of heating temperature when the cooling temperature of 17°C and 20°C. The 
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reason for these trends is that with the increase in heating temperature, the desorbed water is 

improved, leading to the boosted water production. While the heating temperature further rises, 

the huge temperature differences between sorption and desorption are not benefited to water 

harvesting. This trend is not obvious with a relatively high cooling temperature, as indicated by 

the water production with a cooling temperature of 20°C. For the control case with the cooling 

temperature of 25°C, the trends of water production obey the traditional rule- high heating 

temperature promotes high-water production. In addition, the outlet air temperature of the 

adsorber (to cool the condenser, as shown in Figure 1) is then increased, weakening the 

condensation efficiency. In this case, performing a heat recovery will give help to improve water 

production. Nevertheless, all results of water production reveal that introducing a cooling source 

into the sorption stage will provide an extra advantage for improving water yield.  

 

Conclusions  

In summary, we report a design of water harvesting with cooling-assisted sorption. The cooling 

effect could bring enhanced sorption capacity and rapid kinetics for water harvesting. The 

impacts of changing sorption, desorption and condensation temperatures were analyzed, 

indicating that introducing a cooling source into the sorption stage is most effective. Besides, 

utilizing the waste cooling energy from the sorption stage in the condensation process will give 

extra merit for condensation, but it was ineffective for high sorption temperatures. By testing the 

performance of the water harvester, the maximum water production rate of 95.1 g/h is acquired. 

An appropriate heating and cooling source should be considered in a real-world application 

since both heating and cooling are required in this work. This work proved that low-temperature 

thermal energy with the temperature of 45-62°C is suitable for driving the desorption process. 

To this end, a heat pump is a suitable selection to provide heating and cooling simultaneously. In 

this case, the evaporator could provide the cooling demands for sorption and the condenser heat 

can be used to desorption. Besides, separate heating and cooling sources also can be used to 

drive this water harvester, like solar energy, waste heat, radiative cooling, ad/absorption cooling, 

etc. 
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Abstract  

Waste Heat Recovery is becoming increasingly relevant in times of dwindling and more ex-
pensive fossil resources. Nevertheless, many energy-intensive processes do not sufficiently 
utilise high-quality waste heat sources. Reasons often lie on the one hand in the low profitabil-
ity and on the other in the limited reliability of such systems. This research work describes 
long-term measurement data and operating experience with a Steam Rankine Cycle pilot plant 
for the conversion of high-temperature waste heat into electricity using water as the working 
medium, techno-economic optimisation approaches in various fields of application as well as 
an optimized plant design.  
Keywords: Steam Rankine Cycle, SRC, Pilot Plant, Waste Heat Recovery, WHR, long-term 
operation experience, techno-economic optimization. 

Introduction/Background 
Energy-intensive industrial sectors, especially in the forming industry, have profited signifi-
cantly in recent years from low-cost electricity and gas. A Waste Heat Recovery (WHR) often 
remained out of reach due to required payback periods of only a few years. Efforts to save CO2 
and the growing pressure on the global energy market are forcing these sectors to look more 
closely at the utilisation of unused energy flows.  
When a suitable in-process use is not possible, an end-of-pipe solution to convert the remaining 
heat into electrical energy using a Rankine cycle is often the most appropriate approach. For 
different temperature levels and waste heat flows, a variety of working fluids have been estab-
lished in Rankine Cycles in recent years. In addition to refrigerants in the low-temperature 
range up to approx. 180 °C waste heat temperature, hydrocarbons from approx. 180-250 °C 
and siloxanes above approx. 250 °C [1], water offers comparable efficiencies at waste heat 
temperatures above approx. 400 °C [2,3], depending on the plant size.  
Since the Steam Rankine Cycle (SRC) plant technology for distributed WHR with water as the 
working fluid has not yet exhausted its full potential compared to centralised large-scale power 
plant technology, where water is the state of the art, a pilot plant for WHR with water was set 
up by the TH Nürnberg. This plant converts the waste heat of a sewage gas CHP (Combined 
Heat and Power) engine into electricity and was described in detail in previous work of the 
authors [4]. A picture of the plant can be seen in Figure 1, the simplified flow chart with the 
main measuring points in Figure 2. 
Since its commissioning in 2020, this pilot plant has been operated in long-term conditions by 
the TH Nürnberg, running for 8,212 h and supplying 224 MWh of electrical energy 
(21.01.2023). In the last half year of operation, the test plant achieved an availability of 73.4 %. 
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In this paper, detailed measurement data during operation as well as lessons-learned and opti-
misations for future plants in terms of reliability and economic efficiency are presented and 
discussed.  

  
Figure 1: MicroRankine pilot plant at the sewage treatment plant in Nürnberg  
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Figure 2: Flow chart of the MicroRankine pilot plant with the main measuring points 

Discussion and Results 
In the following, first the optimum operating parameters on the high and low pressure side are 
discussed. Then the measured data of the water-chemical parameters and the effects on corro-
sion are described. Finally, the new, techno-economically optimised design is presented. 
Operating parameters heat source  
Following the steady-state model of the Rankine Cycle and the waste heat situation according 
to [3], the operating parameters of the high-pressure side were varied to identify the most effi-
cient design point. Figure 3 (left) shows the net efficiency of the entire plant, related to the 
maximum heat flow that can be transferred from the exhaust gas, as a function of the turbine 
inlet temperature. Figure 3 (right) shows the same efficiency with varied turbine inlet pressure. 
In all cases, condensation takes place at a temperature of 50 °C, the pinch point of the steam 
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generator and the summarized transfer capability (kA [W/m²/K]) were kept constant at the level 
of the MicroRankine plant, which leads to a more insufficient utilisation of the exhaust gas as 
the steam temperature and pressure increase. The black line represents the classic SRC with 
pump, steam generator, turbine and condenser. The dashed line represents the additional use of 
an Internal Heat Exchanger (IHX), which uses the remaining energy in the exhaust steam after 
the turbine and preheats the water before the economizer.  
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Figure 3: Efficiency of the SRC plant with and without internal heat exchanger as a function of turbine inlet 

temperature (left) and pressure (right) 
The variation of the live steam temperature at constant pressure (17.5 bar) shows that a live 
steam temperature of 410 °C brings the maximum efficiency. From approx. 400 °C, the effi-
ciency no longer increases, as the mass flow rate must be reduced significantly to reach the 
temperature with the fixed transfer capability. An IHX does not bring any efficiency benefits. 
When the live steam pressure is varied, the technical maximum is at 19.9 bar, but there is a 
break at 17.5 bar, after which the efficiency only rises slightly and then declines. The reason 
for this is the defined pinch point of 30 °C, causing the waste heat source to be insufficiently 
utilised as the pressure rises. The IHX does not provide advantage in this case again. 
 
Subsequently, valves and tubes were investigated regarding operating parameters. According 
to the valve manufacturer, 1.4408 stainless steel is mainly used in this area. According to 
DIN EN 1092-1 [5], this allows a maximum pressure of 27 bar at 400 °C at PN40. Since these 
upper limits must never be exceeded during operation, a certain buffer is required by the ac-
credited inspection body. The safety chain of the system regulates the pressure in a first step 
according to the measurement parameters. In the event of failure of this regulation, a safety 
pressure switch next switches off the heating by means of hardware equipment; in the event of 
its failure, a mechanical safety valve finally opens and blows off the steam. The temperature 
sensor regulates the pump and thus the maximum steam temperature. In the event of failure, a 
safety temperature limiter switches off the heating by hardware. From these safety functions, 
only 380 °C/25 bar would be possible with the material of the valves. Since the pressure-litre 
product according to Directive 2014/68/EU [6] has a decisive influence on acceptance, testing 
and maintenance, the pressure must be kept as low as possible. For this reason, the break at 
17.5 bar selected from Figure 3 (right) was chosen as the design parameter, since the maximum 
efficiency at 19.9 bar would be only 0.03 % higher.  
The alternative high-strength stainless steel for the valves 1.4581 in the comparison would be 
approved up to 30 bar/530 °C. This would make the optimum design parameters possible, but 
only a gain in efficiency of 0.22 % would be achieved. According to the manufacturer, how-
ever, the valves would be 10-15 % more expensive. With an operating time of 8,000 h/year and 
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0.15 €/kWh remuneration, there would only be an additional profit of 102 € per year, which is 
why the use of a high-strength material is not economical.  
Therefore, 17.5 bar and 380 °C were selected as the steady-state design steam parameters after 
the superheater. 
 
Operating parameters heat sink  
In the MicroRankine plant, the heat sink is realised by a cooling water system of the sewage 
treatment plant. In a distributed SRC concept, it cannot be assumed that a cooling system is 
available, which is why an air cooler with electric fan is necessary. The heat sink through air 
cooling is accordingly dependent on the ambient temperature, which varies with the season.  
The most efficient operation between the area and the power of the air cooler, the intermediate 
circuit pump and the turbine represents a techno-economic conflict of targets. With higher 
power of the air cooler or the intermediate circuit pumps, the exhaust turbine pressure decreases 
and the turbine power increases accordingly, but at the same time the electrical self-consump-
tion increases.  
For this purpose, the mass flow rate of the intermediate circuit pump was varied in the Micro-
Rankine plant in a first step. In Figure 4, the condensation pressure is plotted against the mass 
flow rate, which decreases from 0.177 to 0.107 bar at the operating point. As a result, the tur-
bine output increases from 25.7 to 27.6 kWel. At the same time, the pump's own consumption 
increases from 0.13 to 3.2 kWel, which leads to an optimum of the total output at 3.1 kg/s (black 
line). An increase beyond this point does not further improve the heat transfer between con-
densate and cooling water, the condensation heat transfer coefficient is then the determining 
parameter. 
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Figure 4: Measured condensation pressure, turbine output, pump power and total output with varied  
intermediate circuit mass flow rate 

For the design of a table air cooler, 200 dry coolers which can basically solve the cooling task 
were compared with each other in the Güntner Procduct Configurator [7]. The number and 
power of the fans, the pressure loss of the water and the associated increased intermediate cir-
cuit pump power with increased heat transfer surface, the temperature level in the intermediate 
circuit and the therefore varying turbine power as well as the investment costs were varied. 
These costs were compared over an operation period of 10 years and an assumed remuneration 
of 0.15 €/kWh in a simulation of the average ambient temperature in Nürnberg and an eco-
nomic optimum was determined. The table cooler GFHCFD050,1/23-49-0189157M with six 
fans turned out to be the techno-economic optimum. An optimal operating point results for 
each ambient temperature. Figure 5 (left) shows the net output of the SRC system at an ambient 
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temperature of exemplary 20 °C with varying table cooler power. An optimum results at 
38.2 %, the condensation pressure here is 0.12 bar. Figure 5 (right) shows the optimum net 
power of the system plotted against the ambient temperature, which varies between 32.9 and 
25.5 kWel at ambient temperatures of 0 to 35 °C with condensation pressures of 0.05 to 
0.25 bar. Because condensation pressures of less than 50 mbar are unrealistic due to the leak-
ages and the limited power of the vacuum pump, lower theoretical values are not displayed.  

 
Figure 5: (left): Net power and condensation pressure over table cooler power (for 20 °C ambient temperature) 

(right): Optimum net power and condensation pressure over ambient temperature in Nürnberg  

Water chemical properties  
In the original system with steam boiler, different alloyed and non-alloyed materials are used 
(Economiser and steam boiler made of P250GH, the rest of the system made of alloyed 
steal [4]). Although a compact optimised system could be completely made of stainless steel, 
the problem of the unalloyed materials will remain with larger scaled systems, which is why 
the development of corrosion in the system and various countermeasures are discussed below.  
Corrosion in water-steam systems is mainly caused by two processes, surface corrosion by 
oxygen and acid corrosion, which leads to pitting. To avoid this, the water-chemical regulations 
for steam generators are summarised in DIN EN 12953-10 [8]. A distinction is made between 
the water in the steam boiler and the refill water, which in the closed SRC systems correspond 
to the values in the steam and condensate.  
The following table summarises the specifications for the pH-value, oxygen content and elec-
trical conductivity for the use of deionised water without additives at pressure below 20 bar.  

Table 1: Specifications for the water-chemical parameters according to DIN EN 12953-10  
    Steam boiler Condensate 
pH-value  - 10.0 - 11.0  >9.2 
Oxygen content  mg/l <0.05 <0.05 
Electrical conductivity μS/cm <1,500.0 <30.0 

Since the shell boiler is in category IV according to Directive 2014/68/EU [6], these values 
must be checked every 72 h in accordance with TRD 604 [9] and DIN EN 12953-10 [8]. Further 
parameters must be monitored if additives are added. Because the system is filled with deion-
ised water from two mixed-bed filters connected in series, no noticeable impurities such as 
silicic acid and chloride ions enter the system that could lead to deposits or corrosion. This is 
monitored via the conductivity after the filters when refilling.  
Since these regulations were drawn up on the basis of open steam boiler systems in which the 
water is rarely reused, the application to a hermetic SRC is not necessarily given. For this 
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reason, the limit values and specifications are discussed below in the case of the closed SRC 
and the results of the experimental investigation using the MicroRankine system are presented. 
 
In a first series of experiments, the system was filled exclusively with deionised water from 
two mixed-bed filters connected in series, the conductivity of the water was <1 µS/cm. The 
following Figure 6 shows the measured values for the pH-value, the electrical conductivity and 
the oxygen content in the steam boiler and the condensate collector over one month. Mainly 
due to the sampling of the water of the boiler and the condensate every 72 h, but also due to 
minimal leaks at the mechanical safety valve and the vacuum pump, the system loses water 
during operation. On average, 4.2 litres of the 1,400 litres of water in the system are lost per 
day, which are regularly refilled by the mixed bed filters. As shown in Figure 2, a water sample 
can be taken at two points in the system, after the condenser and the pump to examine the 
condensate and from the steam generator via a sampling cooler to examine the kettle water. 
In order to avoid distortion of the measured values due to a reaction of dissolved iron(II) with 
atmospheric oxygen after taking the sample and the associated acidic dissociation of the 
iron(III) forming in the present of extremely low-mineral and almost unbuffered water [10], 
the filling water samples were measured in a flow-through vessel. 
 
In addition, the iron and copper content in the evaporator were regularly measured as indicators 
of corrosion. Further damage in the system can be triggered by silicic acid and chloride ions. 
Although these should not enter the system through the mixed bed filters, they were examined 
at regular intervals. The iron content in continuous operation did not tend to increase and was 
normally <100 mg/l. The copper content was below the limit of 10 mg/l that could be detected 
in the commissioned laboratory. The silicic acid content did not increase and was on average 
approx. 1.5 mg/l. The chloride content in the boiler was 0.7 mg/l in a sample measurement and 
0.3 mg/l in the condensate. 
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Figure 6: Water-chemical properties during operation with deionised water  

The conductivity in the system rises slightly because of remaining impurities in the evaporator 
due to pool boiling, which leads to a slightly higher conductivity in the kettle (2.9 µS/cm) than 
in the condenser (1.2 µS/cm).  
The oxygen content of the filling water is mostly expelled by the evaporation within the first 
hours of operation and extracted via the vacuum pump. In steady-state operation, the measured 
oxygen content in the steam boiler was between 0.03 and 0.1 mg/l, in the condensate between 
0.17 and 0.64 mg/l. Since the low-pressure side lies below ambient pressure and the apparatus 
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and valves of the pilot plant are mostly flanged for maximum flexibility, oxygen is constantly 
drawn into the system until the vacuum pump is reactivated. But even with mostly welded 
systems, there will still be a small input of oxygen in the vacuum region. Figure 7 shows the 
increasing oxygen content in the condensate measured on different days, plotted over time after 
vacuum draw.  
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Figure 7: Oxygen content in the condensate over time after vacuum draw 

Since oxygen measurement is prone to errors, measurements were also taken with a high-pre-
cision measuring apparatus [11] under complete exclusion of ambient air. The oxygen content 
in the steam boiler was approx. 0.047 mg/l, in the condensate approx. 0.100 mg/l, which prin-
cipally confirms the regular measurements in this paper.  
The pH-value in the condensate increases only slightly to 7.2 because the water hardly reacts 
with the stainless steel in this area. In the kettle water, CO2 and caustic soda are formed from 
the carbonates and hydrogen carbonates at the high temperatures (soda decomposition) [12]. 
The sodium hydroxide solution, which is not vapour-volatile, alkalises the boiler water, which 
is why the pH-value in the boiler of approx. 8.7 is higher than in the condensate. Due to the 
oxidation of the iron(II) that goes into solution in the kettle, the pH-value in the condenser 
drops significantly [10]. 
 
The measured values of the electrical conductivity of the circuit water fully comply with the 
manufacturer's specifications and the standards, what significantly reduces corrosion according 
to VDI 2035, even with a higher oxygen content [13]. The oxygen content in the steam boiler 
appears to be close to the specifications during evaporation. In the condensate, however, the 
limit value is exceeded by up to 10 times. Since the condensate first flows through the unal-
loyed preheater, this value is critical. The oxygen content in the system becomes even more 
critical during standstill. When the system cools down, the high-pressure side also falls into a 
vacuum, drawing air into the system there as well. The pH-value in the condensate, i.e. in the 
feed water, is approx. 2 too low, in the steam boiler approx. 1.3 too low. The low pH-value 
prevents the formation of a magnetite layer that protects against corrosion.  
 
As a result of this experiment, it can be stated that a system made of alloyed and unalloyed 
steel cannot be operated with the specified water-chemical parameters. Although e.g. 
Bursik [14] also describes a slightly oxygenated, neutral to slightly alkaline operation as suffi-
cient protection against corrosion, the specifications must be fulfilled for warranty and insur-
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ance. Steam boilers of this type are sometimes operated for several decades, resulting in prof-
itable plants, which is the aim of this project. Therefore, countermeasures are discussed and 
tested in the following for protection against oxygen and acid corrosion.  
 
According to [12], four substances are commonly 
used for alkalisation, caustic soda, ammonia, so-
dium phosphate and hydrazine. The effects of dif-
ferent concentrations of these on the pH-value in a 
steam boiler are shown in Figure 8. Since hydra-
zine is a highly toxic and carcinogenic medium, it 
is excluded for this application. Caustic soda and 
sodium phosphate as non-steam volatile agents re-
main exclusively in the steam boiler and do not in-
crease the pH-value in the condensate system and 
thus also not in the preheater. Ammonia is a steam-
volatile alkalising agent. The effects of adding am-
monia to the system of the MicroRankine plant af-
ter refilling and stable water-chemical measure-
ment data can be seen in Figure 9 from day 80. Since the condenser is copper-brazed, it had to 
be taken into account that the ammonia content must not exceed 0.5 mg/l according to the 
manufacturer. For this reason, 2.9 ml of a 25% ammonia solution was dosed into the filling 
water via the condensate tank. 
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Figure 9: Water-chemical properties during operation with deionised water and ammonia for alkalisation  

As can be seen, the electrical conductivity increases noticeable in the condensate, but only 
slightly in the steam boiler. The pH-value increases analogously in the condensate to over 10, 
in the steam boiler no influence on the pH-value is recognisable. The oxygen content remains 
unchanged, as expected.  
In the course of approx. 120 days of operation of the plant with the added ammonia, the in-
creased values fall back to the initial level. The reason for this is that ammonia only partially 
goes into the aqueous solution in the condenser and does not condense at the prevailing tem-
peratures. The vacuum pump, which draws the air out of the system several times a day, also 
expels some ammonia. Only regular dosing of ammonia would therefore cause an alkalisation 
of the condensate system, including the preheater, according to the previous experiment. In 
SRC plants that do not expand into the vacuum e.g. for heat extraction, the effect of alkalisation 
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Figure 8: Resulting pH-value with various sub-
stances for alkalisation [12] 
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by ammonia would be more sustainable because the vacuum pump only operates after stand-
still. However, since there is no alkalisation effect in the water of the steam boiler, it is not 
suitable for exclusive use in the SRC.  
 
Since incorrect dosing of caustic soda for alkalisation in the boiler water can lead to stress 
corrosion cracking, alkalisation with non-vapour volatile trisodium phosphate was carried out 
in the following test. The measurement data of the water chemical parameters after refilling 
with deionised water and steady-state operation as well as alkalisation on day 22 with approx. 
2 litres of trisodium phosphate are shown in Figure 10.  
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Figure 10: Water-chemical properties during operation with deionised water and trisodium phosphate  
for alkalisation 

As intended, the pH-value in the boiler rises to approx. 10.9 and remains stable over approx. 
50 days of operation. Analogously, the conductivity in the boiler increases, as trisodium phos-
phate is a salt that increases the conductivity in the solution. As it is not vapour volatile, it 
should have no effect on the condensate system. When adding the alkalising agent just before 
the pump in the negative pressure area, it seems that some of the trisodium phosphate has 
flowed back into the condensate collector due to the vacuum. Therefore, the conductivity and 
the pH-value in the collector increase after dosing. This should be avoided in continuous oper-
ation because the condensate could also be used for injection before the turbine and can thus 
cause damage. After approx. 30 days of operation, the el. conductivity of the condensate system 
returned to the initial state.  
For alkalisation in the steam boiler, trisodium phosphate is therefore a suitable agent that does 
not require weekly re-dosing. However, since the pH-value in the condensate system is not 
affected and thus the preheater remains unprotected, the exclusive use of trisodium phosphate 
in the SRC is not sufficient. A combined addition of ammonia to alkalise the condensate system 
and trisodium phosphate to alkalise the steam boiler seems to be a solution, but involves some 
maintenance. The design of the preheater made of stainless steel and the exclusive dosing of 
trisodium phosphate would be an alternative, which, however, would cause higher investment 
costs.  
 
Since the oxygen content in the system remains unchanged during all alkalisation processes 
and the preheater in particular is stressed by high oxygen concentrations from the condensate 
system, oxygen corrosion must be counteracted. In addition, many transient modes of operation 
of the SRC require shutdowns where oxygen enters the entire system through the resulting 
vacuum. According to DIN EN 12953-10 [8], in the case of intermittent operation or operation 
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without degasser, as is often the case with the SRC, the use of oxygen binding agents or film 
formers are prescribed. Oxygen binding agents in the SRC would have the disadvantage that 
sludge produced would have to be regularly removed from the system, which conflicts with 
the goal of a hermetic process. For this reason, the use of a film former, octadecylamine-
C18H39N (ODA), provided by the company REICON Wärmetechnik & Wasserchemie Leipzig 
GmbH, is investigated below. ODA builds up a protective layer on metallic oxide surfaces in 
the system at the molecular level through ionic bonding [15]. This protective layer is also pre-
sent during standstill over a longer period of time and is intended to protect against both acid 
corrosion and oxygen corrosion. Furthermore, the reduced surface tension of the water and the 
smaller droplets should increase the efficiency during evaporation and condensation, deposits 
of anions should be removed by the adsorption of the ODA molecules and the efficiency of the 
turbine could be increased [16]. After an initial conservation with approx. 33 litres of a 0.5% 
ODA emulsion over a few days, the filling water was changed again, as a significant increase 
in iron in the system was noticeable as a result of the adsorption of the ODA and the detachment 
of already oxidised iron. After refilling, the ODA content in the system was tried to be kept at 
0.3-0.5 mg/l in the condenser. This surplus is necessary so that there is always enough free 
ODA in the water to renew a possible abrasion of the protective layer. It is essential to avoid 
overdosing with ODA, as high excess and low cooling temperatures in the condenser or during 
standstill at the same time can cause ODA to agglomerate in the collector, which in turn re-
stricts the functionality of the pump. The measured data of the water chemistry during steady-
state operation after refilling with surplus ODA are shown in Figure 11 up to day 98. In the 
course of the complete 164 test days, 730 l of water were refilled, 77 l of the 0.5 % ODA 
emulsion were necessary for conservation. 
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Figure 11: Water-chemical properties during operation with deionised water and octadecylamine  
for conservation  

While the pH-value in the condensate rises until it is higher than in the boiler and stabilises at 
approx. 8.7, the pH-value in the boiler drops significantly to approx. 5.6 at day 97. In parallel, 
the conductivities in both parts rise slowly to approx. 19 µS/cm in the boiler and 25 µS/cm in 
the condensate.  
Octadecylamine as a natural and non-toxic preserving agent is thermally decomposable from a 
temperature of 80 °C, from approx. 450 °C the molecule decomposes completely. It remains 
relatively stable up to approx. 300 °C. No acetic or formic acids are formed. The decomposition 
produces carbon dioxide, methane, hydrogen and ammonia. [17] 

66 / 710



 

3rd to 6th of September 2023 
The University of Edinburgh, Scotland 

The ammonia generated is responsible for the increase in pH-value in the condensate. Since 
the decomposition process is continuous, the pH-value does not decrease as in the case of al-
kalisation by ammonia alone. The water in the steam boiler is analogously not affected by 
ammonia as a steam-volatile medium. The resulting CO2 dissolves in the condensate and forms 
carbonic acid, which counteracts the effect of the ammonia. In the boiler, the solubility of CO2 
decreases with increasing temperature, which is why no carbonic acid can be present in the 
boiler water during evaporation. The remaining gases are expelled via the vacuum pump. The 
pH-value in the boiler does not increase as it does when operating with pure water, because 
through the ODA layer the depletion reaction on the unalloyed steel cannot take place. 
Since in the previous results only the direct conductivity was measured, which as a sum pa-
rameter covers all ions and compounds, this value is only of limited informative value for the 
hazards associated with increased conductivity. In addition to the harmful ions such as chlo-
rides, silicates, sodium, etc., which lead to deposits and increased corrosion, the effect of vol-
atile components such as CO2 and ammonia, which are formed during decomposition and do 
not enhance corrosion, are also recorded. Therefore, the conductivity was additionally meas-
ured after strongly acidic cation exchanger (acid conductivity). In the live steam directly after 
the steam boiler as well as in the condensate, this conductivity was approx. 10.1 µS/cm, while 
in the sample water of the steam boiler it was approx. 20.9 µS/cm. According to 
DIN EN 12953-10 [8], if the conductivity of the condensate downstream of the strongly acidic 
cation exchanger is <0.2 µS/cm, phosphate injection would not be necessary to increase the 
pH-value, and at <5 µS/cm, operation with a steam-volatile alkalizing agent such as ammonia 
would be permitted. 
Although corrosion is significantly reduced by conservation with ODA even under slightly 
acidic conditions according to [18], the specifications of the standards must be fulfilled. Since 
the required acid conductivity is not present in the application of the MicroRankine system and 
the pH-value in the boiler is significantly below the additionally required pH-value > 8.0, al-
kalization must be applied in addition to the conservation. Since the pH-value in the condensate 
meets the requirements, 1.25 litre of trisodium phosphate was dosed directly into the boiler 
water starting on day 98, as can also be seen in Figure 11. As a result, the pH-value in the steam 
boiler rises to over 10, the conductivity to over 100 µS/cm. These values remain largely stable 
within the 66 days of the remaining test series but are slowly decreasing. The dosing with 
trisodium phosphate would have to be repeated afterwards to raise the pH-value again. The 
condensate seems not to be affected by this alkalization but the pH-value is higher than the 
required 9.2 in this case.  
 
The correct adjustment of the water chemistry is a challenge for the distributed conversion of 
waste heat into electricity with a hermetic Rankine cycle. In addition to the danger of corrosion 
and the associated financial risks, international and national regulations must be complied with. 
These have been developed and constantly improved over decades, but seem to be not always 
appropriate for use in a hermetic cycle. Literature sources and also the studies presented suggest 
that a slightly oxygenic and slightly alkaline operation does not cause any critical corrosion. 
The iron value in the steam boiler was in the range of <100 mg/l in all the investigations pre-
sented, with no upward trend. Nevertheless, the limit values should be observed, as steam gen-
erators always pose a danger. For the MicroRankine plant constellation, the combination of 
conservation with ODA and alkalisation of the steam boiler with trisodium phosphate seems to 
be suitable. A combination of ammonia for alkalisation of the condensate and trisodium phos-
phate for alkalisation of the steam boiler water also seems to be a suitable solution for plants 
without major shutdowns.  
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In smaller systems that are exclusively made of stainless steel, oxygen corrosion does not oc-
cur. According to DIN EN 12502-4 [19] and DIN 50930-4 [20], acid corrosion would only 
occur at pH-values below 4, which is not the case in systems with pure water [20]. 
Optimised apparatuses and overall system design  
With the help of these optimisations and the parameters to be achieved, the individual devices in 
the MicroRankine plant were considered and techno-economically optimised for various applica-
tions in the range of 40-200 kWel.  
The evaporator as a shell boiler offers the possibility of exploiting new applications due to its 
storage capacity. For steady-state conversion of waste heat to electricity, however, forced flow 
steam generators offer advantages in terms of investment, operating costs and compactness. In the 
course of the research project KompACT, various steam generator designs in the target output 
range were compared and selected according to the total cost of ownership [21]. For the smallest 
plant size, which converts approx. 250 kW of thermal energy into approx. 40 kW of electrical 
energy, a double-walled tube evaporator was developed, in which the water evaporates in the an-
nular gap. In order to keep within the installation height of a container, the preheater and evapo-
rator were planned in one unit, the superheater in a separate one. Due to the small volume of the 
steam-carrying part, the apparatus can be operated in accordance with category III [6]. In this case, 
the apparatus is not subject to authorization and can be maintained by a competent person instead 
of the accredited inspection body.  
A micro steam turbine was also newly developed by the partners in the project [22]. The magnetic-
bearing machine runs at a design speed of 36,000 rpm, with the rotor attached directly to the 
turbine wheel and no rotating shaft protruding from the steam chamber, resulting in a hermetic 
design. The turbine can be operated between 1 bar and 0.2 bar exhaust pressure, for optional pro-
vision of heat at a higher temperature level or for maximum cooling capacity analogous to Fig-
ure 5. A newly designed regenerative unit concept with certified converters in the power range 
delivers the electricity into the grid. 
As in the MicroRankine plant, an asymmetrical plate heat exchanger is planned as the condenser 
in the new plant design, which directs the condensate into the condensate tank. In combination 
with the original steam kettle boiler, the pump that delivers the water back to operating pressure 
in the economizer was designed as a single-piston membrane-type pump. This pump tended to 
cavitate at maximum power. The remedy was to limit the power and increase the time between 
activating the vacuum pump, which increased the subcooling. However, even with an additional 
pulsation damper, it still produced a highly oscillating mass flow, which would not be suitable for 
a forced flow steam generator concept. Therefore, a new pump system was designed in a techno-
economic selection between different pump types. Due to the tendency of a single pump to cavi-
tate when raising the pressure of the low mass flow rate from below ambient conditions to oper-
ating pressure, with subcooling of only 5 K, a two-stage pump concept was chosen. A centrifugal 
pump delivers a higher mass flow rate back into the condensation tank and slightly increases the 
pressure. The second pump, a three-piston membrane-type pump, feeds the water into the pre-
heater with low pulsation.  
The condenser is supplied with an intermediate medium that transfers the heat to the table cooler 
in summer. If thermal power is required for heating purposes in winter, heat can be extracted via 
a further heat exchanger in the intermediate circuit.  

Compared with the MicroRankine pilot plant, 9 armatures and 18 measuring points can be avoided 
in the new concept. Figure 12 shows a simplified flow chart of the KompACT plant setup. Fig-
ure 13 shows a 3D model of the optimized design for a waste heat output of approx. 250 kWth.  
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Figure 12: Simplified flow chart of the optimized plant concept with the main measuring points  

 

Figure 13: 3D model of the optimized WHR plant design [23] 

Summary/Conclusions  
High temperature waste heat recovery with water as working fluid faces the challenge of economic 
feasibility and reliability. While the profit is increasing due to high energy prices, raw material 
and production costs are rising at the same time. An economic operation is given primarily in 
continuous operation over many years, with little maintenance and defects. The optimizations and 
long-term measurement results of the MicroRankine test plant, which have been summarized in 
the present study, contribute to overcoming these hurdles and to making comprehensive use of 
previously unused waste heat. In addition to techno-economic optimizations of the operating pa-
rameters both on the side of the heat source and the heat sink for the use case of the MicroRankine 
pilot plant, analyses and countermeasures of corrosion were carried out. In long-term measure-
ments, the water-chemical parameters were adjusted in order to meet the national and international 
requirements and thus reduce corrosion to a minimum. Verified solution proposals were given for 
different applications. Finally, an optimized overall plant concept was presented, in which the 
individual apparatuses were optimized from a techno-economic point of view, resulting in a com-
pact, reliable and profitable plant design.  
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Abstract 

Adsorption-based Direct Air Carbon Capture and Storage (DACCS) can help to limit the 

average global temperature rise below 2 °C by removing CO2 from the atmosphere. To enable 

net-negative CO2 emissions, DACCS must be powered by low-carbon energy sources to help 

mitigate climate change. However, most low-carbon energy sources are highly volatile, thus 

challenging energy system integration. One way to integrate volatile energy sources cost-

effectively into an energy system is by demand-side management. In demand-side 

management, flexible energy consumers adjust their load to synchronise the demand with the 

volatile energy production and getting financial benefits in return. In this work, we present a 

framework that allows investigating whether it can be economically advantageous to enhance 

the load flexibility of the DACCS system and, thus, use DACCS for demand-side management. 

For this purpose, we extend the typical steam-assisted temperature vacuum swing adsorption 

cycle with (1) two additional phases and (2) variable air and steam mass flows during the 

adsorption and desorption phases, respectively, to gain more flexibility. Then, we introduce a 

detailed dynamic DACCS system model to evaluate the advantages of flexible operation. 

Finally, we combine a rolling horizon algorithm with a particle swarm optimisation algorithm 

for the process design optimisation in a flexible operation mode. While optimisation results are 

pending, this paper focuses on the framework and methodology. 

Keywords: negative emission technologies, flexible operation, life-cycle carbon footprint, net 

removal costs. 

 

Abbreviations: 

AF Annuity Factor 

CapEx Capital Expenditure  

CE Carbon Dioxide Emissions 

CRE Carbon Removal Efficiency  

DAC Direct Air Capture 

DACCS Direct Air Carbon Capture and Storage 

DSM Demand-Side Management 

GCRC Gross Carbon Removal Cost 

HTHP High-Temperature Heat Pump  

IPCC Intergovernmental Panel on Climate Change 

KPIs Key Performance Indicators  

NCRC Net Carbon Removal Cost 

NETs Negative Emission Technologies 

OpEx Operational Expenditure 

PP Plant Productivity 

S-TVSA Steam-Assisted Temperature Vacuum Swing Adsorption Cycle 

TVSA Temperature Vacuum Swing Adsorption Cycle 

72 / 710

mailto:niklas.vonderassen@ltt.rwth-aachen.de


 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Introduction 

Limiting anthropogenic climate change below 1.5-2 °C is one of humanity's major challenges. 

First and foremost, a massive and rapid reduction in CO2 emissions is crucial and urgently 

necessary [1]. Nevertheless, to a certain extent, Negative Emission Technologies (NETs) are 

mandatory according to almost all integrated assessment model pathways of the IPCC that 

reach the 1.5-2 °C goal [1]. NETs are imperative as they can compensate for hard-to-abate or 

unavoidable emissions and the overshooting of the earth's carbon budget. 

Possible NETs range from enhancing natural carbon sinks to technical capturing CO2 from the 

atmosphere combined with permanent storage. Among the wide range of possible NETs being 

discussed in science, adsorption-based Direct Air Carbon Capture and Storage (DACCS) is 

considered particularly promising due to its (1) high removal potential [2], (2) low operating 

temperatures (i.e., 80-130 °C) [3], and (3) minimal land use [4]. Despite the advantages, 

adsorption-based DACCS is still an expensive and energy-intensive process and thus requires 

further research. 

The energy intensity of DACCS leads to the need for low-carbon energy sources. Otherwise, 

large amounts of CO2 are emitted by the energy supply leading to high net removal costs or 

even more CO2 emitted by the energy supply than removed [5]. Thus, low-carbon energy 

sources are crucial for DACCS. However, low-carbon energy sources like wind or solar energy 

are highly volatile, making system integration difficult. A way to cost-efficiently integrate 

volatile energy sources into an energy system is to manage the load, called Demand-Side 

Management (DSM) [6,7]. With DSM, processes that do not necessarily have to operate 

continuously are switched on or off, throttled, or ramped up as required. In return, the operators 

of flexible processes for DSM benefit from financial incentives like temporarily low energy 

costs. Thus, DSM for DACCS could help to reduce the overall removal costs of CO2. 

Even though studies have already examined the first theoretical benefits of flexible DACCS 

operation [7–9], a detailed assessment of DSM application for DACCS systems is still lacking 

to the best of the authors' knowledge: 

(1) No suggestions have been made on how the standard cycles for adsorption-based DACCS 

(i.e., Temperature Vacuum Swing Adsorption cycle (TVSA) and Steam-assisted 

Temperature Vacuum Swing Adsorption cycle (S-TVSA)) have to be adjusted to enhance 

flexible DACCS operation. 

(2) No analysis has been performed on the flexible operation of a DACCS system based on 

dynamic models capturing the transient and discontinuous behaviour. 

(3) No DACCS system model combined with a suitable procedure has been proposed that 

allows a holistic evaluation of the net carbon removal cost for a flexible operation of a 

DACCS system for DSM. 

Therefore, in this work, we suggest how the standard cycle of adsorption-based DAC(CS) can 

be adapted to enhance the flexibility of the energy demand without using energy storage. 

Furthermore, we introduce a dynamic DACCS model, which examines the economic benefits 

of a flexible operating DACCS system. Thus, this work presents a framework that allows for 

a holistic analysis of the potential of a flexible DACCS operation for DSM. 

Method 

This chapter is divided into four subchapters, representing the framework's steps for a holistic 

evaluation of a flexible DACCS operation for DSM. These steps are (1) cycle adaptations for 

flexible operation, (2) dynamic DACCS system model, (3) system performance evaluation, and 

(4) process design optimisation. 
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Cycle adaptations for flexible operation 

The standard adsorption cycles for amine functionalised sorbents for DAC(CS) applications 

are the TVSA or the S-TVSA. Both cycles have 4 or 5 phases [10,11]: (1) Adsorption, (2) 

blowdown, (3) heating, (4) desorption (TVSA without and S-TVSA with a steam mass flow), 

and (5) cooling (optional phase to reduce sorbent degradation [10]). A detailed description of 

all phases can be found in the literature [5,10,11]. 

Figure 1: Illustration of the flexibility-enhanced steam-assisted temperature vacuum swing 

adsorption cycle with the main phases II) adsorption, IV) blowdown, V) heating, VI) 

desorption, VII) cooling, and the two breaks before I) and after adsorption III). The 

adsorption and desorption phases are divided into n sub-phases. For each sub-phase, 

different mass flow rates are possible (i.e., air mass flow during adsorption and steam mass 

flow during desorption). The colour code of the outer ring represents the temperature 

trajectory in the DAC adsorption column: From ambient temperature (blue) to desorption 

temperature (red). 

To increase the flexibility of both cycles, we recommend two measures: (1) The extension by 

two additional phases and (2) the division of the adsorption and desorption phases into several 
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sub-phases (see Figure 1). The two additional phases are a break before and after the 

adsorption phase, where nothing happens. These breaks can be used to pause the entire cycle 

operation in case of high electricity prices or a high carbon footprint of the electricity. With 

high electricity prices and carbon footprints, it may be reasonable to suspend operations for a 

specific time from economic and ecological perspectives. In addition to the two new phases, 

the adsorption and desorption phases are subdivided into 𝑛 sub-phases (𝑛    and 𝑛   ), where 

the air or steam mass flow can be independently changed. Since the mass flow rates are directly 

correlated to the capture process's specific energy demand and the plant productivity of the 

DACCS system, the mentioned sub-phases enhance the flexibility of the operation. 

During the adsorption phase, a high air mass flow results in high velocities within the column 

and, in turn, a large pressure drop. High pressure drops increase the fan's energy demand, which 

drives the air through the column. However, in return, an increased air mass flow accelerates 

the adsorption phase and, thus, increases plant productivity. 

For the steam mass flow during the desorption phase, similar correlations apply. A higher steam 

mass flow increases the specific energy demand since additional heat is needed to heat, 

evaporate, and superheat the water. Despite this additional heat demand, the superheated steam 

also heats the sorbent very quickly and displaces new desorbed CO2. Thus, desorption is faster, 

and consequently, plant productivity increases. Hence, adapting both mass flow rates (air and 

steam) results in a trade-off between specific energy demand and plant productivity. This trade-

off results in varying economically optimal mass flow rates depending on the fluctuating 

electricity prices. Note that the more sub-phases are used, the better the mass flow can be 

adapted to the electricity price. In the ideal case, the number of sub-phases corresponds to the 

interval length of constant electricity prices (e.g., 15 min.). With fewer sub-phases, it is 

impossible to respond to every change in electricity prices but it is still possible to respond to 

main trends. 

For all other phases, nothing is changed from the phases described in the literature, as added 

values of making the process more flexible do not justify additional efforts. For example, 

pauses in or between phases IV) blowdown and VII) cooling would be possible to increase 

flexibility. However, the adsorption column is in a vacuum from the blowdown phase, and it 

can be assumed that an adsorption column is not perfectly sealed. Hence, air would infiltrate 

the column. Furthermore, pauses are even more harmful between the V) heating and VII) 

cooling phase because the adsorption column is heated, which causes heat losses. Minimising 

these heat losses would require an enormous design effort, not proportional to the slightly 

increased flexibility. Hence, we argue that further cycle changes than the proposed ones to 

increase flexibility are not beneficial. Overall, the proposed changes greatly increase the cycle 

flexibility, making the presented 7-phase S-TVSA practical for DSM. 

Dynamic DACCS system model 

In order to conduct a sound and holistic evaluation of a DSM operation of a DACCS system, 

many system-specific indicators are needed. In this work, we use a detailed dynamic DACCS 

system model to calculate these system-specific indicators. Figure 2 illustrates the flexible 

DACCS system model, its components, and system boundaries. The entire DACCS system 

model is written in the modelling language Modelica and based on components of our model 

library SorpLib [12], freely available on Gitlab [13]. 
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Figure 2: Illustration of the DACCS system model, including the main components 1) energy 

supply, 2) DAC plant, 3) storage and transport, and 4) recooling. Electricity flows are yellow 

and heat flows are red. Life-cycle carbon footprints are blue, CO2 mass flows are grey, and 

money is green. 

The DACCS system model (Figure 2) consists of four main components: 

(1) Energy supply [14,15]: The energy supply model consists of inputs for the trajectories of 

the electricity price and the carbon footprint of the grid electricity. Furthermore, a high-

temperature heat pump (HTHP) converts electricity into heat and provides all required 

process heat. Thus, the energy supply model detects all energy needs of the DACCS system 

and allocates the costs and carbon footprint for the required energy flows on a time-resolved 

basis. 

(2) DAC plant [5,14]: The main model component of the DACCS system model is the DAC 

plant model. The DAC plant model consists of a adsorption column model [5] that is 

linearly scaled up to 4 kt yr-1 for a reference process design. The DAC adsorption column 

is parameterised according to the model published by Stampi-Bombelli et al. [11]. Further, 

the DAC plant includes the carbon footprint of the plant construction, sorbent production, 

and sorbent consumption, according to Deutz et al. [14]. Finally, the DAC plant requires 

Capital Expenditure (CapEx) for construction. The CapEx of a DAC plant is still uncertain 

and will decrease as the installed capture capacity increases [16]. Therefore, we do not use 

a fixed value for the CapEx and adjust it for each case study. 

(3)  Storage and transport [15,17,18]: The model component storage and transport includes 

the power demands for the CO2 compression from ambient to pipeline pressure, the 

recompression to compensate for pressure losses during transport, and the injection into the 

geological storage reservoir. Further, the storage and transport component considers CO2 

leakage during pipeline transport. 

(4) Recooling [19]: The last model component of the DACCS system is recooling. For 

recooling, we used a simple model of a dry cooler, which has a specific power demand for 

a fan per discharged heat. 
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Detailed explanations of the DACCS system model, including equations, can be partly found 

in our previous work [5] and references given in each part of the main components.  

The DACCS system under investigation is designed to function as a standalone system, 

utilising an HTHP as its heat source. However, there is potential for DACCS systems to 

integrate fluctuating or constant waste heat from nearby industries, offering promising options. 

However, using constant waste heat generally reduces the benefits of DSM. On the other hand, 

it is challenging to predict the impact of DSM on fluctuating waste heat, as it could either 

increase or decrease the potential benefits. Thus, future research should investigate the positive 

effects of DSM on waste heat-powered DACCS systems. 

System performance evaluation 

The DACCS system model allows for determining the performance of the DACCS system in 

a DSM operation. However, sound Key Performance Indicators (KPIs) are crucial for 

evaluating and optimising DACCS systems [5]. From a “techno-ecological” point of view, 

Carbon Removal Efficiency (CRE) is a sound KPI. The CRE is defined as [14,15] 

 CRE = 1 −
 CEc p. + CE  or.

 co2,r  
 Eq. 1 

and is calculated using the total amount of equivalent Carbon Dioxide Emissions (CE) during 

the capturing (CEc p.) and storage process (CE  or.) and the total amount of removed CO2 from 

the atmosphere (  co2,r  ). Thus, the CRE indicates the net removed percentage of the total 

amount of captured CO2. It is important to note that all values between 1 and 0 mean a net 

removal of CO2 from the atmosphere. On the contrary, the process has emitted more CO2 than 

captured for negative CREs. 

In addition to a “techno-ecological” assessment with the CRE, an economic assessment is 

equally important. Therefore, Gross Carbon Removal Cost (GCRC) is suitable for determining 

the levelised cost of the removal process and reads as [20] 

 GCRC =
 CapExDACCS AF + OpExDACCS

PP 
. Eq. 2 

Thus, the Capital Expenditure (CapExDACCS) of the DACCS system, the Annuity Factor AF , 
the Operational Expenditure (OpExDACCS), and the Plant Productivity (PP) (gross captured 

mass of CO2 per year for a specific DAC plant) calculate the GCRC. 

Combining the KPIs CRE and GCRC forms an enhanced KPI, the Net Carbon Removal Cost 

(NCRC), which merges the two dimensions techno-ecological and economical [16,21]: 

 NCRC =
1

CRE (𝒑𝒄)
 GCRC (𝒑𝒄). Eq. 3 

The NCRC is a particularly meaningful KPI, as it gives a price to the actual benefit, i.e., the 

net removed CO2 mass from the atmosphere. Hence, we use the NCRC as KPI to evaluate the 

performance of the flexible DACCS system for DSM. Furthermore, as indicated in Eq. 3, both 

the CRE and the GCRC are directly related to the process design variables 𝒑𝒄, allowing to 

optimise the process design to minimise the NCRC. 
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Process design optimisation 

The process design variables 𝒑𝒄 include at least 7 + 𝑛   + 𝑛    variables ranging from the 

mass flow rates in each sub-phase of the adsorption and desorption phase to the phase times. 

Each cycle can have an individual process design in a flexible operation mode to provide the 

highest possible flexibility for the DSM. However, as the process design is being optimised, 

the number of process design variables is also the number of degrees of freedom for the 

optimisation problem. Ideally, the number of sub-phases (𝑛    and 𝑛   ) leads to a sub-phase 

length of 15 minutes so that the process design is adjustable to any change in electricity prices. 

A sub-phase length of 15 min and a cycle time of 6 hours would result in 31 degrees of freedom 

for optimisation of just one cycle. The number of degrees of freedom reduces by longer sub-

phase lengths. However, longer sub-phases also lead to slightly worse optimisation results. 

Hence, it still has to be tested with how many degrees of freedom the optimisation problem can 

be reliably solved without worsening optimisation results. Further, the number of degrees of 

freedom scales with the number of cycles considered. Consequently, the computational effort 

disproportionately increases with the number of cycles. 

To deal with the increasing computational effort for more cycles and the problem of ideal 

foresight, we use a rolling horizon algorithm for process design optimisation. In a rolling 

horizon optimisation, the examined time period is divided into certain short time intervals 

[22,23]. The length of the time intervals varies based on the application. To keep the 

computational effort low, the time interval length is equal to the length of one cycle. For each 

step 𝑘 of the rolling horizon algorithm, a process design optimisation is carried out for the time 

intervals 𝑘 and 𝑘 + 1. Hence the optimisation horizon is two cycles. The result for the time 

interval 𝑘 + 1 is discarded, as it is only used to consider the effects of the time interval 𝑘 on 

the time interval 𝑘 + 1 in the process design optimisation and thus realizing an overlapping of 

each individual optimisation step. The time intervals are run consecutively, and each process 

design optimisation gets (1) all data from previous cycles (i.e., DACCS system model is 

initialised with end values of the previous cycle) and (2) the input data (i.e., time-resolved 

electricity prices and carbon footprints) from the time intervals 𝑘 and the 𝑘 + 1. For each time 

interval 𝑘 of the rolling horizon algorithm, the process design optimisation problem reads as 

follows: 

min
𝑥(∙),𝑧(∙),𝒑𝐜,𝒌,𝒑𝐜,𝒌+𝟏

 
NCRC𝑘(𝑥(𝜏cycl ,𝑘), 𝑧(𝜏cycl ,𝑘), 𝒑𝐜𝑘) + 

NCRC𝑘+1(𝑥(𝜏cycl ,𝑘+1), 𝑧(𝜏cycl ,𝑘+1), 𝒑𝐜𝑘+1) 

objective 

function 

Eq. 4 

s.t. 
𝑥 = 𝑓(𝑥(𝜏), 𝑧(𝜏), 𝒑𝐜) 

0 = 𝑔(𝑥(𝜏), 𝑧(𝜏), 𝒑𝐜) 

dynamic 

model 

 𝑥(𝑡 = τ   r ,𝑘) = 𝑥(𝑡 = 𝜏 n ,𝑘−1) initialisation. 

Thus, the NCRC are minimised for each time interval 𝑘 and the next time interval +1 . The 

optimisation is subject to the differential-algebraic system of equations of the dynamic model 

and the initial values from the previous time interval of the rolling horizon algorithm. The 

optimisation problem is solved with a heuristic particle swarm algorithm included in the Python 

package Pymoo [24]. Thus, with the presented method, we can look at the performance of a 

DACCS system for DSM over a long period of time, which is the basis for a fair and holistic 

evaluation and to answer if it is economically feasible and worthwhile. 
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Summary  

In this work, we propose a new 7-phase steam-assisted temperature vacuum swing adsorption 

cycle where the flexibility of the process design is enhanced by extending established cycles 

for direct air capture. This enhanced flexibility in process design can be used to operate a direct 

air carbon capture and storage system in a demand-side management mode and to react to 

changes in the electricity market (such as price or carbon footprint) during operation. Furthermore, 

a complete system model is developed to study the impact of flexible operation and, thus, of 

demand-side management on the net carbon removal costs. Finally, an optimisation framework 

is presented, combining a rolling horizon algorithm and a heuristic optimiser, which allows for 

determining optimal process designs of the direct air carbon capture and storage system while 

applying demand-side management for a broad period of time. Overall, our framework allows 

future work to answer whether demand-side management of direct air carbon capture and storage 

can reduce the cost of negative emissions. 
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Extended Abstract 

Due to the rise in demand for renewable energies, several problems have emerged, such as how to 

best store the energy at times when production is higher than demand, how to discharge the stored 

energy when the grid demand rises, as well as how long the energy can stay stored with minimal 

losses. To mitigate these problems, we focus on sorption technology as a storage medium due to its 

relatively high energy storage density and because it has the potential for long-term (seasonal) 

storage. 

In the current research, a time-dependent numerical thermal analysis of Sorption Thermal Energy 

Storage (STES) systems is developed, which can undergo heating and cooling cycles to charge and 

discharge the stored energy system. The numerical model describes bank-tube heat exchangers, and 

it is fully parametric to allow the investigation of various dimensions, materials, smooth or finned 

tubes, and different operating conditions. Figure 1 shows a schematic view of the finite-differences 

mesh, which models an axisymmetric single tube and the adsorbent around it, where the lowest row 

is the heat transfer fluid (HTF), the second row is the tube wall, and all the upper rows are the 

adsorbent. In cases of finned-tubes, the fins are modeled in the adsorbent rows. The model calculates 

the charging and discharging times, which are necessary to obtain a sufficient unified temperature 

distribution in the sorbent bed. In addition, the model calculates the required energy to be stored in 

the system. Figure 2 shows an example for presenting the numerical model results, where the 

temperatures at points A – D (their locations are indicated in Figure 1) are presented as a function of 

time. This presentation provides information about the sorbent bed temperature distribution as a 

function of time, in a single view. The results in Figure 2 refer to a 1 m copper tube in length, ¼ inch 

in diameter, and the largest radius of the system (points A and C) is 20 mm. The initial sorbent bed 

temperature is 298.15 K and a HTF (water) inlet temperature of 358.15 K.  

In order to validate the numerical model, a demonstrator experimental system is constructed in our 

lab, see figure 3, and it is currently operating and generate data. Left side in Figure 3 shows a photo 

of the system, and the right side shows the schematics of the system. This well instrumented 

apparatus completes our research facility for the development of advanced STES systems.  

   

 

 

 

 

 

 

 

 

Figure 1  - A schematic view of modeling a single tube of the heat exchanger. 
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Figure 2 – An example of the numerical model results, presented by temperatures A – D as a 

function of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3 – Experimental demonstrator of a STES. 

 

HTF Pump 

Heat 

Excha

nger 

Metha

nol 

Tank 

Electri

c 

Heater 

Vacuum 

Pump 

83 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Mapping the Global Carbon Capture Efficiency of DAC  

Daniel Rezo1, Patrik Postweiler1, Mirko Engelpracht1 , and Niklas von der Aßen1* 

1 Institute of Technical Thermodynamics, RWTH Aachen University,  

Schinkelstr. 8, 52062 Aachen, Germany 

*Corresponding author: niklas.vonderassen@ltt.rwth-aachen.de 

Abstract 

Adsorption-based direct air capture is a promising technology to limit anthropogenic climate 

change by directly removing CO2 from the atmosphere. Recent studies show that DAC 

performance strongly depends on ambient temperature and humidity, which vary widely across 

global regions. Moreover, the regional carbon footprint of the energy supply significantly 

impacts the environmental performance of DAC. Therefore, a comprehensive assessment is 

needed combining regional DAC performance and the carbon footprint of the energy supply. 

For this purpose, we present an approach for the global assessment of the carbon capture 

efficiency of DAC. We identify 11 countries where DAC can achieve a carbon capture 

efficiency of at least 85 % using today’s grid electricity. Furthermore, DAC powered by wind 

electricity can reach a carbon capture efficiency above 95 % for most global regions. Finally, 

we show that the optimal placement of DAC powered by wind electricity can reduce the needed 

global DAC capacity by up to 4.3 % (1.36 Gt/a) in 2100. 

 

Keywords: direct air capture, negative emission technologies, global assessment, life-cycle 

CO2 emissions 

 

1 Introduction 

Climate change is mainly caused by the increased concentration of greenhouse gases (GHGs) 

in the atmosphere [1,2]. To combat climate change, GHG emissions must be reduced, e.g., by 

utilizing renewable energy sources, such as wind and solar. However, unavoidable emissions 

will still result from human activities like agriculture and aviation [3]. Compensating for these 

emissions will require active removal of CO2 from the atmosphere, i.e., negative emissions [3]. 

Direct Air Capture (DAC) with subsequent storage of CO2 is a promising approach to achieve 

negative emissions by capturing CO2 directly from the atmosphere and storing it in geological 

formations. 

Most DAC systems discussed in the literature capture CO2 either by adsorption on a solid 

sorbent or absorption in a liquid solvent [4]. Adsorption-based processes typically use amine-

functionalized solid sorbents to capture CO2 from the atmosphere, while solvent-based 

processes typically use alkaline solutions [4,5]. Many adsorption-based processes require lower 

regeneration temperatures (80-130 °C) than solvent-based processes (up to 900 °C) [4,5]. 

Consequently, adsorption-based DAC can be exergetically advantageous, allowing for the use 

of heat pumps for heat provision. 

Previous numerical studies of adsorption-based DAC examine the impact of ambient 

conditions on thermodynamic performance metrics, such as specific energy demand (SED) and 

productivity [6–8]. In general, these studies find that ambient temperature and humidity 

significantly affect the performance of DAC. By optimization of a dynamic DAC model, 

Wiegener et al. calculate the optimal SED and productivity for given ambient conditions [8]. 

For this purpose, the authors derive a linearized representation of the optimized DAC model, 
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reducing computational effort and allowing for a simplified assessment of DAC at varying 

ambient conditions. Sendi et al. conduct a geospatial analysis of DAC, integrating global hourly 

weather data into a dynamic DAC model [7]. The authors provide global maps of the SED and 

productivity of DAC. Their analysis shows that hot and dry regions decrease the SED, while 

relatively cold and dry regions increase the productivity of DAC [7]. 

Recent Life Cycle Assessments (LCA) investigate the environmental performance of 

adsorption-based DAC [9–11]. In this context, many studies use the carbon capture efficiency 

(CCE) as a performance metric [9,12,13]. The CCE represents the captured amount of CO2 

after subtracting the CO2 emissions from the DAC process relative to the captured amount of 

CO2. The emissions from the DAC process encompass the construction, operation, and end-of-

life of the DAC plant. CCE values of more than 95 % can be achieved using wind electricity 

[9]. On the other hand, DAC systems driven by fossil energy may exhibit negative CCE values 

resulting in additional instead of negative emissions. Hence, the carbon footprint of the energy 

supply significantly impacts the CCE and, thus, the environmental performance of DAC. 

Terlouw et al. further investigate the interplay of energy supply and environmental 

performance using a static DAC model and regionalized data on the carbon footprint of the 

energy supply [11]. The authors identify countries where a DAC system with subsequent CO2 

storage can achieve negative emissions using solar energy and today's grid electricity, 

respectively. However, the static DAC model does not account for the effect of regional 

climates on DAC performance. 

In sum, recent assessments of DAC show that climate conditions greatly impact the SED. 

Furthermore, LCA studies indicate that the CCE of DAC strongly depends on the energy 

supply's carbon footprint, which varies widely across global regions. However, a 

comprehensive analysis of the CCE is lacking, which considers both climate-dependent DAC 

performance and regional carbon footprints of the energy supply. Hence, we examine the CCE 

of DAC on a global level combining the climate-dependent performance of DAC and the 

regional carbon footprints of the energy supply in this work. For this purpose, we present an 

approach for the global assessment of the CCE of DAC. 
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Global Assessment of the Carbon Capture Efficiency of DAC  

To assess the CCE of DAC on a global level, we use the 3 step approach illustrated in Figure 1. 

 

 

Figure 1: Geospatial assessment of the carbon capture efficiency (CCE) of DAC. For the 

assessment, data on global ambient temperature (𝑇amb), humidity (𝜑amb), and wind speed 

(𝑣wind) is used to determine the regionalized minimum specific energy demand (SEDmin) of 

DAC and the regionalized carbon footprint of the energy supply (CFel). 

 

In the first step, a performance map is derived by optimization of a dynamic DAC model. The 

performance map is a linearized representation of the model that allows for quick calculation 

of the minimum achievable SED values at different ambient temperature and humidity 

levels [8]. 

In the second step, two scenarios for the carbon footprint of the electricity supply (CFel) are 

defined: (a) A DAC system powered by grid electricity as today's scenario and (b) a DAC 

system solely powered by wind electricity as best case scenario. For scenario (a), country-

specific data on regional carbon footprints of grid electricity is obtained from the LCA database 

ecoinvent [14]. For scenario (b), we calculate regionalized carbon footprints of wind electricity. 

To this end, we use high-resolution global weather data on wind speed (𝑣wind) and ambient 

temperature (𝑇amb) to calculate regional wind energy yields. Subsequently, we determine 

regional carbon footprints of wind electricity by combining regional wind energy yields and 

LCA data of a wind power plant. To calculate the regional SED of DAC, we combine global 

data on ambient temperature (𝑇amb) and relative humidity (𝜑amb) with the performance map 

determined in the first step. Global weather data is obtained from NASA's MERRA-2 dataset 

[15]. MERRA-2 provides hourly resolved weather data on a high-resolution global grid with a 

tile size of 0.5 ° lat x 0.625 ° lon. Data access is based on a framework developed by Held et 

al. [16]. MERRA-2 provides weather data from 1980 to the present. For this study, weather 

data from 2019 is used to demonstrate our approach.  

In the third step, we generate a global map of the CCE of DAC by combining regional data on 

the SED of DAC and carbon footprints of the electricity supply. 
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Modelling and Optimization of DAC  

We investigate a four-phase temperature-vacuum swing (TVS) DAC process based on a 

dynamic model implemented by Postweiler et al. [13] in the programming language Modelica, 

using the Modelica library SorpLib developed at our institute [17,18]. As sorbent we use 

amine-functionalized cellulose called APDES-NFC. For explanatory purposes, the 4 phases of 

the process are reduced to an adsorption phase and a general desorption phase. For a detailed 

description of the four-phase TVS process, please refer to [13,19]. 

In the adsorption phase, a fan blows air at ambient conditions, i.e., ambient temperature (𝑇amb) 

and relative humidity (𝜑amb), through the adsorption column. The sorbent adsorbs H2O and 

CO2 from the airflow, and CO2-poor air leaves the column. To overcome the pressure drop of 

the adsorption column, the fan uses electrical power (�̇�fan). In the subsequent general 

desorption phase, the column is evacuated by a vacuum pump until it reaches the desorption 

pressure (𝑝des). In the process, the vacuum pump consumes electrical power (�̇�vac). The heat 

flow (�̇�des) is supplied to heat up thermal masses and drive endothermic desorption of CO2 

and H2O, regenerating the sorbent. After the sorbent is regenerated, the cyclic process 

continues with the next adsorption phase. 

In our study, the heat flow during the general desorption phase is supplied by a heat pump using 

electrical power (�̇�hp). Thus, the entire DAC system is powered electrically, in total 

consuming the electrical power (�̇�el,total). The heat pump's coefficient of performance (COP) 

is described as a function of the temperature lift (Δ𝑇) between the ambient air and the required 

heating temperature during desorption. This function is based on empirical data by Schlosser 

et al. [20]: 

 

 COP =  15.68 Δ𝑇−0.355 (1) 

 

Figure 2 shows the investigated DAC system. 

 

Figure 2: Model of the investigated DAC system capturing the CO2 mass flow �̇�CO2,cap from 

ambient air with temperature 𝑇amb and relative humidity 𝜑𝑎𝑚𝑏. Yellow lines indicate 

electrical power flows: total system (�̇�el,total), fan (�̇�fan), heat pump (�̇�hp), and vacuum 

pump (�̇�vac). The red line marks the supplied heat flow to the adsorber (�̇�des). 
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The SED of the DAC system is defined as the electricity consumption of the entire system over 

the cycle length 𝜏cycle relative to the captured mass of CO2 within a cycle: 

  

SED =
∫ �̇�el,total

𝜏cycle

𝜏0
d𝜏

∫ �̇�CO2,capd𝜏
𝜏cycle

𝜏0

=   
∫ (�̇�fan+ �̇�hp + �̇�vac)d𝜏

𝜏cycle

𝜏0

∫ �̇�CO2,cap
𝜏cycle

𝜏0
d𝜏

 
(2) 

 

An optimization problem is formulated to ensure optimal design of the DAC process at various 

ambient conditions (equation 3). In this case, optimal design means optimizing phase times 𝜏i 

and desorption pressure 𝑝des in order to minimize the SED. Therefore, the SED is the objective 

function, while the phase times and the desorption pressure are decision variables grouped in 

vector 𝑝c. Previous numerical assessments of the same model show that the optimal desorption 

temperature is in the range of 93 °C to 100 °C due to the equilibrium data of the sorbent [13]. 

Therefore, the desorption temperature is fixed at 100 °C to reduce computational effort. 

 

min
𝑥(∙),𝑧(∙),

𝑝c

 SED(𝑥(𝜏cycle), 𝑧(𝜏cycle), 𝑇amb, 𝜑amb, 𝑝c) 

 

   (objective function) (3) 

s.t. �̇� = 𝑓(𝑥(𝜏), 𝑧(𝜏)) 

0 = 𝑔(𝑥(𝜏), 𝑧(𝜏)) 

   (dynamic model) 

 𝑥(𝜏 = 0) = 𝑥(𝜏 = 𝜏cycle)    (cyclic steady-state)  

 

The differential states of the dynamic model are summarized in 𝑥 and the algebraic states in 𝑧. 

The dynamic DAC model is exported as a functional mock-up unit to solve the optimization 

problem. Subsequently, the dynamic model is optimized using Python, with the genetic 

optimization algorithm NASGA II included in the DEAP toolbox [21]. 

In total, the optimization problem is solved 60 times for pairs of 6 ambient temperature and 10 

relative humidity values with 𝑇amb ∈ [−10 °C, 40 °C] and 𝜑amb ∈ [10 %, 100 %]. Ambient 

temperature and relative humidity stay constant throughout the entire DAC cycle for each 

optimization. Figure 3 shows the resulting performance map that provides the minimal SED 

as a function of ambient temperature and relative humidity. The performance map's general 

trend agrees with the findings by Sendi et al. [7]. 
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Figure 3: Performance map of the minimal SED of a heat pump driven DAC system for 

different ambient temperatures (𝑇amb) and humidity levels (𝜑amb). Crosses indicate 

optimized data points. Lines are added to enhance readability. 

Starting from 10 % relative humidity, the SED decreases with increasing relative humidity and 

forms a temperature-dependent minimum at a relative humidity of 20 to 40 %. With further 

increasing relative humidity, the SED increases again. The reasons for this trend are two 

opposing effects of the relative humidity on the SED [7,8]: (1) CO2 uptake is enhanced by the 

co-adsorption of water, which increases CO2 capacity per cycle and, thus, reduces SED.  

(2) Co-adsorbed water must be desorbed, increasing energy demand for regeneration. At higher 

ambient humidity levels, the increased energy demand for regeneration is dominant, increasing 

the SED. 

Regarding the impact of ambient temperature on the SED, lower ambient temperatures 

decrease the COP of the heat pump due to the increased temperature lift. Thus, the SED 

increases with decreasing ambient temperature and decreases with increasing ambient 

temperature. 

For the global assessment of the SED, hourly data is used for ambient temperature and relative 

humidity from the MERRA-2 dataset to determine the SED for every hour of the investigated 

year 2019. Subsequently, the SED is averaged over all hours of the year. Linear interpolation 

is used to calculate the SED for pairs of ambient temperature and relative humidity within the 

limits of the optimized data points. For pairs outside the limits, the SED is calculated based on 

the closest optimized data point. For example, for ambient temperatures below -10 °C the SED 

is set to the SED value at -10 °C.  
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The Carbon Capture Efficiency of DAC 

The CCE of the DAC system is defined as 

 

 CCE =  
𝑚CO2,captured−CC

𝑚CO2,captured
, (4) 

 

where 𝑚CO2,captured denotes the total mass of CO2 captured over the lifetime of a DAC system, 

and CC is the cumulated GHG emissions due to DAC. For the CC, only the carbon footprint of 

energy provision is considered. This assumption is made since recent LCA studies show that 

the largest share of the climate change impact of DAC results from energy provision [9–11]. 

All data on carbon footprints is taken from the LCA database ecoinvent version 3.8 using the 

cut-off system model and the LCA method ReCiPe V1.13 [14]. Ecoinvent provides data on the 

carbon footprint of grid electricity for 142 countries [14]. If multiple sub-grids are given for 

one country, the carbon footprint is averaged over all sub-grids, and a uniform carbon footprint 

is assumed. To assess the carbon footprint of wind electricity, we make five key assumptions: 

1. The onshore wind power plant Enercon E-82/2300 is used for all locations, having a peak 

power output of 2.3 MW and a hub height of 108 m. For this type of turbine, ecoinvent 

provides reliable LCA data. 

2. The LCA data accounts for GHG emissions from plant material production (𝑚CO2,Con) and 

from decommissioning of the wind power plant (𝑚CO2,Dec). 

3. The Python library windpowerlib is used to determine the energy output of the wind power 

plant [22]. The extrapolation of two reference wind speeds at 10 m and 50 m provided by 

MERRA determines the wind speed at hub height. For the extrapolation, we use the 

Hellmann power law [22]. For density correction, the ambient air is assumed to be an ideal 

gas, and the temperature is linearly extrapolated to hub height from two reference values at 

2 m and 10 m. 

4. According to ecoinvent, the Enercon E-82 has a lifetime of 20 years [14]. Assuming that 

the yearly energy output of the reference year 2019 (Wel,ref) remains constant, the carbon 

footprint of wind electricity (CFwind) is determined by 

 

 
CFwind  =

𝑚CO2,Con +  𝑚CO2,Dec 

20 𝑊el,ref
. 

(5) 

 
5. Regions are excluded from the analysis when the investigated wind turbine achieves a 

capacity factor of less than 15 %. By comparison, the International Renewable Energy 

Agency reports that global capacity factors of wind power plants averaged 34 % in 2018 

[23]. Therefore, using the investigated wind power plant in excluded regions would lead to 

high carbon footprints and, most likely, uneconomical performance. Hence, these regions 

are excluded from the analysis. Typically, using these regions for wind power generation 

would require taller wind power plants to increase average wind speed and, thus, the 

capacity factor [8]. However, the analysis of different wind power plants is out of scope for 

the present study due to limitations in LCA data availability. 
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Results and Discussion 

Figure 4a shows the global map for the SED calculated using the performance map from 

Figure 3. Figure 4b illustrates the carbon footprint of grid electricity provided by ecoinvent, 

while Figure 4c illustrates the carbon footprint of wind electricity calculated based on the 

approach described in the previous section. 

 

Figure 4: Global maps of the SED of DAC, the carbon footprints of grid electricity (CFgrid), 

and the carbon footprints of wind electricity (CFwind). Greyed-out areas are excluded from the 

assessment. 

Globally, SED values for DAC vary between 1.3 and 2.4 kWh/kgCO2. The lowest SED values 

are primarily located in dry and warm climates, such as the subtropics in Africa, the Arab 

Peninsula, and Australia. In humid regions, such as the tropics, the SED is higher due to 

increased water adsorption. These results agree with the findings by Sendi et al.  
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The carbon footprint of grid electricity varies widely, ranging from below 30 gCO2/kWh for 

countries with great shares of renewable energy to 1200 gCO2/kWh for countries heavily relying 

on fossil-based power plants. Greyed-out countries indicate that there is no ecoinvent data on 

the carbon footprint of grid electricity.  

The carbon footprint of wind electricity ranges between 4 and 20 gCO2/kWh. Greyed-out 

regions are excluded from the analysis since the investigated wind power plant has a capacity 

factor of less than 15 % (see Section 2.2). The lowest carbon footprints are found near the coast, 

with high wind energy yields. In contrast, most greyed-out regions coincide with forests since 

wind energy yields are low in these regions. Thus, the general trend of wind carbon footprints 

is in line with data on mean wind power density from the global wind atlas [24]. Moreover, the 

wind electricity carbon footprints of 4 to 20 gCO2/kWh agree with wind energy datasets from 

the LCA databases ecoinvent and Gabi that report country-specific carbon footprints of wind 

electricity mostly in the range of 10 - 35 gCO2/kWh [14,25].  

Figure 5 shows the CCE of DAC powered by grid electricity (CCEgrid). The CCEgrid varies 

widely ranging from -160 % to 98 %. Deutz et al. find that the first generation DAC plant by 

Climeworks in Hinwil achieves a CCE of at least 85 % [9]. For demonstration purposes, we 

use this value as lower bound for our assessment. There are 11 countries in which DAC has on 

average a CCEgrid above 85 %. Therefore, DAC combined with CO2 storage can achieve 

negative emissions in these countries using today's grid electricity. However, in most countries, 

the CCEgrid of DAC powered by grid electricity is low due to large fossil shares in energy 

generation.  

 

Figure 5: Carbon Capture Efficiency of DAC using grid electricity (CCEgrid). For greyed 

greyed-out countries, there is no data available on the carbon footprint of grid electricity. 

A comparison of the CCEgrid in Figure 5 to the SED (Figure 4a) and the CFgrid (Figure 4b) 

suggests that the CCEgrid is mainly affected by the carbon footprint of the electricity supply, 

whereas the SED has little influence. For example, DAC in Scandinavia has a high CCEgrid 

despite the high SED. Consequently, the low carbon footprint of Scandinavia's grid electricity 

outweighs the high SED. Conversely, DAC in some North African countries has a low CCEgrid, 

despite the low SED.  

Nevertheless, combining the carbon footprint of grid electricity and the regional SED of DAC 

can help to avoid suboptimal placement within a country. For example, in the USA, DAC could 

achieve negative emissions in warm climates found in California with a CCEgrid > 20 %. In 

contrast, the CCEgrid is approximately 0 in colder climates on the east coast: I.e., DAC 

combined with CO2 storage would result in no negative emissions on the east coast. The same 
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can be found in Canada, with CCE values ranging from 10 % in northern regions to 50 % at 

the U.S.-Canadian border. Since the carbon footprint of grid electricity is assumed constant 

within a country (see. Figure 4b), the CCE gradient can be entirely attributed to the varying 

ambient conditions across the USA and Canada.  

Figure 6 shows the CCE of DAC powered by wind electricity (CCEwind). 

 

Figure 6: Carbon Capture Efficiency of DAC using wind electricity (CCEwind). Greyed-out 

countries are excluded from the assessment. 

DAC powered by wind electricity achieves a CCEwind above 95 % in all assessed locations. 

The CCEwind has a minimum of 95.3 % and a maximum of 99.6 %. Hence, for wind-powered 

DAC, the CCEwind can be increased by 4.3 percentage points between the worst and the best 

location. Considering that current research suggests a need for negative emissions up to 30 Gt/a 

until 2100 [26,2,27], optimal placement of DAC plants with a net removal capacity of 30 Gt/a 

can reduce the needed gross CO2 capture capacity by up to 1.36 Gt/a. Thus, a thorough 

assessment of DAC considering regionalized DAC performance and regionalized renewable 

energy availability is important to optimize environmental performance. 

Furthermore, the assessment of the CCEwind shows that advantageous locations for DAC are 

again found in the subtropics, in North Africa, Australia, and the Arabian Peninsula. This result 

coincides with the results of the SED assessment (Figure 4a). However, DAC also achieves 

high CCEwind values of more than 98.5 % in North America and large parts of Central Europe. 

In contrast, an assessment based purely on the SED would classify these regions as suboptimal. 

However, the high wind yield in these regions reduces the carbon footprint of wind power and 

thus lowers the CCEwind. This effect compensates for the non-optimal SED of DAC in these 

regions. Therefore, an assessment based purely on the SED would have excluded numerous 

regions in which DAC has a high CCE. Hence, both the regional performance of DAC and the 

yield of renewable energies must be considered for optimal DAC site selection. 
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Conclusion 

In the present study, we conduct a comprehensive analysis of the carbon capture efficiency 

(CCE) of DAC, considering both climate-dependent DAC performance and regional carbon 

footprints of the electricity supply. We investigate two case studies for DAC powered by grid 

and wind electricity. Grid-powered DAC can achieve an average CCEgrid of more than 85 % in 

11 countries enabling negative emissions using today's grid electricity when combined with 

CO2 storage. However, in most countries, the carbon footprint of grid electricity is high due to 

large shares of fossil energy making DAC less viable. DAC powered by wind electricity has a 

CCEwind of more than 95 % for all assessed locations, with a minimum value of 95.3 % and a 

maximum of 99.6 %. Therefore, optimal placement of wind-powered DAC can lower the 

CCEwind by up to 4.3 percentage points when comparing the best and worst locations. This can 

reduce the needed global capture capacity of DAC by up to 1.36 Gt/a when a target of 30 Gt/a 

of net CO2 removal is met. Assessing wind-powered DAC solely based on SED classifies many 

locations as sub-optimal, in which DAC could achieve high CCE values. Therefore, the CCE 

should be preferred over the specific energy demand (SED) for DAC site assessment.  
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Extended Abstract 

Air-conditioning and refrigeration systems are an integrated part of our lives for everyday use, in 

residential, medical, commercial, industrial and transportation uses. Nowadays, most air conditioning 

and refrigeration systems use electrically driven compressors to drive the vapor cycle. Air-conditioning 

systems consume a major part of the global generated electric power (25 – 40 %), which constantly 

increases due to the growing demand for electricity. This growth requires more power plants and larger 

distribution infrastructure. Our aim in developing thermally driven air-conditioning and refrigeration 

systems is to reduce the global electricity consumption, by using available heat sources, such as waste 

heat, solar radiation, biofuels combustion, and more.     

Thermally driven sorption compressors technology was initiated for cryogenic Joule-Thomson cooling 

for space applications, in the 1970s. In previous work we investigated sorption compressors for Joule-

Thomson cryocooling [1-2], both for pure and mixed refrigerants. Recently, we started a research 

which aims to use the sorption compressor technology for air-conditioning and refrigeration systems, 

which operate in the well-known vapor cycle. The target is to replace existing mechanical compressors, 

while maintaining all the other components of the system: refrigerant, evaporator, condenser, and 

expansion valve. This means that the technology may be implemented with any refrigerant for any 

cooling temperature. The current research initially focuses on carbon-dioxide as the refrigerants, which 

is environmental friendly and has attractive cooling performances. The main reason that carbon-

dioxide is not widely in use is its relatively high operating pressures. While this characteristic is a 

disadvantage for mechanical compressor, sorption compressors similarly operate at high and low 

pressures.   

In previous research on sorption compressors for cryogenic cooling systems, a numerical model was 

developed for multi-stage adsorption compressors [2-4], and an experimental system was built to 

verify the numerical model [5]. We currently use the numerical model and the existing experimental 

apparatus to investigate the operation of sorption compressors with carbon-dioxide, in order to develop 

a sorption compressor demonstrator, which shall be tailored for carbon-dioxide. 

Figure 1 shows a comparison between numerical model results and experimental results, of a single 

sorption cell compressor which operates with carbon-dioxide. In this operation the filling pressure is 

2.83 MPa, the high and low temperatures of the cycle are 300 C and 100 C, respectively, the flow 

rate is 1.5 mg/s, and the obtained high and low pressures are 3.60 MPa and 1.03 MPa, respectively. 

The results in Figure 1, among additional similar results, provided a basic proof for the ability to 

compress carbon-dioxide with sorption compressors. As a consequence, the numerical model is used 

to develop the next experimental apparatus, as a stage in the development of a full compressor 

demonstrator, which shall drive a real air-conditioner. Figure 2 shows numerical results of a single 

sorption cell compressor, which demonstrate the ability to obtain the desired operating pressures of 

carbon-dioxide in refrigeration systems. The results in Figure 2 refer to high and low pressures of 8.3 

MPa and 3.5 MPa, respectively, and a flow rate of 0.12 g/s, per a single sorption cell, where the high 

and low temperatures of the cycle are 33 C and 104 C, respectively. The research is in progress and 

additional results are constantly generated, also for air-conditioning systems. The plan is to fabricate 

the first demonstrator and tests it during this year, and later to design and test a full demonstrator of a 

sorption compressor for carbon-dioxide. 
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 Figure 1  - Experimental results (dashed lines) versus numerical results (continuous lines), of an 

existing single-cell sorption compressor, operating with carbon-dioxide. 

 

 

Figure 2 - Numerical results of a single-cell sorption compressor, operating with carbon-dioxide at 

the desired operating pressures for refrigeration systems. 
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Abstract 

The Desiccant coated heat exchanger (DCHE), utilizing an inner cooling source to remove 

sorption heat, are promising alternatives for traditional evaporators and condensers in vapor 

compression (VC) heat pumps. A mathematical model is necessary to facilitate the design, 

analysis and performance prediction of the component and the relevant systems. In this study, 

a three-dimensional model of DCHE with self-refining meshing method is proposed, 

accounting for the two-phase phenomena, the mass transfer resistance in adsorbent, the fluid 

transport in multiple directions and the coupled heat and mass transfer. Study reveals that, 

owing to the advanced iteration method, computation speed, accuracy and astringency are 

promoted. Latent load (inlet humidity) reduces the sensible heat handling capacity of the 

DCHE, while the total heat transfer capacity is improved because the latent heat and sensible 

heat are addressed by different approach. Meanwhile, the performances of DCHEs coated 

with three different adsorbents is simulated. Results manifest MOF shows better stability and 

speed of dehumidification than silica gel and hygroscopic salt, which may be a promising 

material of the future DCHE.  

Keywords: Simulation, DCHE, Adsorption, Heat and mass transfer, Self-refining meshing. 

Introduction 

Desiccant coated heat exchanger (DCHE), which refers to the fin-tube exchanger with 

adsorbent applied on the fins is widely used in many fields, such as dehumidification and 

atmospheric water harvesting (AWH)
[1]

. Owing to the large areas of the fins, the adsorbent 

can be scattered uniformly and forms a thin coating (usually about 200um), which 

dramatically intensifies the processes of heat and mass transfer, and thus enable the DCHE to 

be driven by low grade heat sources. In addition, the refrigerant flowing in the tubes can cool 

down the adsorbent and carry off the adsorption heat, which benefits the adsorption process 

in the aspects of both adsorption rate and adsorbing capacity. What’s more, the performance 

of adsorbent can also be regulated by varying the temperatures of refrigerant to adapt 

different humidity conditions
[2]

. Equipped with these dominant advantages, DCHE shows the 

potential to substitute traditional air handing systems (such as liquid desiccant 

dehumidification devices and rotary wheels)
[3-8]

 and AWH systems (such as condensation-

based AWH using traditional vapour compression cooling system, and sorption-based AWH 

using traditional sorption beds). When combined with heat pumps, named after solid 

desiccant heat pump (SDHP),  DCHE realizes dehumidification above the dew point and 

enjoys a high COP (6.3)
[9]

 and the SDHP has been demonstrated to be an effective way to 

humidify the air in winter.   

The heat and mass transfer occurring on the DCHE is complicated and coupled with each 

other, which involves plenty of factors like the properties of adsorbent, refrigerant, structural 

parameters and operating conditions. Consequently, the experimental results of a given 

99 / 710

file:///D:/LenovoSoftstore/Install/wangyiyoudaocidian/9.1.0.0/resultui/html/index.html#/javascript:;
file:///D:/LenovoSoftstore/Install/wangyiyoudaocidian/9.1.0.0/resultui/html/index.html#/javascript:;
file:///D:/LenovoSoftstore/Install/wangyiyoudaocidian/9.1.0.0/resultui/html/index.html#/javascript:;


 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

DCHE are hard to be generalized. Numerical studies of DCHE are then expected to reveal the 

mechanism of the coupled heat and mass transfer, predict the performances of DCHE in 

different conditions, screening the proper adsorbents and guide the optimization of  structural 

design. Previous numerical studies concerning about the adsorption process mainly focused 

on desiccant wheels
[10-11]

. The models of desiccant wheels can be divided into gas-side 

resistance (GSR) model, pseudo-gas-side (PGS) model, gas and solid side (GSS) model and 

parabolic concentration profile (PCP) model, among which the GSS model is known as high 

precision. In this paper, GSS model is introduced to depict the mass transfer in the adsorbent. 

Meanwhile, contrast with the former GSS model, the diffusion of the gas phase in adsorbents 

is also comprised, in consideration that the adsorbents applied to DCHE usually feature as 

mesoporous. Studies concentrating on DCHE simulations mainly depend on experimental 

data or make several, simplifying assumptions at the expense of model accuracy. Yuan, 

Jagirdar and Lee
[12-13]

 extend the empirical correlations of fin efficiency in traditional heat 

exchangers to the heat transfer analysis of DCHE. The one-dimensional GSR model is widely 

used in literature to identify mass transfer performance. Meanwhile a two-dimensional GSS 

one is believed to be more accurate. Li
[14]

 proposes a more simplified method by assuming 

constant mass and heat resistance. Recent study also reports a detailed three-dimensional 

mathematical model to predict the performance of the DCHE driven by the two-phase 

refrigerant, which is much more accurate than the models mentioned above and consistent 

with the experimental results
[15]

. However, this model only applies to a certain DCHE coated 

with silica gel and a few working conditions, and only surface diffusion is considered in the 

adsorbent. Besides, attribute to the complexity of the governing equations, this model is time-

consuming and can cause severe divergence in some extreme cases. In fact, speed and 

astringency are ambivalent for a given algorithm. A better astringency requires refined time 

and space interval, which inevitably slows down the calculation speed. In the field of  

numerical simulation like CFD, the mesh is usually refined at the place easy to be divergent 

like discrete boundaries. Nevertheless, so many efforts should be paid to find out a proper 

mesh that a fast performance prediction of DCHE seems like impossible in this way, because 

even though for a given DCHE the mesh structure can varies tremendously in different 

working conditions.  

In this paper, a self-refining meshing method is proposed to give a possible solution to this 

dilemma, which realizes a fast calculation and convergence, and guarantees a high accuracy. 

Different from traditional meshing method, this method can automatically identify the place 

which needs refining, according to the local astringency. Meanwhile, a GSS model involving 

the gaseous diffusion is employed to further promote the accuracy of results. At last the 

performances of DCHE with different adsorbents (silica gel, MOFs and hygroscopic salt) 

driven by two-phase refrigerant (R134a) are predicted by this model and the simulation 

results are compared with experiments. 

Discussion and Results 

2.1 Structure of DCHE and mesh 

Fig.1(a) demonstrates the configuration of a sample desiccant coated heat exchanger and the 

fluids (air and refrigerant) flowing through it. The DCHE is equivalent to a cuboid, whose 

structural parameters are 320mm (length:x axis), 88mm (width:y axis) and 320mm (height:z 

axis). A Cartesian coordinate is established to derive the governing equations of air, heat 

exchanger adsorbent and refrigerant as shown in Fig.1(a). Because the governing equations of 

refrigerant are complicated and nonlinear, it’s better to segment the DCHE along the flow 

passage of refrigerant to simplify the calculation. The corresponding mesh is shown in Fig.1 (b) 

(c) and (d), where 12, 4, 6 layers are divided along z, y, x axis respectively and the total number 

of elements is 288. Fig.1(e) shows the structural parameters of one element, which contains 21 
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fins and one tube. We suppose all heat and mass transfer processes occur in the 288 elements, 

and the corresponding governing equations can be deduced. 

 

Figure.1 Detailed configuration of the example DCHE and its corresponding mesh.(a) 

Structure of DCHE (b) Mesh along z axis (c) Mesh along y axis (d) Mesh along x axis (e) 

Structural parameters of one element 

2.2 Working principles of DCHE and adsorbent 

Fig.2(a) demonstrates the working principle of DCHE. When the air passes the fins of 

DCHE, the dry air was cooled down and the moisture (blue dots) contained in the air is 

captured by the adsorbent on the fins (yellow layers). The refrigerant flowing along the tube 

provide cooling source for DCHE to facilitate the adsorption process and provide heat source 

to drive the adsorbent to release the moisture in the desorption process. The coupled heat and 

mass transfer occurring on the fins can be explain by the picture in the middle. When the 

vapour adsorbed by the adsorbent, the adsorption heat is emitted to the heat exchanger and is 

carried off by the refrigerant through heat conduction between the tube and refrigerant. This 

latent heat, equaling to adsorption rate multiplying the specific adsorption heat, can change 

the temperature of the fins, affect the heat conduction rate and influence the sensible heat of 

the air. On the other hand, adsorption rate is also sensible to the temperature of the fins. It’s 

reported that at least for physical adsorption, adsorption rate can be greatly boosted by 

cooling. Therefore, only the heat and mass transfer equations are solved simultaneously the 

behaviour of DCHE can be explained clearly. The principle of adsorption is depicted by the 

last picture in Fig.2(a). For these mesoporous or macroporous adsorbents, both gaseous and 

liquid diffusion can occur. The free vapour molecules (blue dots), deemed as gas phase, move 

into the pores driven by concentration difference and split into 2 situations. Some of the free 

vapour are adsorbed by the adsorbents (blue and yellow arrows) and turn into adsorbed state 

(red dots), which are usually treated as liquid phase. The movement of these adsorbed vapour 

can be explained by the theory of surface diffusion. Other free vapour continuously 

permeates towards the deeps of the pore (green arrows), which can be described by Knusen 
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diffusion and molecular diffusion
[16]

. Fig.2(b) presents the isotherms of selected adsorbents, 

which represent the 3 main categories applied to DCHE: silica gel,  hygroscopic salt (silica 

gel @LiCl) and  MOFs (MIL-101 Cr). The dash lines are the fitting curves of isotherms by 

the experimental data, which are used to calculate the adsorption rate.  

 

Fig.2 Working principle of DCHE and the properties of selected adsorbent. (a) 

Schematic of the principle of DCHE and the diffusion in adsorbent (b) Isotherms of the 

selected adsorbents and the corresponding fitting curves (c) Mass transfer resistance in 

adsorbent. 

2.3 Governing equations 

The governing equations of the air side include the mass transfer and heat transfer 

equations as Eq.(1) and Eq.(2) respectively. Eq.(1), originated from mass conservation, is 

derived via dimension reduction, only considering lateral (perpendicular to x-z surface in 

Fig.1) velocity and supposing the mass transfer along the normal direction of the fins. ρa ua Ya 

ca and Ta  represent the density, velocity, humidity ratio, specific heat and temperature of the 

air. mw means the adsorption rate, which is positive for adsorption and negative for desorption 

and va is the volume of the air in one element.  
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The heat transfer equation derived from energy conservation is shown in Eq.(2), with the 

assumptions of negligible pressure variation, gravity and friction. In order to get simplified, 

one dimensional formulations, only temperature and velocity gradient in the x-z plane are 

counted. ha, the convective heat coefficient can be calculated via Eq.(3), and the 

corresponding convective mass coefficient can be deduced by Eq.(4)
[13]

, which indicates that 

the Sherwood number and the Nusselt number are interconnected by Chilton-Colburn 

analogy
[17]

. The fin efficiency f  can be calculated by Eq.(5). 
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The DCHE is considered as a homogeneous mixture of copper, aluminum and desiccant. 

Thermal energy variation of the component is attributed to 3 contributors, the adsorption heat 

emitted or assimilated by adsorbent, the air convection and the refrigerant convection. These 

3 factors constitute the heat transfer equation of heat exchanger as shown in Eq.(6), derived 

from energy conservation. Because the tube and fins are so thin that the area of heat 

conduction is as small as 10
-6

m
2
, which means the heat conduction along tube and fins can be 

neglected, compared with the former 3 contributors.  

                      wwfhxaaahxrri
hx

hxhxhx mrTTShTTdxhd
t

T
cv 




 )()(                               (6) 

Where vhx chx ρhx Thx is the volume, specific heat, density and temperature of heat 

exchanger. Tr hr is the temperature and convective heat coefficient of refrigerant, Sa is the 

total area of fins in one element and rw is the specific adsorption heat.  
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Sub-graph in the right of Fig.2(a) clarifies the mass transfer in the desiccant. To be specific, 

desiccant normally has interconnected pores exposed to air and substrate atoms and strongly 

affiliated to free vapour molecules. Hence, the water molecules inside air can easily penetrate 

into the pores of unsaturated adsorbent, then partially trapped into the potential field of 

adsorption of the adsorbent, becoming adsorbed water. Also note that the water molecules, 

both the free ones and the adsorbed ones, are in most cases distributed unevenly inside the 

desiccant, which yield liquid diffusion (surface diffusion) and gaseous diffusion (molecular 

diffusion and Knudsen diffusion) respectively. In desorption process, the direction of the 

concentration gradient and thus diffusion are inverted by heating, adsorbed water is then 

desorbed from the adsorbent atoms. It’s obvious that at the top surface of adsorbent (edge of 

the pores), mass transfer can only take place by gaseous diffusion, which is related to the 

convection efficiency (ky) of the bulk air, and at the bottom of adsorbent the concentration 

gradient of both liquid and gas phase must be zero. These two equations confirm the 

boundary conditions of the diffusion process. Fig.2(c) illustrates the mass transfer process 

and the resistance in the pores. Based on the law of mass conservation and the assumption of 

even coating thickness, negligible lateral (along the surface of fins) diffusion, negligible 

vapor-phase mass and constant physical properties (porosity and density of the desiccant), 

governing equation of mass transfer inside desiccant (Eq.(7)), along with the initial and 

boundary conditions (Eq.(8)), can be derived as followed. 
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Where ρ is the density of vapour, subscribe l g v mean liquid (absorbed) water, gaseous 

(free) water in the adsorbent and the vapour contained in the bulk air. n is the normal 

direction of the fins. d ρd kiso are the porosity density of adsorbent and slope of the isotherm. 

Eq.(7) is a coupled differential equation, involving the diffusion of both liquid and gas phase, 

which can be solved by a widely used assumption that the gas and liquid phase are in 

equilibrium, determined by the isotherms
[16]

. In this way, as shown in Eq.(7), the ratio of 

liquid and gas density (k0) can be calculated by the slope of isotherm (kiso). Ds and Dg are 

diffusion efficiency of liquid phase and gas phase respectively, which can be calculated by 

Eq.(9). The former is surface diffusion and the latter is a series connection of molecular 

diffusion and Knusen diffusion.  
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Where Ds Dk Dm means surface, Knusen, molecular diffusion coefficient. τ is the tortuous 

factor (usually 1~4), dp is the diameter of the pores, R is the gas universal constant (8.31 J/K) 

and M is the  relative molecular mass of vapour (18 g/mol).  

The heat transfer between refrigerant and heat exchanger is complex, which involves the 

flow of compressible, two phase fluid. According to former studies
[18-22]

, the following 

continuity, momentum and energy conservation Eq.(10) can be used to demonstrate the flow 

pattern of the single-phase refrigerant. In super-heating and sub-cooling zones, the refrigerant 

(R134a) is treated as a homogeneous mixture at thermal equilibrium. One-dimensional flow 

is assumed and the effects imposed by the viscosity, gravity, heat conduction and spatial 

variation of pressure are ignored.  
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Where ρr vr pr Ur ir is the density, velocity, pressure, internal energy and enthalpy of  

refrigerant, hr is the convection coefficient between refrigerant and heat exchanger, fr is the 

fanning friction coefficient which can be estimated by Eq.(11).     
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When it comes to two-phase flow, relative ‘slip’ can be observed between the vapor and 

liquid velocities. Thus, new definitions, such as the void fraction (αr), vapour weight fraction 

(xr), average density, average internal energy and average flowing enthalpy should be 

introduced as shown in Eq.(11)
[23,24]

.  It’s observed that the velocity always combines with 

the density, so the mass flow rate mr can substitute vr to simplify the expressions. The 
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interaction among the 3 equations above should also be clarified. The continuity equation 

(top) can calculate the refrigerant flow mass and density field in the tube and then help the 

momentum equation (middle) to derive the pressure distribution. The refrigerant temperature 

of two phase can be directly obtained by the saturation curve of R134a under the known 

pressure. The energy equation (bottom) can then deduce the vapour weight fraction and void 

fraction under the known Tr, and the new density field can be calculated by Eq.(11).  In the 

single-phase section, xr and αr is constant and the density is related to Tr, which can also be 

obtained by the energy equation. The refrigerant properties, including ρrg ρrl Ur irg irl μrg μr λrl 

σr can be obtained by calling the corresponding programs of REFPROP 9.1.  

2.4 Calculation algorithm 

All differential equations above (Eq.(1)-(11)) are discretized at first in implicit format, 

indicating all variables appears in the equations are written as current forms like Eq.(12), 

which are unknown. The implicit format enjoys much better than explicit format (variables 

are written as past forms, which are foregone). The numerical solution can be deduced based 

on the discrete computational domain in Section 2.1, provided that necessary geometric, 

material physical and operating parameters are available.  The general calculation algorithm 

is that in every time steps (t=i+1) the physical variables like mass, pressure, temperature in 

every elements are updated based on these variables in the past time (t=i). The initial and 

boundary conditions are set according to the environmental and other known conditions. 

Although Eqs.(1)-(11) are coupled and nonlinear, considering the great mass and heat 

capacity of heat exchanger, once the temperature of heat exchanger (Thx) in this time step 

(t=i+1) is substituted with the past time (t=i), which means Thx is rewritten in explicit format, 

the equations of adsorption rate (Eq.(7)) heat transfer of air (Eq.(2)) and heat exchanger 

(Eq.(6)) are decoupled and linear. These three equations can be solved directly by 

Gaussian elimination in MATLAB and complicated iterations are averted. The remained 

equations, mainly including the equations of refrigerant are heavily coupled and must be 

solved by iteration of fixed point theorems. However, iteration process is a explicit format, 

whose astringency severely depends on the fineness of time/space steps and the intensity of 

the change of variables like pressure, temperature, density. Traditional iteration method 

usually chooses a constant time and space step, in every iteration cycle all variables in all 

elements are updated until the results are convergent. This method at least contains 2 defects, 

that when the time or space step is too large the iteration can be vibrant and divergent. On the 

other hand, not all of the elements are divergent, which indicates a time waste as shown in 

Fig.3(a). A better way is to identify the divergent place and make the iteration aiming to these 

elements. Meanwhile the space steps are refined to avoid vibration, which is the self-refining 

iteration method mentioned at the beginning. Taking the continuity equation in Eq.(10) for 

example, the discretized equation can be written as Eq.(12). 
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The letter i means time steps and j means the number of elements. It can be seen that when 

the variation of density is too sharp mr (i+1, j+1) can be negative, which is obviously 

impossible.  The solution is to reduce the space step dx and impair the sharpness of variation, 

and is also suitable for the other 2 equations in Eq.(10). The space step in the self-refining 

iteration obtains two types: dx-normal (53mm) using in the pre-computation and dx-iterate 

(5.3mm) using in the iteration cycles. Pre-computation is first carried out to determine 

whether mesh refining need to be implemented. Only when the pre-computation is divergent, 
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is dx-itertate employed. After iteration of the divergent elements, dx-normal is used again for 

next element, as illustrated by Fig.3(b). 

Fig.3 Schematics of iteration methods (a) Traditional iteration method (b) Self-refining 

iteration method.  

2.5 Simulation results and validation 

At first a DCHE coated with silica gel is simulated by the model, and the results are 

validated by the experimental data. Fig.4(a) shows the working principle of the desiccant heat 

pump in the experiment and the real structure. Refrigerant first flow into the DCHE in 

evaporation side (DE) to cool down the air and drive the adsorbent to capture the moisture. 

Then the compressor compress the gaseous refrigerant to the condensation pressure and the 

refrigerant begin to condense in the DCHE of condensation side (DC). The latent heat of 

condensation is used to driven the adsorbent release the water in the pores and realize 

continuous running. The evaporation and condensation temperatures of refrigerant, air 

temperature humidity ratio and speed at the inlet is 15 
o
C, 55 

o
C, 23.2 

o
C, 9.2 g/g and 0.86 

m/s respectively, measured by the sensors. The vapour weight fraction at the inlet of DE (xrin) 

is 0.316, calculated by the properties of refrigerant shown as Eq.(13). The flow mass of the 

refrigerant is 5g/s, estimated by the total heat transfer and the latent heat of refrigerant as 

shown in Eq.(14). The boundary and initial conditions are set as these parameters. Fig.4(b) 

compares the air temperature and humidity ratio of the experiment and simulation. It’s 

obvious that the simulation results show satisfied consistency with the experimental data. The 

air temperature can reach 50 
o
C because the DCEH is at high temperature (about 53 

o
C) at the 
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beginning and the adsorption rate is very fast, generating a large amount of heat. Then the air 

temperature start to declines and keeps stable after 7 min. The final temperature stabilise at 

17 
o
C. The humidity ratio also reach a high level at the beginning because the high 

temperature of DCHE drive adsorbent desorb the water. Then the humidity ratio drop sharply 

and then gradually increases because the adsorbent becomes close to saturation as the 

adsorption proceeds. The humidity ratio stabilise at 9 g/kg after 10 min.  

(a)                                                                    (b) 

   

(c)                                                                    (d)                             

  

Fig.4(c) shows the air temperature and humidity ratio of DCHE coated with different 

adsorbent. The horizontal line of humidity ratio from 200s to 800s manifests the 

dehumidification rate keeps almost constant, indicating MOF possesses a better stability of 

dehumidification, because of the stepwise type isotherm. Besides MOF distinctly obtains 

large dehumidification capacity, which may be a promising material of the future DCHE. 

Fig.4(d) shows the heat transfer of DCHE, including sensible heat and latent heat. It’s 

apparent that the total heat transfer between refrigerant and heat exchanger gradually 

decrease as time passes by. The reason is that the latent heat and sensible heat are addressed 

by mass transfer of the adsorbent and heat transfer of the heat exchanger respectively, which 

is different from traditional heat exchanger that both latent and sensible heat are handled by 

heat conduction. Therefore, by introducing DCHE, the energy loss during heat transfer can be 

reduced and the condensation temperature can be reduced, which benefits to improve the COP 

of heat pump. 

Conclusions  
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In this paper, a mathematical model is built on the DCHE adopting R134a as refrigerant, 

followed by the validation and discussion over the model. Afterwards, we conclude that:  

1. The three-dimensional model on DCHE overcomes the challenges aroused by the two-phase 

phenomena, the multidimensional of flow transport, the periodical switch over, the solid-side 

resistance and the coupled heat and mass transfer. It is independent on experimental data and 

validated to be accurate and robust.  

2. With self-refining meshing method, our calculation algorithm yields a quick and convergent 

solution of the mathematical model, with a satisfied accuracy compared with the experimental 

data.  

3. DCHE, coupling both heat and mass transfer, possesses higher heat exchange capacity 

(sensible and latent heat) and can reduce the energy loss during heat transfer and hence the 

condensation temperature, which may benefit to improve the COP of heat pump. 
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Abstract 

Adsorption chillers provide cooling using renewable or waste heat and environmentally 

friendly pure refrigerants. Pure refrigerants limit operating conditions such as the cooling 

temperature or the operating pressure. In contrast, refrigerant mixtures allow adjustment of 

operating conditions by changing their composition. Still, refrigerant mixtures have rarely been 

studied for adsorption chillers. Studies based on thermodynamic equilibrium models showed a 

great potential for mixtures but neglected the process dynamics. However, dynamics are known 

to influence the performance of adsorption chillers strongly. Hence, we develop a dynamic 

adsorption chiller model exemplarily using water-ethanol as the refrigerant mixture and 

silica gel 123 as the adsorbent. With the dynamic model, we investigate the effect of ethanol 

concentration on the performance of the adsorption chiller: the performance decreases by up to 

55 % when using an ethanol mole fraction of 5 mol-% compared to pure water for the 

investigated operating temperature of 10 °C. Dynamics impact performance even more than 

equilibrium, which shows the importance of dynamic modeling when evaluating the 

performance of adsorption chillers. 

Keywords: adsorption chiller, water/ethanol on silica gel, dynamic modeling, co-adsorption. 

Introduction/Background 

Adsorption chillers sustainably provide cooling by using renewable or waste heat, thus 

reducing fossil fuel consumption[1]. Moreover, adsorption chillers offer the opportunity of 

using environmentally friendly refrigerants such as water, methanol, or ethanol [2]. Typically, 

refrigerants are applied as pure refrigerants [1]. However, pure refrigerants have only one 

degree of freedom during phase change, limiting the adsorption chiller's operating conditions 

(e.g., cooling temperature or operating pressure). Adding a second refrigerant introduces the 

composition of the refrigerant mixture as a new degree of freedom. Thus, refrigerant mixtures 

enable, for example, lower cooling temperature by reducing the freezing point of water by 

adding an antifreeze [3,4]. Furthermore, the system pressure can be increased to atmospheric 

pressure to improve cost and safety using an ethanol-ammonia mixture [5]. Hence, refrigerant 

mixtures seem promising to increase the practical applicability of adsorption chillers. 

Reinforcingly, a recent review suggests the investigation of binary refrigerant mixtures like 

ethanol-water, methanol-water, ammonia-water, or ethanol-ammonia [1]. However, 

experimental investigations of adsorption chillers are time-consuming and resource-intensive 

already when using pure refrigerants [6,7]. Hence, experimental investigations of adsorption 

chillers using refrigerant mixtures would be even more resource-intensive due to the second 

degree of freedom. In contrast, dynamic models avoid resource-intensive experiments [2] and 

can reliably predict experimental results of adsorption chillers, as shown for pure refrigerants 

[8]. For refrigerant mixtures, thermodynamic equilibrium models already exist in the literature 

[5,4], but dynamic models are lacking to the best of the author's knowledge. However, 
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adsorption dynamics strongly affect the adsorption chiller performance [7,9], thus often 

limiting the practical application.  

In this work, we therefore develop a dynamic model of a two-bed adsorption chiller (AC model) 

using water-ethanol & silica gel 123 as the working pair. With this AC model, we demonstrate 

the strength of a dynamic model for evaluating the performance of adsorption chillers. 

The AC model (see Figure 1) uses the open-source Modelica library SorpLib [10], developed 

at our institute and freely available at GitHub [11]. The AC model is based on the AC model 

for pure water described and validated by Bau et al. [8]. To consider a water-ethanol mixture 

instead of pure water, we implemented three modifications: 

(1) The multicomponent adsorption equilibrium is described by the ideal adsorbed solution 

theory (IAST). The IAST model is then represented by an extended isotherm model to 

reduce computational effort [12]. The equilibrium data of pure water and ethanol were 

taken from the literature [13]. The adsorption enthalpy of the mixture is calculated by the 

theoretical approach presented by Sircar [14]. 

(2) We extended the phase separator model of the evaporator and condenser by a flash 

calculation and added the Wilson equation [15] to consider non-idealities in the vapor-

liquid equilibrium. 

(3) The mass transfer of the mixture is described by superposing the linear driving force (LDF) 

approach for both components water and ethanol. 

 

Figure 1. Scheme of the dynamic two-bed adsorption chiller model with water-ethanol as the 

refrigerant mixture. Heat and mass transfer coefficients are shown: Heat transfer coefficients 

𝛼𝐴𝑖 of all main components 𝑖 (Adsorber (Ad), Evaporator (E), Condenser (C)), as well as 

mass transfer coefficients 𝛽LDF,𝑗
𝑛  of water (W) and ethanol (EtOH) for adsorption (Ads) and 

desorption (Des). 
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Effective heat and mass transfer coefficients ( 𝛼𝐴 𝑖 and 𝛽LDF,𝑗
 , respectively) of pure water 

were taken from Bau et al. [8]. The effect of ethanol is considered by correction coefficients 

derived from (a) literature for mass transfer [16] and condensation [17] and (b) own 

experiments for evaporation [18]. 

To evaluate the adsorption chiller, we used the performance indicators coefficient of 

performance (COP) and specific cooling power (SCP): 

COP =
𝑄 

𝑄 + 𝑄D  
 (1) 

SCP =
𝑄 

Δ𝜏cycl 𝑚 or
 (2) 

The COP relates the provided cooling energy during evaporation 𝑄  to the heating input at the 

adsorber during isosteric heating 𝑄  and desorption 𝑄D  . The SCP is the ratio of the provided 

cooling energy during evaporation 𝑄  to the product of cycle time Δ𝜏cycl  and mass of 

adsorbent 𝑚 or. As COP and SCP have a trade-off, adsorption and desorption phase times were 

set equal and varied to determine the Pareto frontier regarding COP and SCP. The inlet 

temperatures of the heat transfer fluids during evaporation 𝑇 , condensation 𝑇 , adsorption 

𝑇   , cooling 𝑇 ool, desorption 𝑇D  , and heating 𝑇  were exemplarily selected as 𝑇 =
10 °C | 𝑇 = 𝑇   = 𝑇 ool = 20 °C | 𝑇D  = 𝑇 = 85 °C. 

Discussion and Results 

Figure 2 shows the trade-off between SCP and COP of the AC model for pure water and three 

water-ethanol mixtures. The highest SCP and COP are obtained with pure water. All water-

ethanol mixtures lower the performance.  

To understand the source for the reduced performance, we varied the heat and mass transfer 

coefficients for the water-ethanol mixtures: In Case (1), the coefficients are equal to pure water, 

assuming ethanol only affects the adsorption and vapor-liquid equilibrium (Equilibrium Only), 

and in Case (2) the coefficients calculated by the derived correction factors, thus assuming that 

ethanol influences equilibrium and dynamics (Equilibrium + Dynamics). 

For the "Equilibrium Only" case, the maximal COP remains the same, and the maximal SCP 

decreases slightly by 11 % compared to pure water for the lowest total ethanol mole fraction 

𝑧    = 0.05 mol mol-1. At higher total ethanol mole fraction of at 𝑧    = 0.15 mol mol-1, 

maximal SCP and COP drop by up to 30 and 40 %, respectively. SCP and COP drop due to a 

lower enthalpy of vaporization and loading difference. 

For the "Equilibrium + Dynamics" case, SCP and COP decline twice as much as in the 

"Equilibrium Only" case with increasing total ethanol mole fraction. Here, SCP and COP are 

further limited by a reduced mass transfer during adsorption. 

The results show that dynamics affect the performances of the AC model at least as strong as 

the equilibrium when using water-ethanol as the refrigerant mixture. Thus, dynamics should 

be considered when evaluating adsorption chillers with refrigerant mixtures. Furthermore, the 

dynamic model allows identifying the critical kinetic influences to which the performance 

reacts most sensitively. Thus, the developed model enables the target-oriented identification of 

the most significant potential for improvement. 
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Figure 2. Specific cooling power (SCP) and coefficient of performance (COP) calculated with 

the AC model for pure water and three water-ethanol mixtures for two cases, where Heat and 

mass transfer coefficients of the water-ethanol mixtures are (1) equal to pure water 

(Equilibrium Only) and (2) calculated by the derived correction factors 

(Equilibrium + Dynamics). The total ethanol mole fraction in the adsorption chiller is 𝑧    . 

The inlet temperatures of the AC model correspond to the temperature triple 10|20|85 °C. 

Summary/Conclusions  

In this study, we modeled an adsorption chiller using water-ethanol and silica gel 123 as the 

working pair. With the adsorption chiller model, we investigated the effect of ethanol on the 

COP and SCP. Both COP and SCP decrease with increasing ethanol mole fraction. The dynamics 

of the adsorption chiller are shown to affect the COP and SCP at least as strongly as the 

equilibrium. Therefore, dynamic modeling is important for evaluating adsorption chillers using 

refrigerant mixtures. 

Acknowledgments 

This work was conducted within the project "SubSie-NoFrost: Sorption Steamers for Evaporation 

Temperatures Below 0 °C – Antifreeze by Additives" (03EN2002A). The project was funded by 

the German Federal Ministry for Economic Affairs and Climate Action (BMWK). 

References: 

[1]  Aristov, Y. I., “Adsorption heat conversion and storage in closed systems: What have we 

learned over the past decade of this century?”, Energy, 2022. 

[2]  Sah, R. P., Choudhury, B., Das, R. K., Sur, A., “An overview of modelling techniques 

employed for performance simulation of low–grade heat operated adsorption cooling 

systems”, Renewable and Sustainable Energy Reviews, 2017. 

[3]  Seiler, J., Hackmann, J., Lanzerath, F., Bardow, A., “Refrigeration below zero °C: 

Adsorption chillers using water with ethylene glycol as antifreeze”, International Journal 

of Refrigeration, 2017. 

114 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

[4]  Girnik, I. S., Aristov, Y.I., “Water as an adsorptive for adsorption cycles operating at a 

temperature below 0 °C”, Energy, 2020. 

[5]  Luberti, M., Di Santis, C., Santori, G., “Ammonia/Ethanol Mixture for Adsorption 

Refrigeration”, Energies, 2020. 

[6]  Yong, L., Sumathy, K., “Review of mathematical investigation on the closed adsorption 

heat pump and cooling systems”, Renewable and Sustainable Energy Reviews, 2002. 

[7]  Graf, S., Eibel, S., Lanzerath, F., Bardow, A., “Validated Performance Prediction of 

Adsorption Chillers: Bridging the Gap from Gram‐Scale Experiments to Full‐Scale 

Chillers”, Energy Technology, 2020. 

[8]  Bau, U., Baumgärtner, N., Seiler, J., Lanzerath, F., Kirches, C., Bardow, A., “Optimal 

operation of adsorption chillers: First implementation and experimental evaluation of a 

nonlinear model-predictive-control strategy”, Applied Thermal Engineering, 2019. 

[9]  Liu, X., Wang, X., Kapteijn, F., “Water and Metal-Organic Frameworks: From Interaction 

toward Utilization”, Chemical reviews, 2020. 

[10] Bau, U., Lanzerath, F., Gräber, M., Graf, S., Schreiber, H., Thielen, N., Bardow, A., 

”Adsorption energy systems library – Modeling adsorption based chillers, heat pumps, 

thermal storages and desiccant systems”, The 10th International Modelica Conference, 

2014. 

[11] RWTH Aachen University, SorpLib: Dynamic simulation of adsorption energy systems, 

https://git.rwth-aachen.de/ltt/SorpLib, 2018. 

[12] Postweiler, P., Zenk, K., Engelpracht, M., Bardow, A., von der Aßen, N., “Extended-

isotherm surrogates for Dynamic Simulation and Optimization of IAST-based 

Multicomponent Adsorption Equilibria”, 14. International Conference on Fundamentals 

of Adsorption, 2022. 

[13] Lambert, B., Foster, A. G., “Studies of gas-solid equilibria. Part III.─Pressure-

concentration equilibria between silica gel and (a) water, (b) ethyl alcohol, directly 

determined under isothermal conditions”, Proceedings of the Royal Society of London. 

Series A, Containing Papers of a Mathematical and Physical Character, 1931. 

[14] Sircar, S., “Excess properties and thermodynamics of multicomponent gas adsorption”, 

Journal of the Chemical Society, Faraday Transactions 1: Physical Chemistry in 

Condensed Phases, 1985. 

[15] Wilson, G. M., “Vapor-Liquid Equilibrium. XI. A New Expression for the Excess Free 

Energy of Mixing”, Journal of the American Chemical Society, 1964. 

[16] Guevara-Carrion, G., Vrabec, J., Hasse, H., “Prediction of self-diffusion coefficient and 

shear viscosity of water and its binary mixtures with methanol and ethanol by molecular 

simulation”, The Journal of chemical physics, 2011. 

[17] Li, Y., Yan, J., Qiao, L., Hu, S., “Experimental study on the condensation of ethanol–

water mixtures on vertical tube”, Heat and Mass Transfer, 2008. 

[18] Entrup, M., Nissen, T., Unkhoff, J., Seiler, J., Bardow, A. “Charakterisierung der 

Dünnfilmverdampfung von Wasser-Ethanol-Gemischen als Kältemittel für 

Kälteanwendungen unter 0 °C“, Thermodynamik-Kolloquium, 2021. 

115 / 710

https://git.rwth-aachen.de/ltt/SorpLib


 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Development of a latent heat thermal energy storage system for 

waste heat recovery on ships 

P. Niknam1, L. Ciappi1
, R. Fisher1, and A. Sciacovelli1*  

1School of Chemical Engineering, Birmingham Centre for Energy Storage, 

University of Birmingham, UK, 
*Corresponding author: p.niknam@bham.ac.uk, l.ciappi@bham.ac.uk, r.fisher@bham.ac.uk   

a.sciacovelli@bham.ac.uk 

 

Abstract 

This paper focus on Thermal energy storage (TES) for an emerging application field: 

decarbonization of ships and of the wider maritime sector.  Heat wasted on-board of ships, for 

example from engines exhausts and cooling jackets, is a main source of inefficiency and hard 

to abate. Further, the intermittency in waste heat, primarily due to variation of ship sailing 

speed, makes traditional waste heat recovery (WHR) solutions less viable. The present paper 

therefore presents a TES technological solution aimed at mitigate such on-board waste heat 

intermittency, enabling enhanced recovery of energy otherwise wasted. The present research 

evaluates a latent heat TES designed to capture onboard waste heat. The proposed TES system 

consists of a bundle of pillow plate heat exchangers, while the phase change material (PCM) 

surrounds the plates and serves as the storage medium. The heat storage capacity, heat flow, 

operating temperature, and charging time are tailored for linking the onboard waste heat 

sources and energy sinks in either passenger or cargo vessels. The proposed configuration is 

developed to be adequately light and compact for loading onboard. The TES thermal evaluation 

during the charging and discharging cycle is assessed by a detailed 3D computational fluid 

dynamics (CFD) model. The influence of the PCM latent heat and melting temperature (80-

130°C), the HTF flow and the source/sink temperature (50-160°C) on TES performance is 

investigated. The results show that the charging time is highly sensitive to the source 

temperature rather than the HTF mass flow. The other cross-cutting aspects considered are the 

scaling up from the laboratory to the onboard scale, discussing how the charging and 

discharging times can be adjusted between 50 and 180 minutes to align other WHR 

technologies. 

 

Keywords: Thermal energy storage, latent heat, maritime application, waste heat recovery, 

numerical modelling. 

 

1. Introduction and background 

For decades the maritime sector and its regulator, the International Maritime Organisation 

(IMO), set plans for improving energy efficiency and taking actions to reduce the emissions 

from international shipping. Now, pressure is mounting on the shipping industry to chart a 

course to zero emissions by 2050 [1]. On the other hand, without greater action, emissions from 

shipping are expected to grow anywhere between 50% to 250% by 2050. [2]. Therefore, the 

shipping industry, alongside all other sector must quickly embrace new solutions that will lay 

the groundwork for low and eventually net zero carbon operations. Studies suggest that there 
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are several opportunities to curb ships’ emission emissions, including switching to alternative 

fuels and recovery of the waste heat available onboard.  

Regarding on-board waste heat, the main sources are the high-temperature heat carried away 

with exhaust gases and low-temperature heat, which is mainly found in the jacket water, 

scavenge air/charge air cooling water. All of these waste heat sources can be integrated into 

onboard WHR technologies and increase vessel energy efficiency and reduce fuel 

consumption. A proven WHR technology for improving efficiency is converting the high-

temperature heat from exhaust gases into service steam by boilers and economisers, and this 

steam can be used for hotel loads or introduced into a steam turbine for generating electricity. 

Another promising exhaust heat recovery technology is Organic Rankine Cycle (ORC) which 

is widely used to convert low-grade thermal energy to electricity; however, the application of 

ORC and similar technologies is currently under investigation, and efforts are being made to 

adapt those to the onboard energy system [3], and recently some commercial ORCs has been 

introduced to the market by Alfa Laval AB and Climeon AB with an output range scalable 

from modules of 150 kW each [4].    

Several other technologies could be integrated for onboard WHR, including TES, which may 

enable other technologies to operate at maximum efficiency. This is because the waste heat 

available onboard is intermittent and cannot be dispatched on-demand; therefore, TES is a 

solution that might addresses such issue and allows a greater amount of waste heat to be 

recovered and reintroduced into the onboard energy system. Onboard TES has a historical 

record back to the 19th century when some short-distance submarines used steam-TES to 

power a piston engine and drive the propeller. However, TES solutions, particularly latent heat 

storage technologies, continue to emerge and mature with costs being driven down, and today, 

a wide range of phase change materials (PCM) with different thermal characteristics are 

available in the market [5]. The values of melting temperature (50-220°C) and sensible heat 

(120-300 kJ/kg) comprise a wide range of use in onboard TESs supporting other WHR 

technologies [6, 7]. The TES potential for maritime applications stems from the applicability 

of the technology itself in a wide temperature range and the availability of waste heat within 

50-350°C, which is presented in Fig 1. The TES system can be tailored by selecting and 

utilising a proper energy storage material and mechanical design to maximise its efficiency 

within the waste heat recovery system. Therefore, although literature suggests that onboard 

TES shows promise and merits further development and demonstration, there is still significant 

uncertainty around the viability of TES onboard integration at scale. In order to help address 

this gap, a detailed analysis of TES performance is conducted in the present study. 

The present study proposes, investigate and discuss the merits of a novel latent heat TES system 

with pillow-plate configuration for onboard application. Scale, energy storage capacity and 

thermal performance of TES system are addressed; Second the ability of the TES to provide a 

favourable response time in discharging to be coupled with other WHR technologies is studied. 

Overall, the performance of the proposed TES are thoroughly predicted by means of CFD 

analysis and considering a range of operating conditions aligned with the onboard WHR.  
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Fig 1-Characteristics of the available waste heat sources and the TES capacity 

 

2. Methodology 

2.1. Subject of the study 

The structure of the heat exchangers considered in the present research is based on pillow 

plates, as illustrated in Figure 2. Two different devices were analysed: one at the real scale and 

one at the laboratory scale. In both cases, a set of pillow plates, stacked parallel to each other 

in the horizontal direction, is bundled in a box. A plenum pipe connects all the plates with the 

inlet or outlet pipe at each extremity. This can be achieved with direct joints between the plates 

and the plenum pipes, as for the real-scale device, or indirectly through dedicated pipes for 

each plate, as for the laboratory-scale device. 

The heat transfer fluid enters the system from the inlet pipe, passes through the pillow plates 

and exits from the outlet pipe. The plates are surrounded by the phase change material, which 

acts as the medium for heat storage. In particular, every pillow plate comprises two metal sheets 

with equivalent wall thickness welded together. The channels for the fluid passage are created 

between the sheets through an inflation process, expanding them until the attainment of the 

required height. A path with a U-shape is created inside the plates with three opposite septa to 

lead the flow which increases heat exchange and reduces bulk. 
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Fig 2 – Schematic representation of pillow plates heat exchangers embedded in PCM at two scales 

The principal geometric specifications and operating conditions of the device analysed are 

listed in Table 1. 

Table 1. Main parameters of the geometry and functioning of the heat exchanger with pillow plates 

Parameter Value 

Inlet and outlet pipe diameter (De) 26.77 mm 

Plate pipe diameter (Dp) 21.34 mm 

Plate dimensions (Ip x Fp x Wp) 200 x 300 x 6 mm 

Welding external diameter (Dwe) 15.80 mm 

Welding internal diameter (Dwi) 6.00 mm 

Plate number (np) 10 

Welding number (nw) 34 

Septum number (ns) 3 

During operation, the heat transfer fluid enters the inlet piping and is distributed to each pillow 

plate. In the charging phase, the hot HTF passing through the plates acts as the energy source, 

releasing heat to the phase change material, which absorbs the latent heat, acting as an energy 

sink. In the reverse discharging phase, the cold HTF is heated up by the thermal energy stored 

in the PCM. This allows to reserve thermal energy to resolve the mismatch between its 

availability and demand. 

2.2. Design of experiment 

The approach of Latin Hypercube sampling (LHS) is utilised to produce 100 sets of four 

random samples. The LHS sampling substantially reduces the number of samples required for 

a given accuracy and improves the coverage of parameter space with a fixed number of samples 

in a multidimensional space. Table 2 summarises the ranges of parameters for LHS and the 

distribution of samples are shown in Fig 3.  
Table 2. Range of parameters applied to LHS of PCMs 

Property Unit Range 

Mass flow rate kg/s 0.06… 0.6 

Charging temperature (heat source) °C 80…120 

Phase change temperature °C 80 …95 

Latent heat kJ/kg 100…250 
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Prior to applying each set to the CFD, the latent heat and phase change temperature of all sets 

are corrected to the nearest value belonging to the commercially available PCMs, which are 

S83, S89, A82, A95, X90, X80 and the properties are listed in table 3. 

 
Fig 3- Characteristics of the available waste heat sources and the TES capacity 

 

2.3. CFD model 

Three-dimensional CFD models were realised to analyse the thermo-fluid dynamics of the flow 

crossing the thermal energy storage device. The computational domain was generated with 

SolidWorks and ANSYS SpaceClaim, its spatial discretisation was obtained with ANSYS 

Meshing, and ANSYS Fluent was applied for the numerical simulations. Version 21.1 was 

utilised for the software. 

All the pillow plates of the TES device have the same geometry, which is symmetrical 

regarding the longitudinal plane, as visible in Figure 4(a). The flow conditions of the heat 

transfer fluid passing through them can be approximated as equal due to the plenum pipes 

upstream and downstream of the plates. Moreover, the effects of the box walls on the global 

heat exchange with the PCM and the two plates at the extremes of the set are limited, 

considering the significant plate number present. This implies that the symmetry of the 

geometry and thermo-fluid dynamics enables performing simulations on the computational 

domain comprising half of a pillow plate and the PCM surrounding it, shown in Figure 4(b). 

As a consequence, the computational time and power of the analyses are markedly decreased 

as needed for conducting an adequate sensitivity analysis and performing a wide variety of 

simulations on various cases. 
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Fig. 4 – Rendering of (a) one of the pillow plates and (b) the computational mesh of the CFD 

analyses for the TES device at the laboratory scale 

The computational domain is divided into three stationary zones, corresponding to the heat 

transfer fluid, the pillow plate metal and the phase change material. Interface surfaces were 

created between the HTF and metal zones and the metal and PCM zones for solving heat 

transfer. 

The spatial discretisation of the computational domain was achieved with either mapped or 

unmapped approaches. In particular, an unmapped mesh with polyhedral elements was created 

for the HTF and metal zones; in contrast, a mapped mesh with hexahedral elements and an H-

type topology was generated for the PCM zone. A grid refinement is applied for the latter zone 

in the proximity of the inlet and outlet surfaces and corresponding to the circular weldings of 

the pillow plate. The sufficiently refined grid allows for solving all relevant flow features for 

the objectives of the analyses. 

The mesh consists of about 0.97 million elements, of which 0.50 million compose the HTF 

zone, 0.41 million constitute the metal zone, and 0.06 form the PCM zone. The quality of the 

grid ensures that solutions are reached while respecting the convergence criteria of the mass 

conservation within 10-3 and the maximum order of the root mean squares residuals of 10-6 for 

the continuity, momentum, energy and turbulence equations. 

A mesh sensitivity analysis was conducted to assess the spatial independence of the 

computational discretisation. To this end, the outcomes of the primary fluid dynamics 

quantities were compared by carrying out simulations with various grids with a number of 

nodes in the interval between 0.3 and 3.0 million. The variations of grid size were obtained by 

proportional modifications of element number for the three zones regarding the selected mesh. 

Unsteady Reynolds averaged Navier-Stokes (URANS) equations were solved for an 

incompressible liquid. The liquid density, thermal conductivity, and dynamic viscosity were 

determined based on its static temperature. The governing equations refer to the continuity, 

momentum, and energy balances and are defined in the following equations (from Eq. (1) to 

Eq. (3)): 

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒗) = 0 (1) 

where t is the time and v is the liquid velocity vector. 

𝜕(𝜌𝒗)

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒗𝒗) = −𝛻 ⋅ 𝑝 + 𝛻 ⋅ 𝜏 (2) 

where τ is the stress tensor. 
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𝜕(𝜌𝐻)

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒗H) =

𝜕𝑝

𝜕𝑡
+ 𝛻 ⋅ (𝑘𝛻𝑇 + 𝜏 ⋅ 𝒗) (3) 

where H is the total specific enthalpy, k is the effective thermal conductivity and T is the 

temperature. 

The total specific enthalpy is calculated through Eq. (4) based on the specific enthalpy h and 

the specific kinetic energy and velocity magnitude v of the liquid. 

𝐻 = ℎ +
𝑣2

2
 (4) 

The phase variations of the PCM are modelled by applying the Solidification and Melting 

model. This approach couples the energy accumulated or released by the PCM during the 

charging and discharging processes is coupled with the temperature determined by the energy 

equation, as defined in Eq. (5). 

𝐸 =

{
 
 
 

 
 
 ∫ (𝜌𝑐𝑝)𝑝𝑐𝑚𝑑𝑇

𝑇𝑝𝑐𝑚

𝑇0

𝑇𝑝𝑐𝑚 < 𝑇𝑠𝑜𝑙

∫ (𝜌𝑐𝑝)𝑝𝑐𝑚𝑑𝑇 +
𝜌𝐿

𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙
(𝑇𝑝𝑐𝑚 − 𝑇𝑠𝑜𝑙)

𝑇𝑝𝑐𝑚

𝑇0

𝑇𝑠𝑜𝑙 < 𝑇𝑝𝑐𝑚 < 𝑇𝑙𝑖𝑞

∫ (𝜌𝑐𝑝)𝑝𝑐𝑚𝑑𝑇 + 𝜌𝐿
𝑇𝑝𝑐𝑚

𝑇0

𝑇𝑝𝑐𝑚 > 𝑇𝑠𝑜𝑙

 (5) 

where E is the specific energy, L is the latent heat, Tpcm is the PCM temperature and Tsol and 

Tliq are the PCM solidification and melting temperatures, respectively [8]. 

The governing equations were discretised with a second-order scheme for the pressure and 

second-order upwind schemes for the density, momentum and energy. The SIMPLE scheme 

was utilised to relate the corrections of velocity and pressure. The least-squares and cell-based 

method were selected for calculating the quantity gradients [9]. Since the Reynolds number of 

the heat transfer fluid is characteristic of the laminar behaviour, the turbulence closure was 

obtained with second-order discretisation using the laminar model [10]. 

The equations were implicitly solved with a pressure-based approach. Fully transient 

simulations were conducted, and a time step equal to 2∙10-2 seconds was imposed for marching 

the solutions in time. 

2.3. Material properties 

PCMs and HTF Thermophysical Properties are listed in Table 3. While the HTF in all parts of 

the analysis is the same, different PCMs are considered for TES performance assessments. The 

PCMs are tailored by the supplier for different melting temperatures; however, they are mostly 

mixtures of nitrate salts [11]. 
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Table 3-Thermophysical properties of pillowplate-TES compartment PCM and HTF materials 

Parameter Value 

HTF: Therminol 66 

Cp [kJ/kgK] 
373K 1.84 

473K 2.19 

Density, 𝝆 

[kg/m3] 

373K 955 

473K 885 

PCM 

𝑪𝒑 [kJ/kgK] 1.5 … 2.3 

Thermal conductivity [W/mK] 0.36 … 0.51 

Density [kg/m3] 900 … 1600 

Latent heat 

(LH) [kJ/kg] 

PlusICE® H105 125 

PlusICE® H115 100 

PlusICE® H120 120 

PlusICE® S83 100 

PlusICE® S89 145 

PlusICE® A82 240 

PlusICE® A95 250 

PlusICE® X80 160 

PlusICE® X90 170 

Tmelting [°C] 

PlusICE® H105 105 

PlusICE® H115 115 

PlusICE® H120 120 

PlusICE® S83 83 

PlusICE® S89 89 

PlusICE® A82 82 

PlusICE® A95 95 

PlusICE® X80 80 

PlusICE® X90 90 

3. Discussion and Results 

This section reports and discusses the dynamic behaviour of the pillow-plate TES under 

investigation. As part of the overall aims of the paper, the results initially detail how the system 

undergoes a full charging and discharging cycle. Figure 5 shows the time evolution of PCM 

temperature and liquid phase fraction. The charging rate is directly proportional to the 

temperature differential between the HTF fluid as the heat source and the PCM temperature; 

therefore, the temperature is increased with a progressive reduction in slope, and the 

temperature is almost stable during the phase change when the heat is absorbed in the form of 

latent heat. The temperature increases gradually until reaching the source temperature, which 

indicates that the storage is filled. 
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Fig 5-Time evolution of charge-discharging cycle(TES-II) 

Based on the literature, the TES discharging process is longer than the charging because of the 

different heat transfer process, as there is no natural convection or buoyancy effect during the 

discharging [12]. The discharging rate of the proposed TES is investigated when different sink 

temperatures are applied. Figure 6 (corresponding to the yellow highlighted area) demonstrates 

that increasing the sink temperature from 50 to 70°C is led to longer discharging. Because of 

the different duration of the charging and discharging phases, there is a need for a flexible 

thermal storage system that can be charged and discharged at different rates. A potential 

solution would be to charge and discharge the TES with different HTF flow rates. In order to 

clarify the impact of this parameter, it is investigated in detail in the parametric analysis section. 

 
Fig. 6-Discharging time on different sink temperatures (TES-II) 
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3.1. Parametric analysis 

The CFD simulation was conducted for a set of conditions, and the outputs of the simulation 

are extracted and sorted accordingly. The key questions in TES performance assessment are 

how much energy can be stored, and the answer can be assessed by quantifying the stored 

energy in various boundary conditions and settings. The second is charging power which is 

critical for the overall WHRS to be integrated into other WHR technologies. As shown in 

Figure 7, There is a clear linear relationship between the charging time variables, while no clear 

relationship is found for the other three design parameters of mass flow, phase change 

temperature and latent heat.  A good theoretical rationale for the significant impact of charging 

temperature is directly involved in the temperature difference, which is the driving force of the 

conduction heat transfer. However, the HTF mass flow does not directly involve heat transfer 

within the PCM. Moreover, the influence of the phase change temperature and latent heat 

would be more on the phase change behaviour within the PCM rather than the heat source 

temperature. 

 
Fig 7-Charging time estimation (TES-II) 

Figure 8 complements the results of Figure 7 and reports how the heat load is correlated with 

the heat source temperature. The average and maximum heat loads for all sets of boundary 

conditions in the parametric analysis are reported in this figure. Moreover, what stands out in 

this figure is that the maximum load imposed on the TES at the beginning of charging 

(maximum temperature difference) is approximately three times the average load. 
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Fig. 8-Charging load in different charging temperatures (TES-II) 

The parametric analysis is conducted to assess the influence of key design and operating 

parameters on optimal thermal performance, and the main focus of this part of the study is on 

the charging time. The thermal performance of the small-scale storage (TES II) is simulated  

under various source temperatures (𝑇𝑠), as shown in Figure 9, and under various mass flow rate 

shown in Figure 10. These two figures complement the results of Figure 7 and report how the 

time evolution of the TES charging rate is strongly tied to the source temperature but not to the 

HTF mass flow rate. The corresponding stored energy in the PCM during the charging is 

demonstrated for the large scale (TES I) and small scale (TES II) in Figure 10 and Figure 11, 

respectively. The energy storage capacities shown in these figures are estimated for a single 

pillow plate, and the plate bundle capacity depends on the number of plates. A ten-plate bundle 

provide 3kWh on the lab scale and 15 kWh on the onboard scale. 

 

Fig. 9- Temperature and energy of TES in charging under various charing temperatures, TE-II, PCM: 

a89, �̇�=0.02 [kg/s] (M:mean, NI:near inlet) 
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Fig. 10- Temperature and energy of TES in charging under various HTF mass rates, TES-I, 

Ts=170[°C] (M:mean, NI:near inlet) 

 

The impact of the type of the PCM on the melting process, as well as the influence on the stored 

energy are investigated, and the results are reported in Figure 11. Although some types of PCM 

provide a faster response and higher storage capacity, those are not necessarily the best options.  

For example, a higher mass density implies a larger TES total weight, which is not in favour 

of onboard applications at scale.  

 

Fig. 11- Temperature and energy of TES with different PCMs in charging, �̇�=0.02 [kg/s]¸TES-I, 

Ts=170 [°C] (M:mean, NI:near inlet) 

 

The relative comparison of four types of PCM discussed in the present research, including A-

type (organic solutions), S- type (hydrated salts), X-type (solid-solid) and H- type (high 

temperature), is presented in Figure 12. So, there is a trade-off between density, thermal 

conductivity and heat capacity for PCM selection, and it can be tailored based on the 

requirement of thermal power and design limits imposed by the upstream or downstream 
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conditions. Regardless of the weight limit for onboard equipment, the high-temperature PCMs 

(H-type) would be preferred; otherwise, A-type support the TES with a higher charging-

discharging efficiency. 

 
Fig. 12- PCM property comparison (values are relative percentages to the maximum of all types) 

 

4. Conclusion  

The present studied addresses the application of TES technology on-board of ships to enable 

the recovery of waste heat. Specifically, a novel TES configuration combining pillow-plate 

heat exchangers and PCMs is proposed and investigated. The focus of the study was on the 

parametric analysis of the TES performance and influence of the main design parameters. It 

was found that the charging time strongly depends on the source temperature and slightly 

depends on the PCM type, and the values of the HTF mass flow rate. These outcomes justify 

the consideration of the TES technology when operating upstream or downstream of other 

WHR technologies. The simulation results show that the charging time is 45 to 70 minutes 

(equivalent to an average charging rate of 0.2kW), while the discharging time is longer, as it 

ranges between 2 and 6 hours (equivalent to an average discharging rate of 0.05 kW) for a 

single 20x30cm pillow plate. However, the HTF flow adjustment is also shown as a practical 

solution while specific discharging time is required particularly when TES is expected to 

support other WHR technologies.  
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Nomenclature 
A   Area [m2] 

Β  Melt fraction [-] 

cp   Specific heat capacity [J/kg.K] 

De  Pipe diameter [mm] 

Dp  Plate pipe diameter [mm] 

Dwe  Welding external diameter [mm] 

Dwi  Welding internal diameter [mm] 

E   Specific energy [J/m3] 

Fp  Plate heigth [mm] 

g   Gravitational acceleration [m/s2] 

H   Specific total enthalpy [J/kg] 

h   Specific enthalpy [J/kg] 

Ip  Plate length [mm] 

K  Thermal conductivity [W/m.K] 

k  Effective thermal  

conductivity [W/mK] 

L  Latent heat [J/kg] 

ṁ  Mass flow rate [kg/s] 

np  Plate number [-] 

ns  Septum number [-] 

nw  Welding number [-] 

p  Pressure [Pa] 

q  Heat flux [W/m2] 

T  Temperature [K] 

TS  Surface temperature [K] 

Ts  Source or sink temperature [K] 

TA  Surface adjacent air temperature 

[K] 

t  Time [s] 

𝒗        Velocity vector [m/s] 

𝑣        Velocity magnitude [m/s] 

Wp  Plate width [mm] 

Greek symbols 

ρ   Density [kg/m3] 

τ  Stress tensor [N/m2] 

Other symbols 

Δt  Time step [s] 

Δx  Finite difference layer thickness 

[m] 

HTF  Heat transfer fluid 

LHTES  Latent heat thermal energy storage 

PCM  Phase change material 

TES  Thermal energy storage 

URANS     Unsteady Reynolds averaged 

Navier-Stokes 

WHR  Waste heat recovery 
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Abstract  

Salt in porous matrix composites has high sorption capacity and can be tuned to specific 

applications, e.g. thermally-driven heat transformers, chillers, and thermal storage. However, 

if prepared incorrectly, salt can leak from the matrix resulting in inconsistent performance, 

reduced dynamics, and corrosion of metallic components of the system. This study presents a 

method of calculating optimal salt-to-matrix ratios for sorption cycles considering operating 

conditions, the matrix pore volume, the sorption equilibrium curve, and the solution density 

curve. The porous matrix water sorption “flooding thresholds” are plotted for CaCl2, LiCl and 

LiBr in mesoporous silica gel matrices in comparison to an unsuitable microporous silica gel 

matrix.   

Keywords: Sorption, Hygroscopic salt in porous matrix, Salt Leakage, Hysteresis, Corrosion. 

Introduction/Background 

Salt in porous matrix composites – such as mesoporous silica gels or vermiculite impregnated 

by hygroscopic salts (CaCl2, LiBr, LiCl, etc.) – have sorption thermal storage and 

transformation applications [1]. However, if improperly prepared, such materials are subject 

to salt solution leakage from the pores and possible sorption-desorption hysteresis both of 

which can affect the sorption system performance. Salt solution leakage can also lead to 

corrosion and contamination of system components, i.e., the evaporator, condenser, valves, 

chambers, and sorber bed. For this reason, it is crucial to determine how the salt-to-porous 

matrix weight ratio influences the circumstances under which the sorbate solution leak out of 

matrix pores. In addition, it is important to understand how sorbent composition and system 

operating conditions influence adsorption-desorption hysteresis.  

In this research, salt solution leakage threshold conditions (temperature, T, and relative 

pressure, P/P0) and adsorption-desorption hysteresis were studied for different combinations 

of matrixes (mesoporous silica gels, SiliaFlash B150 and B300, SiliCycle Inc., and 

microporous silica gel, Fuji RD) and hygroscopic salts (CaCl2, LiCl, and LiBr). 

Discussion and Results 

Salt solution leakage threshold was calculated as a function of hygroscopic salts (CaCl2, LiCl, 

and LiBr) composite weight ratios for silica gels with different specific pore volumes, V, and 

average pore diameters, d. The analysis included the variation in aqueous salt solution density 

as a function of the mole fraction of salt in solution [2] in the calculation of the leakage 

threshold point as a function of composite and operating cycle conditions.  

It is shown that for CaCl2 in a mesoporous silica gel (B150, V = 1.05 cm
3
/g, d = 16.7 nm) at 

temperature T = 30°C and relative pressure P/P0 = 0.8, the salt solution will flood the sorbent 

if CaCl2 is more than 22.5 wt.% of the composite (Fig. 1a; composite which consists only of 
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silica gel and salt). Therefore, for stability in long term thermal energy storage, for the selected 

salt and matrix, the salt must be less than 22.5 wt.%. to prevent salt solution leakage and 

corrosion. For a microporous silica gel matrix (Fuji RD, V = 0.4 cm
3
/g, d = 2.2 nm), the flood 

point occurs at low CaCl2 content, < 10 wt.% (Fig. 1b), which makes it unsuitable, due to the 

corresponding low water uptake capacity for stable salt loads.  

In the case of LiCl in a mesoporous silica gel (B150), under the same conditions, the salt 

solution leakage threshold is lower (15 wt.%) than for CaCl2 due to the difference in 

molecular weight, sorption equilibrium curve, and density of the salt solution, 1.09 g/cm
3
 vs 

1.21 g/cm
3
 for LiCl and CaCl2, respectively. 

  
a b 

Fig. 1. Specific pore volume (■), specific volume of dry salts (●) and specific volume of salt 

solution (▲) for “CaCl2 – silica gel” composites for (a) mesoporous silica gel (1.05 cm
3
/g) and 

(b) microporous silica gel (0.4 cm
3
/g). The salt solution volume at 30°C and P/P0 = 0.8 is 

plotted, and the flooding threshold, where the solution volume exceeds the matrix pore volume, 

is marked. 

A thermogravimetric vapor sorption analyser was used to measure the water sorption-desorption 

isotherms of CaCl2 and LiCl in silica gel composites. The flooding threshold can be observed as 

an inflection point in the adsorption branch and the initiation of hysteresis in the desorption 

branch. 

Summary  

Water sorption-desorption hysteresis and salt solution leakage “flooding points” as a function 

of salt wt.% were calculated for composites of hygroscopic salts (CaCl2, LiCl or LiBr) in silica 

gel matrices and were experimentally observed in water sorption isotherms. The presented 

methods for calculating and measuring water sorption flooding points thresholds can be used 

to tune salt in porous matrix sorbent composition for specific sorption systems and operating 

cycles. 
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ABSTRACT 
Thermal contact resistance (TCR) can significantly affect the heat transfer between two solid bodies. In solid 

sorption systems, thermal contact resistance occurs between the solid adsorbent and the heat exchanger surface. In 

this study, the thermal contact resistance was measured by a custom-built guarded hotplate for sorbent composite 

samples with various grain sizes. Consolidated sorbent composites were prepared from silica gel, calcium 

chloride and binder. Results showed that thermal contact resistance ranges from 1.9 to 2.8 K/W (i.e., 4.5%-6.5% 

of the total thermal resistance for a 5-mm thick sorbent composite) for the composites made from the smallest to 

the largest grain size, respectively. There is a need to optimize the composite’s grain size and its composition to 

minimize TCR while enhancing thermal conductivity. 

 

Keywords: sorption system, heat-driven cycles, thermal contact resistance, silica gel, and sorbent composite 
 

1. INTRODUCTION 
Thermal contact resistance (TCR) is an interfacial phenomenon and should be addressed independently from 

thermal conductivity, which is a bulk property [1]. Two main methods exist for measuring TCR: transient and 

steady state. The steady-state approaches are relatively straightforward and accurate; however, transient 

approaches are frequently used in order to determine the relationship between the thermophysical properties via 

optical or acoustics techniques [2]. In this study, we prepared several sorption composites and measured their 

effective thermal conductivity and the TCR at the interface with the heat exchanger surface (substrate) using a 

custom-built thermal conductivity measuring test bed, as per ASTM standard C177-13 [3]. To measure the 

thermal contact resistance between the sorbent and substrate (TCRsorb-NGS), the sorbent sample was sandwiched 

between two natural graphite sheets (NGSs), as a substrate, Figure 1. The thermal resistance of the natural 

graphite sheet, RNGS, and the contact resistance between the flux meter and the graphite sheet, TCRflux-NGS, were 

measured separately using a bare NGS substrate, then, the two-thickness method [1] was used to find the TCRsorb-

NGS. The two-thickness method is an approach to measure the sample’s thermal conductivity and de-convolute the 

effect of the TCR between the fluxmeters and the sample, see Ref. [1] for more details. The TCR may be 

precisely excluded from the sample’s thermal conductivity using this technique. Equations (1) to (4) show the 

two-thickness method calculations to find the Rsorb and TCRsorb-NGS. 

 

                                                (1) 

                                                (2) 

                                 
   

   
  
   

   
 

(3) 

       
      

        
 ;        

      

        
 (4) 

 

where, t is the sorbent sample thickness, A is the sample surface area,    is the heat transfer rate that passes 

through the fluxmeters, and    is the temperature difference across the sample, respectively. 
 

2. MATERIALS AND METHODS 
Four silica gel samples with various particle sizes were prepared for this study, Table 1. Calcium chloride (CaCl2) 

and polyvinylpyrrolidone (PVP) were used as the impregnating salt and polymeric binder. The thermal contact 

resistance is a pressure-dependent parameter. However, as we aim to investigate the effect of particle size on the 

TCR, TCRsorb-NGS, was measured at a constant contact pressure of 1 bar, with a maximum of 8 percent uncertainty. 

Furthermore, a higher contact pressure may damage the samples. 
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3. RESULTS AND DISCUSSION 
The measurements showed that TCRFlux-NGS was less than one percent of the total thermal resistance (Rtotal = 

2TCRflux-NGS+2RNGS+2TCRsorb-NGS+Rsorb). This could be due to the soft and flexible surface of the NGS, which 

creates an almost perfect contact with the smooth surface of the fluxmeter. Similarly, the bulk resistance of the 

substrate (natural graphite sheet) was 2% of the total resistance, which was 

expected because of its relatively higher thermal conductivity (k = 5 W/m.K) and 

the small thickness of the substrate (0.9 mm). 

Two main sources of thermal resistance include the sorbent composite itself (the 

bulk resistance) and the thermal contact resistance between the sorbent composite 

and the graphite sheet substrate. Figure 2 shows the share of the TCRsorb-NGS for 

the samples with various silica gel particle sizes compared with their total thermal 

resistance. The TCRsorb-NGS for the samples ranges from 1.9 to 2.8 K/W which 

was 4.5% to 6.5% of the total thermal resistance for a 5-mm thick sorbent. 

However, for most applications, where the sorption composites are thinner, <1 mm, 

the contribution of the TCR will be notably higher, up to 40%. 

The composites with larger grain sizes (SGC-04 and SGC-03) showed higher TCR 

(SGC-01 and SGC-02), which may be due to the higher intergranular spaces and 

thus, less solid contact between the grains and substrate, see [4]. Lower 

intergranular spaces are easier to be filled with binder since the 

binder itself could fill the gaps better and also adhere to the 

substrate better. Therefore, the particle size and consequently the 

binder-to-grain ratio play important roles in the TCR between the composite and 

substrate. On the other hand, the thermal conductivity of the composites 

decreased from 0.30 W/m.K to          0.18 W/m.K by increasing the grain size. 

This 40% reduction also could be due to the decreasing porosity of composites 

for larger grain sizes. This shows a compromise between the thermal 

conductivity and TCR. 
 

 Table 1. Silica gels size range and the composition of samples 

 

 

4. CONCLUSIONS 
The thermal contact resistance of four sorbent composites with 

various grain sizes was measured using a custom-built thermal 

conductivity measuring test bed. The composites with larger grain 

sizes showed higher thermal contact resistance, 6.5% of the total 

resistance vs. 4.5% for smaller grain sizes when the sorbent 

thickness was 5 mm. The thermal conductivity of the samples 

varies from 0.19 to 0.3 W/m.K from composite with larger grain 

size to the smaller grain size. 
 

 

 

Samples Silica gel size range (  ) Silica gel 

(wt.%) 

Salt (CaCl2) 

(wt.%) 

Binder (PVP40) 

(wt.%) 

Thermal conductivity 

(W/m.K) 

Thermal contact 

resistance (K/W) 

SGC-01 SG-01: 45-60 55 30 15 0.30 2.1 

SGC-02 SG-02: 75-250 55 30 15 0.28 1.9 

SGC-03 SG-03: 250-500 55 30 15 0.21 2.6 

SGC-04 SG-04: 500-1,000 55 30 15 0.19 2.9 

Figure 1. Resistance network to measure 
the thermal contact resistance between the 

sorbents and NGS substrate 
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Figure 2. Thermal contact resistance shares (red) in 

the total resistance of the composite samples 

(sorbent thickness: 5 mm) 
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Abstract 

Adiabatic membrane-based sorber beds offer higher absorption rates than conventional sorber 

beds for absorption heat pump/chiller application. In this study, we propose two analytical 

solutions for the coupled heat and mass transfer in flat and hollow fiber membrane-based 

adiabatic sorber beds. The similarity solution and the Laplace transform method are used to 

develop the present analytical models. The proposed analytical models are validated with 

experimental data and numerical results available in the literature with an average relative 

difference of 12%. 

Keywords: absorber beds; sorption reactors; absorption chillers and heat pumps; analytical 

solution; heat and mass transfer; hollow fiber membrane; and membrane technology. 

1. Introduction 

Recently, membrane-based sorber beds have received immense attention, as they can 

improve the coefficient of performance (COP) and reduce the size of absorption chillers/heat 

pumps. Membrane-based sorber beds can be categorized into two types: i) isothermal membrane-

based sorber beds in which the solution film is continuously cooled or heated via a heat transfer 

fluid [1]; and ii) adiabatic membrane-based sorber beds in which the solution film is not cooled 

or heated via a heat transfer fluid during absorption process [2]. Isothermal membrane-based 

sorber beds have shown promising performance. While the adiabatic membrane-based sorber 

beds have exhibited comparable performance with their isoflux counterparts, they are more 

compact and less costly. Therefore, we focus on adiabatic membrane-based absorber beds. 

In this paper, we developed two new analytical closed-form solutions for heat and mass 

transfer in flat and hollow fiber membrane-based adiabatic sorber beds used in absorption 

chillers and heat pumps. To develop these models, two approaches are used: i) the similarity 

solution; and ii) the Laplace transform method. The models are validated with the numerical 

studies and experimental data available in the literature. 

2. Problem description 

Coupled heat and mass transfer in flat and hollow fiber membrane-based adiabatic sorber 

beds are investigated. LiBr-water is selected as the working fluid, which is the most common 

solution in absorption chillers/heat pumps; however, the results can be used for other 

refrigerants. As schematically showed in Fig. 1, in a flat membrane-based adiabatic sorber bed, 

the LiBr-water solution film is confined by a plate and a microporous/nanofiber membrane. 

However, in a hollow fiber membrane-based adiabatic sorber bed, the LiBr-water solution flows 

in hollow fiber membranes. The membrane is impermeable to the LiBr-water solution but allows 

water vapor to pass, resulting in vapor absorption or desorption at the membrane-solution 

interface.  
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(a) (b) 

Fig. 1. A schematic diagram of: (a) a flat membrane-based adiabatic sorber bed; and b) a hollow fiber membrane-

based (HFM) adiabatic sorber bed. 

3. Analytical solutions 

To develop the analytical models, the following assumptions are made: The solution film is 

laminar; the flow is hydrodynamically fully developed; linear estimation is used to find the 

pressure at the solution-membrane interface; the mean velocity is utilized; the thermo-physical 

properties of LiBr-water solution are constant; heat transfer from the film to the gaseous phase 

and membrane is negligible; inlet concentration and temperature distributions are uniform and 

constant; the absorbent is non-volatile; membrane temperature is constant; and desorption 

temperature should be less the boiling point of the solution (i.e. nearly 95˚C for aqueous LiBr). 

The developed closed-form solutions are shown in Table 1. 

Table 1. The proposed analytical solutions for the heat and mass transfer in flat and hollow fiber membrane-based 

adiabatic sorber beds. 
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 Inverse Laplace Transform (ILT) using the Stehfest method [3,4]  
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4. Model Validation 

Figure 2 shows a comparison between the present models against the numerical results of 

Venegas et al. [5] and the experimental data of García-Hernando et al. [6] and Hong et al. [7]. 

The minimum, average, and maximum relative differences between the proposed model and data 

from Refs. [5–7] are presented in Table 2. The proposed models follow the trend and show a 

good agreement with the data.  

  
(a) (b) 
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(c) (d) 

Fig. 2. The comparison between the results from the similarity solution method used for the flat membrane-based 

adiabatic absorber against: (a) the numerical result of Venegas et al. [5];  and  (b) the experimental data of García-

Hernando et al. [6]. Also, the comparison between the present Laplace transform model for the hollow fiber 

membrane-based (HFM) adiabatic desorber against: (c); and (d) the experimental data of  Hong et al. [7].  

Table 2. The minimum, average, and maximum relative difference between the present models compared to 

Refs. [5–7]. 

Study Min. relative 

difference (%) 

Averaged relative 

difference (%) 

Max. relative 

difference (%) 

Venegas et al. [5] Fig. 3 (a) 0 12.7 28.7 

García-Hernando et al. [6] Fig. 3 (b) 1.7 15.3 26.5 

Hong et al. [7] 
Fig. 3 (c) 2.2 12 29.1 

Fig. 3 (d) 5.3 7.9 12.4 

 

Conclusion  

This study proposed two analytical solutions for the coupled heat and mass transfer in flat and 

hollow fiber membrane-based adiabatic sorber beds for absorption heat pump/chiller application. 

The similarity solution and Laplace transform method were used to develop the analytical 

models. The presented analytical models were validated with experimental data and numerical 

results available in the literature with an average relative difference of 12%. 
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Abstract 

A new multi-label machine learning-based model is proposed for membrane-based absorbers 

used in absorption heat pumps and chillers. The model offers the accuracy of a numerical model 

with the computational efficiency of an analytical model. A comprehensive dataset, comprising 

of 100,000 data points, is generated using 2D numerical modeling. The dataset consists of 15 

input parameters, including operating conditions and geometrical parameters, and four output 

variables including absorption rate, outlet concentration, solution outlet temperature, and heat 

transfer fluid outlet temperature. Support Vector Regressor, Random Forest Regressor, and 

Decision Tree Regressor algorithms are used to develop the present model. The results of the 

proposed model are validated with the experimental data available in the literature, capturing the 

trend of the data with a relative difference of 15%. It is shown that the present machine learning-

based model can predict the four outputs with an accuracy of over 90%. 

Keywords: machine learning; absorption chillers and heat pumps; membrane-based absorber; 

heat and mass transfer; and membrane technology. 

1. Introduction 

Several studies have been conducted to analyze a membrane-based absorber’s performance 

using computational fluid dynamics (CFD) and other numerical methods [1–4]. These methods 

can produce detailed results; however, implementing such models incurs a high computational 

cost. Analytical models [5,6] offer efficient computation, but they may have limiting 

assumptions such as isothermal boundary condition at the heat exchanger wall. As such, they 

cannot consider the temperature lift and heat exchanger wall thickness.   

There are only a few studies on membrane-based absorbers that use machine learning, and 

they are generally for minimizing flow maldistribution in membrane-based absorbers [7], 

geometry optimization [8], or investigating the available ionic liquid absorbents for absorption 

heat pumps [9]. In this study, we propose a new multi-label machine learning-based model for 

membrane-based absorbers used in absorption chillers and heat pumps for the first time. A multi-

label machine learning model enables predicting more than one independent variable. A 

comprehensive dataset, comprising of 100,000 data points, is generated using our 2D numerical 

model, which was run on Compute Canada’s supercomputers, namely, Narval, Cedar, Graham, 

and Beluga [10]. x   

2. Problem description  

Coupled heat and mass transfer in membrane-based absorbers is numerically studied for two 

configurations: i) the single-sided configuration, where the absorption heat is transferred to the 

heat transfer fluid only from one side, shown in Fig. 1(a); and ii) the double-sided configuration, 
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in which the absorption heat is transferred to the heat transfer fluid from both sides, shown in 

Fig. 1(b). Lithium bromide-water is used as the solution, which is the most common absorbent in 

absorption chillers/heat pumps. The liquid solution is constrained by a microporous/nanofibrous 

membrane and a plate heat exchanger. The membrane is impermeable to the LiBr-water solution, 

while water vapor can traverse the membrane leading to water vapor absorption at the 

membrane-solution interface.  

  
(a) (b) 

 
Fig. 1. A schematic diagram of a membrane-based absorber over a heat exchanger. (a) the single-sided 

configuration; and (b) the double-sided configuration (symmetry boundary condition is applied). 

3. Model development 

The following governing equations for energy and species conservation can be derived for 

the advective transport in the flow direction    and diffusivity transport in the    direction for the 

solution domain: 

   

   

  
   

     

   
 

     

   

   

  
   

    

   
 

     

where,  ,   ,    and    are the solution’s temperature, thermal diffusivity, concentration, and 

mass diffusivity, respectively. Energy equations for the heat transfer fluid and heat exchanger 

wall can be written as follows: 

     

     

  
     

       

     
      

      

    
  

      

   
 

       

where     ,     , and     are the heat transfer fluid’s temperature, thermal diffusivity, and 

heat exchangers’ temperature, respectively. The Dusty-Gas model [11] is used to model the mass 

transfer through the membrane: 

                   
  

    
      

where,   ,   , and      are the membrane mass transfer coefficient, vapor pressure, and water 

vapor partial pressure at the membrane-solution interface, respectively. The governing equations 

should be solved simultaneously and iteratively. A finite difference method was used to solve the 

governing equations. The first and second derivatives of the parameters were discretized using a 

central difference method. Virtual nodes were considered to couple the boundary conditions to 
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the domain to maintain second-order accuracy. All the equations were solved iteratively until a 

residual of 10
-8

 was reached for each parameter. Thermophysical properties for the solution and 

the heat transfer fluid were calculated at each iteration, more details can be found in Ref [12]. 

Computations were performed on Compute Canada’s supercomputers, namely, Narval, Cedar, 

Graham, and Beluga [10]. 

 

4. Machine learning process 
 

4.1. Data description  

This study generated a dataset, comprising of 100,000 data, using our 2D numerical model 

for a membrane-based absorber. The dataset includes 15 features, which are the input parameters 

in a machine learning model, including operating conditions and geometrical parameters listed in 

Table 1. There are 4 labels, which are the selected output parameters of the model, including 

absorption rate, outlet concentration, solution outlet temperature, and heat transfer fluid outlet 

temperature. The range for the selected features has been picked to cover all practical operating 

conditions and geometrical parameters of an actual absorption setup available in the literature 

[13–15] to ensure usability of the present machine learning-based model.  

Table 1- The features’ ranges used for the current machine learning-based model. 

Feature name 
Feature 

type 
Feature range 

Available experimental 

range in the literature [13–

15] 

Absorber length        Numeric           

Solution thickness         Numeric                

Average solution velocity      
  

 
  Numeric             

Solution inlet temperature     
    Numeric              

Water inlet concentration     
        

           
 * Numeric                    

Heat transfer fluid inlet temperature       
    Numeric             

Vapor pressure          Numeric                       

Membrane porosity   Numeric               

Membrane pore diameter          Numeric              

Membrane thickness         Numeric                

Heat exchanger wall thickness          Numeric           

Heat transfer fluid thickness           Numeric                

Heat exchanger thermal conductivity      
 

   
  Numeric 

13-17 Stainless steel 
Both 

170-230 Aluminum  

Average heat transfer fluid velocity         
  

 
  Numeric 

                      
    

                         

Configuration Binary  
0 single-sided configuration  

Single-sided configuration 
1 double-sided configuration 

* Water concentration        where   is the solution concentration. 

4.2. Machine learning-based model development 

The Support Vector Regressor (SVR) [16], Random Forest Regressor (RFR) [17], and 

Decision Tree Regressor (DTR) [18] are implemented and combined to improve the model’s 

accuracy. 90% of the dataset is used for training, and 10% is used for testing. Figure 2 shows the 

predicted label versus the actual label based on the numerical modeling. The following can be 

observed: i) the absorption rate can be predicted with an accuracy of 90%; ii) the outlet 
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concentration can be predicted with an accuracy of 98%; and iii) the solution outlet temperature 

and heat transfer fluid outlet temperature can be predicted with an accuracy of ± 99.5%. 

  
(a) (b) 

  
(c) (d) 

Fig. 2.  The predicted label versus the actual label based on numerical modeling for the present labels. 

4.3.Validation with experimental data 

The machine learning model is validated with 

experimental data from Isfahani et al. [13,14]. As shown in 

Fig. 3, the present model can predict the experimental data, 

capturing data within a relative difference of 15%.  

Conclusion  

In this study, we proposed a multi-label machine learning-

based model for membrane-based absorbers used in 

absorption heat pumps and chillers for the first time. The 

generated dataset, comprising of 100,000 data, consists of 15 

input parameters, including operating conditions and 

geometrical parameters, and four output variables, i.e., the 
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Fig. 3.  Validation of the present machine learning 

based model with experimental data from Refs. 

[13,14].  
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absorption rate, outlet concentration, solution outlet temperature, and heat transfer fluid outlet 

temperature. The results of the machine learning-based model were validated with experimental 

data.  

Supplementary data 

The present machine learning model and dataset are shared on GitHub, enabling prospective 

readers to perform real-time absorber control, optimization, and design in an accurate, time-

efficient manner. 
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Abstract  

Salt hydrates using as thermochemical heat storage materials are attracting increasing 

interests because of the high storage energy density and low cost. In this research, novel 

materials SrBr2/MIL-101(Cr) as “composite salt inside porous matrix” (CSPM) has been 

prepared by the post synthesis methods in solution with excellent pore volume and specific 

surface area properties. By cycling desorption and adsorption of water vapour, the obtained 

composites can store and release heat under low temperature.  The pore structure within MIL-

101(Cr) enables high salt loading inside the pores. The interactions between the salt and 

matrix enhance the sorption capacities significantly to 0.54 g/g. The composites show good 

cycling stability under cycling test and achieve good thermal energy storage capacities (1526 

J/g). This work presents novel strategy to develop TCES materials with high energy storage 

capacities as well as excellent water sorption dynamics, providing the inspiration for the 

design of the sorption heat storage materials.  

Keywords: Thermochemical energy storage, Composite salt inside porous matrix (CSPM), 

Strontium bromide, Metal-organic framework (MOF). 

Introduction/Background 

Effective energy storage technologies, aiming at the Net Zero emissions target, is required for 

heat accumulation systems to utilize curtailed renewable energy. These systems will balance 

the energy demand and supply, and thus guarantee the stable and continuous use of energy, as 

well as enhance the utilization efficiency of solar energy [1, 2].  

Thermal energy storage has an increasingly effect on the development of renewable and 

sustainable energy [3]. Among various storage methods, thermochemical heat storage (THS) 

systems based on water sorption, have demonstrated relatively high energy density and 

environmentally friendly features [4, 5]. Salt hydrate is one of common material for water-

sorption based THS. It holds great promises because of their ease reaction and availability.  

By cycling desorption and adsorption of water vapour, salt hydrates can store and release heat 

with chemisorption reaction under low temperature. Although some investigations of salt 

hydrates have been made in THS, there are still some challenges, such as low adsorption 

capacity and deliquescence, hinder effectiveness of applications [6].  

Recently, there is a strategy, namely ‘composite salt inside porous matrix’ (CSPM), improved 

the adsorption performance of THS systems by impregnating salt in porous materials [7]. The 

salt hydrates inside act as active ingredients with energy density, whereas the host matrix 

could ameliorate the heat and mass transfer of TCMs. The materials commonly used are 

silica gels, activated alumina, zeolites, expanded vermiculites [8-10]. Currently, ordered 

porous hybrid materials like Metal Organic Framework (MOFs) have attracted attentions as 

matrix MOFs are of great potential for thermochemical heat storage systems because of their 

large diversity in porosity and surface chemistry properties[11, 12]. Large pore volume would 
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allow higher salt loading rate and the high specific surface would facilitate the processes of 

heat transfer. MIL-101(Cr) is a very promising candidate with high water uptakes (> 1.0 g/g), 

accompanied by an extraordinary water stability and the desired S-shape adsorption isotherm 

[13-15]. However, it shows low vapour adsorption capacity at low relative pressure and slow 

water adsorption process because of micropore structures. 

Herein, we developed a CSPM combining SrBr2 with MIL-101(Cr) to improve the water 

sorption properties, so to enhance the whole heat storage performance. Salt solution with 

different ratios (from 10% to 40%) were used to prepare the composites. The ratio would 

affect the salt content in CSPM, morphology, pore features, water sorption and heat storage 

performance. The contribution and interaction of each component to the water uptake 

capacity and sorption dynamics will be investigated, and the optimal ratios of the salt and 

matrix were chosen. The proposed composites SrBr2 in the MIL-101(Cr) provide a feasible 

way to realise the thermochemical energy storage with high water sorption capacity and fast 

dynamics in low temperature, which can also inspire the new researches about CSPM. 

Discussion and Results 

Nitrogen (N2) adsorption isotherms of pure MIL-101(Cr) and composites are used to study the 

specific surface area and pore volume, important properties to evaluate porous materials. The 

result of MIL-101(Cr) shows a relatively high specific surface area (3222.147 m
2
/g) and high 

pore volume (1.657 cm
3
/g), enabling the more sorption sites inside the matrix and more space to 

combine with salt. From 10% to 40%, the pore volume decreases gradually for SrBr2/MIL-

101(Cr): from 1.252 cm
3
/g to 0.365 cm

3
/g, confirming the higher loading salt inside the pores 

(Figure 1a).  

Additionally, hydration dynamics is also a key parameter to evaluate the water-sorption based 

heat storage performance. The water uptake amount is recorded as a function of time and the 

water sorption dynamics is assessed at 30 °C 50% RH (Figure 1b). In order to figure out the 

promising candidate composite which can achieve high water sorption and fast dynamics, the 

water sorption processes within 120 minutes are discussed here. Composite with different ratio 

reaches a relatively stable state within short time. The sample 20% shows higher water uptake 

amount (0.54 g/g) than other samples. The decrease of water sorption for higher salt contents 

can be ascribed to the extra salt deposited on the outer surface of MIL-101(Cr) in the high 

content samples, blocking the pore area and inhibiting the water sorption processes.  

 

Figure 1 a: Pore distribution of matrix and different composites; b: water sorption dynamics 

of SrBr2/MIL-101(Cr) at 50% RH. 
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The water uptake isotherms of the pure MIL-101(Cr) with composites were compared to 

thoroughly study the water sorption/desorption performance at different water pressures. As 

shown in Figure 2a, the water sorption isotherm of MIL-101(Cr) exhibits an S-shape curve (type 

V). As for the water sorption time, it takes relatively long time to reach equilibrium at both 

adsorption and desorption processes for MIL-101(Cr) at different water pressure, especially at 

high water pressure region. The isotherm shows that the pure MIL-101(Cr) has a high water 

uptake capacity at high water pressure above 40% (p/p0) as well as slow water sorption 

processes, which can be ascribed to its high surface area and micropore structures. Compared 

with pure MIL-101(Cr), SrBr2/MIL-101(Cr) shows different water sorption isotherms (Figure 

2b), which is a classic type II isotherm. The initial increase of the water uptake and the followed-

up increase come from the monolayer and multilayer interactions respectively. This isotherm 

confirms the performance of the different types of water sorption together. The final water 

uptake can be the collective effects of three parts: the left micropores inside MIL-101(Cr) 

without salts which can adsorb water molecules physically, the interface interactions of the 

surface layer between MIL-101(Cr) and the salt SrBr2, and the monolayer pure salt parts which 

can react with molecules. The introduction of the salt content SrBr2 enhance the water sorption 

dynamics, promoting the water uptake performance of the whole composites. 

 

Figure 2 Water vapour sorption/desorption isotherms at 30 °C (a: MIL-101(Cr); b: 20% 

SrBr2/MIL-101(Cr). 

Summary/Conclusions  

In summary, we synthesized a thermochemical energy storage material SrBr2/MIL-101(Cr) with 

high salt loadings inside the matrix, which attributes to the optimised post synthesis methods in 

solution and outstanding pore structures of MIL-101(Cr). The composite has a high water uptake 

capacity (0.54 g/g) compared with pure SrBr2. However, the overloading salts would stack on 

the surface and block the pores, leading to lower water sorption when the salts contents 

become too high. The dynamics tests reveal that the water sorption capacities are composed of 

three parts: the chemical reactions of the salts, the physical sorption of MIL-101(Cr) and the 

interface interactions between the salts and matrix. The composite also exhibits good energy 

storage capacities (1526 J/g), enabling good potential for thermochemical heat storage 

applications. 
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Abstract 

In order to decarbonize energy systems, there is an increasing penetration of non-dispatchable 
renewable energy sources. In the context of island energy systems, such as offshore oil and gas 
platforms or ships, there is a need for combined cycle power plants with low emissions, that 
provide flexible power demands at multiple time scales and that are reliable. This can help in 
providing variation management to the energy system. Unconventional thermal power 
generation systems are required for implementation in weight and volume constrained 
environments. This includes compact combined cycles. There is a need for frameworks capable 
of addressing several aspects of process design and operation. In this work, we present a 
framework for unconventional thermal power plants design, and for off-design and transient 
modelling. We illustrate an application of the framework where an existing offshore combined 
cycle power plant is modelled. An OTSG steady-state process model is validated with three 
steady-state performance data points from the real system, and a dynamic system model of the 
combined cycle is developed with real reference plant data, and inputs from the design part of 
the framework. 

Keywords: Combined cycle, dynamic simulations, once-through steam generator, off-design 
and transients. 

Introduction/Background 

The increased penetration of non-dispatchable renewable energy sources, together with an 
increased need for reliability in energy systems, requires thermal power plants to provide 
variation management services. This often translates into thermal power plants being operated 
in flexible mode, or being designed to provide flexible heat and/or power outputs to 
accommodate varying demands [1]. In fossil fuelled thermal power plants, there is also a need 
for higher energy efficiency and reduced fuel consumption. Traditionally, this has led to highly 
efficient thermal power plants designs, with focus on cost-minimization in operation. However, 
providing variation management might also imply challenges for steam-based thermal power 
plant operation. New design requirements include high product flexibility (large span of 
operational loads), fast transitions from one operating load to another, and quick and reliable 
hot start-up capabilities. From that perspective, for design and operation of thermal power 
plants, there is an increasing need to address both off-design (energy efficiency and emissions) 
and dynamic conditions (controllability, transients, and discrete events such as start- up and 
shut-down), while reducing greenhouse gas emissions [2]. In some energy systems, such as a 
power unit for an offshore oil and gas platform, there are limited weight budgets for equipment 
and process systems implementation [3]. This is especially important in brownfield 
applications. The result is a need for power plants that are compact in terms of both volume 
and footprint, as well as weight. This also applies to FPSOs (Floating, Storage and Offloading) 
platforms. An FPSO is an alternative to offshore platforms that can lead to advantages. This 
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includes the possibility to operate petroleum maritime fields located in remote areas. Another 
possible application is in combined cycles in large cargo ships. Therefore, frameworks to assess 
in a systematic way, concepts for compact steam bottoming cycle designs can help de-risk and 
accelerate its implementation.  
The aim of this work is to present a framework for optimal process and control structure design 
of power plants. The framework includes steady-state and dynamic models. It is an advanced 
framework that allows to understand interactions between a physical system (reference plant) 
and the implemented controls, for design and operation of innovative compact and low weight 
steam bottoming cycles. The framework can also allow addressing of design and operation 
aspects of process flexibility, even before the system is build, or improve operation of existing 
systems. In this work, the framework is applied with a case application of an existing offshore 
combined cycle. 

Methodology 

The framework presented in this work combines three "advanced" areas of model-based 
systems engineering:  process design optimization, dynamic modelling, and control strategies. 
The main elements of the framework are illustrated in Figure 1. 
 

 
A typical challenge in weight constrained environments is to design bottoming cycles with 
sufficient compactness. This requires process optimization models that are flexible in terms 
process configuration (process synthesis) and combined thermodynamic and heat exchanger 
design optimization [4]. In addition, when using steam as working fluid, the most heavy and 
unconventional component of the system is the waste heat recovery unit. Process design 
optimization and steady-state off-design models of the combined cycle and once-through steam 
generator (OTSG) system are thus key pillars of the framework.  
 
The bottoming cycle design optimization model applies geometry-based correlations for the 
heat exchanger and constant efficiency models for the turbomachinery and uses provided heat 
exchanger geometry information and cycle state points to compute the bottoming cycle net 

Process design 
optimization 

Process configuration 

OTSG waste heat recovery 

Thermodynamic and Heat exchanger 
optimization 

Dynamic modelling 

Physical models 

System models 

Modelica/Dymola 

Control Strategies 
Supervisory and regulatory 

control 
Model based control 

Model Predictive Control 

Figure 1: Main elements of the framework for physics-based modelling and simulation of 
combined cycle power plants in weight and volume constraint environments.  
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power and the size and weight of heat exchanger. Details have been previously presented in 
the work by Montañés et al. [5].  The design optimization of the once-through steam generation 
in this framework utilizes the NLPQL gradient-based optimization algorithm [6]. 
An additional challenge is related to the OTSG dynamic operation and process dynamics. The 
once-through steam generator response, and subsequent steam quality response, is very 
sensitive to gas turbine load changes due to the thermal inertia. This makes it important to 
understand the dynamics and control of an OTSG in operation. The impact of the OTSG 
operational dynamics on the overall performance of the combined cycle system is therefore 
included using physics-based combined cycle system models, developed in the Modelica 
language based on commercially available libraries. Studying the system using dynamic 
models in this way is useful for optimization of control, such as PID tuning or model-predictive 
control design, as well as for understanding interactions between the implemented controls and 
the physical system. This also allows implementing supervisory and regulatory control layers 
of both existing or new systems [7].  
In this work, the framework is applied to an existing offshore platform reference system, with 
the focus on the interface between the process design optimization models, and in particular, 
the OTSG steady-state model and the dynamic models. In this paper, the OTSG steady-state 
models and their validation and the dynamic model of the system is presented, with illustrative 
results under load changes.  

Steady-state modelling of the once-through steam generator 

The most complex and unconventional component in this type of systems is the OTSG. This is 
a heat exchanger unit capable of producing superheated steam from cold feedwater in a single 
heat source cooling process. Although it internally can consist of different sections emulating 
the traditional economizer, evaporator, and superheater units, it must be treated as a single unit 
with only the inlet and outlet streams normally available for measurements and control. Thus, 
while the OTSG model presented here consisted of three heat exchangers with distinct 
geometries, they were solved together as if they were one.  
The model is built using an optimization framework designed for flexible simulation of 
different heat exchanger geometries [8], and the particular method used for the OTSG has been 
described in detail by Montañés et al. [5]. It consists of three interlinked cross-flow finned tube 
bundles, each with individual fin and tube geometries and circuit configuration. The model was 
discretized in two dimensions, namely the directions of flow for both gas and water. Effects of 
maldistribution of exhaust gas was thus not considered. The OTSG duty was solved for by 
integrating the transferred heat between the flue gas and the water/steam side and the pressure 
drop for both streams using local thermophysical properties along the circuits. A 4’th order 
Runge-Kutta scheme was used in this integration, while the system was solved using the 
NLPQL gradient-based algorithm [6]. For this particular model, the water/steam side was 
integrated backwards from a known temperature and pressure for the generated steam and 
solved for the feed water flow rate in an outer iteration loop.  
The thermodynamic properties of the exhaust gas was modelled using the Peng-Robinson 
equation of state [9], while ESCOA-based correlations as implemented by Ganapathy [10] were 
used for gas side heat transfer and pressure drop. On the water/steam side, in-house reference 
tables were used for thermodynamic properties, while heat transfer was modelled using the 
Gnielinski correlation [11] in the single-phase regions and the Bennett-Chen correlation [12] 
in the two-phase region.  
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Dynamic modelling of the steam cycle 

Dynamic process modelling and simulation of thermal power generation is a modelling 
paradigm that has received increased attention in recent years and has proliferated in the 
literature [13]. Dynamic modelling allows to describe the transient behaviour and response of 
a continuous process [14]. The applications of these models are multiple, such as conducting 
optimization of control, including control structure design and virtual tuning of controllers 
[15,16], exploring model-based control concepts [7], and as reference models for testing model 
predictive control strategies [17]. The models also allow to conduct "what-if" studies, such as 
sudden start-stop of a process [18]. The dynamic models in this work are based on physical 
principles and semi-empirical correlations [13]. They are written using the Modelica modelling 
language in the Dymola software [19], which is an stablished modelling approach for dynamic 
modelling of thermal power plants [20]. The individual components were for this work 
modelled using the commercial ThermalPower library by Modelon [21]. They were set up to 
use case-specific input such as geometry as well as nominal values for flow conditions and 
process efficiencies as detailed in the following sections.  

Gas turbine quasi-static models 

Gas turbine closed-loop dynamics are an order of magnitude faster (10 s) than that of steam 
cycles (102 s) [5,22]. Therefore, it is common in dynamic modelling and simulation of thermal 
power plants to model gas turbines as quasi-static processes. In this work, a look-up table 
approach to gas turbine modelling is applied, as presented in [23]. The main input is the gas 
turbine load set-point, while the main outputs are power output, mass flow rate, temperature, 
and exhaust gas composition. The granularity of the model depends on the input data to the 
look-up table. The data can be available from validated steady-state off-design or dynamic 
model from a software simulations or vendor data.   

OTSG dynamic model 

A dynamic process  model of the OTSG was developed using recuperator models from the 
ThermalPower library [21]. It consisted of three one-dimensional (1D) dynamic heat exchanger 
models in a counterflow configuration, as detailed by Montañés et al. [5]. Internal and external 
heat transfer and total heat exchanger (HX) mass was calculated from the input geometry. The 
geometry supplied included outer dimensions, passes, shell geometry, and fin geometry. In 
addition, the wall material properties for tubes and fins were introduced as inputs to the 
dynamic model. In this work, the input geometries to the dynamic model were implemented 
based on designs obtained from results of the steady-state bottoming cycle design optimization. 
A soft link based on modelling records from the steady-state model to the dynamic model was 
implemented for fast model parametrization. 

Steam cycle dynamic models 

A steam turbine model based on Stodola's Law of the Ellipse [24] was used, which predicts 
off-design mass flow rate based on nominal values for pressure, backpressure, flow rate and 
density. Shaft power and outlet enthalpy were calculated using a constant isentropic efficiency. 
A simple generator component used the shaft power to predict power output of the cycle, which 
could be used for tuning in a case study. 
The condenser was modelled as a tube-in-shell heat exchanger, including an internal volume 
with a hot well for steam and condensate inventory. A geometry-based heat transfer correlation 
for film condensation on horizontal tubes based on the works of Fujii et al. [25] was chosen. A 
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simplified water treatment system was also included, modelled as a mixing volume with a 
specifiable pressure drop, providing condensate to a deaerator. The component used for the 
latter was a tank volume kept in two-phase equilibrium and served as the main water inventory 
for the cycle. As such, excess steam cooled with feedwater was added as a secondary inlet 
stream. 
Two pumps were modelled as part of the cycle, one for condensate from the condenser to the 
polisher, and one for treated feedwater from the deaerator to the steam generators. Both pumps 
give off-design flow rate and pressure lift from nominal values for density, pressure head and 
volume flow, as well as a constant rotational speed. Tuning of the pressure head was done 
adding a set hydrostatic pressure component before the pump inlet. 

Controller blocks 

Thermal power plant systems require the implementation of control structures. In dynamic 
modelling and simulation, it is common to implement the regulatory control (fast time scale 
with purpose of stabilizing) and supervisory (slow time scale, with purpose of seeking for 
optimal performance). The safety and ancillary controllers are usually disregarded. In this 
work, regulatory control layers are implemented by means of controller blocks and available 
PID controllers in Modelica Standard Library [26] and ThermalPower Library [21]. 

Case study: combined cycle in offshore oil and gas platform 

The framework was applied to an existing combined cycle installed on an offshore platform. 
In this environment, on-site power production is critical for operation, and constraints on 
volume and weight are generally very strict compared to onshore sites.  
Process and Instrumentation Diagrams (P&IDs) from the manufacturer were available for the 
steam cycle, which provided nominal values for the fluid between all components, except 
between the turbine and the condenser. Here, nominal duty values of the two components were 
used instead. Outer geometry data was available for the condenser and deaerator components, 
but nominal filling levels and condenser tube layout were not, and were instead tuned to provide 
the known outlet conditions. Hydrostatic pressure components were also added to satisfy the 
inlet conditions of the pumps. 
A schematic of the steam cycle as implemented in Dymola is shown in Figure 2, with the 
OTSGs sub-model shown in Figure 3. Only details considered common or industry standard 
are shown. Horizontal shading indicates a component with volume used for water inventory, 
while diagonally shaded components are smaller mixing volumes. Dashed lines are used to 
indicate control structure. Orifice components were used to represent pressure drop over minor 
water treatment steps not included in the model. The regulatory control and supervisory control 
main control loop pairing of the steam cycle are described in Table 1. We work with the 
assumption that live steam pressure sliding control is implemented. The PIC controllers were 
tuned using the SIMC tuning rules [27].  
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Table 1: Regulatory control and supervisory control of steam cycle. 
 
Manipulated variable Controlled variable  Type of controller and 

function 
Condensate valve 
opening  

VC Condenser water 
level 

LC Feedback PI for condenser 
inventory control 

Make-up water valve 
opening 

VM Deareator water 
level

LD Feedback PI for system 
inventory control 

Turbine valve 
opening  

VT Turbine inlet 
pressure 

PT Unused, test case uses sliding 
pressure

Deaerator steam 
valve opening  

VDS Deaerator 
pressure 

PD Feedback PI for deaerator 
pressure control 

Deaerator feedwater 
valve opening  

VDF Deaerator steam 
inlet temperature 

TD Feedback PI for deaerator inlet 
water attemperation 

OTSG A flow rate 
set point 

FS,A Live steam 
temperature

TOA Feedback PI for OTSGA steam 
temperature cascade control 

OTSG B flow rate 
set point 

FS,B Live steam 
temperature

TOB Feedback PI for OTSGB steam 
temperature cascade control

OTSG A valve 
opening  

VOA Feedwater flow 
rate 

FA Feedback PI for live steam 
temperature control OTSGA

OTSG B valve 
opening  

VOB Feedwater flow 
rate 

FB Feedback PI for live steam 
temperature control OTSGB

Attemperator A 
valve opening  

VAA Live steam 
temperature 

TAA Feedback PI for live steam 
temperature attemperation

Attemperator B 
valve opening  

VAB Live steam 
temperature 

TAB Feedback PI for live steam 
temperature attemperation

 

Figure 2: Schematic of the steam cycle as implemented in the dynamic model. 
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For the steady-state OTSG model, all geometry specifications were known for each section. 
Historical measurement data from three occasions was available for validation. This included 
temperatures at inlet and outlet for both fluids, pressures at flue gas inlet, feedwater inlet and 
steam outlet, and flow rate at both fluid inlets. Reference data for validation has been provided 
by the power plant operator. The data utilized in this work is different steady-state operating 
points of the OTSG systems. The feedwater flow-rate was reported as both measured and 
corrected, while the flue gas flow rate was calculated from other measurements, assuming 
constant heat capacity. 

Simulations 

The framework application focus in this paper is on OTSG steady-state process model 
validation and dynamic system model development. 
The simulations in this work include:  

 Model validation of the steady-state operation data from the OTSG reference system. 
Reference data is normalized. 

 Preliminary results of transient performance of the entire combined cycle operation 
for a step change of -20% over 5 seconds, both gas turbines changing load and 
starting from same initial operating point of 70% GT load. 

Discussion and Results 

The steady-state OTSG model was validated against the historical data on duty and steam 
production rate. Simulations were done using two different values for the flue gas flow rate: 
The reported values originally calculated assuming a constant heat capacity, and newly 
calculated values using a variable heat capacity derived from the Peng-Robinson equation of 
state. This equated to a 5% reduction in flue gas flow rate. 
Compared to the three sets of historical data, the model overpredicted the heat transfer duty by 
3.89%, 8.96% and 3.70%. When using the reduced 95% flue gas flow rate, this was reduced to 
an underprediction of -0.85 %, -2.23 %, and -0.89 %, respectively. A similar trend was 
observed for the steam production rate as shown in Figure 4. Here, the prediction results for 

Figure 3: Schematic of the OTSG dynamic sub-model. 
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both cases are compared to the historical values, which were reported as both "measured" and 
"corrected". The best fit is observed between the measured data and the predictions using 
reduced flue gas flow rate. 
 

The dynamic model was tested using a gas turbine load ramp of -20 % over 5 seconds. Figure 
5 shows the response time and eventual new steady-state values of selected parameters relative 
to 70 % gas turbine load: Flow rate, pressure and temperature of the produced steam, as well 
as power production of the gas turbines, steam cycle and the entire combined cycle. The 
temperature is normalized with Celsius as its unit. 
The results in Figure 5 show that the dynamic process model can produce stable initial and 
final steady-state conditions for the key process output trajectories and variables plotted. The 
controller tuning is essential for the response of the system. For the level controllers of 
condenser and deareator a smooth controller tuning was chosen to avoid oscillations. The most 
challenging control loop is the cascade controlling the live steam temperature of the OTSG 
(Figure 3). A trade-off between fast disturbance rejection and avoidance of oscillation of the 
system must be found. With the current tuning the live steam temperature initially reduces 19 
℃. Moreover, in the recovery to the set point small oscillation of the live steam temperature is 
present, but overshooting is avoided. The power production at the steam turbine reduces by 
about 18% and the new steady-state is reached after about 20 minutes. In the current model 
power control that regulates the gas turbines is not implemented. In future it will be interesting 
to explore if a reaction of the gas turbine to the small oscillation of the steam turbine power 
production has a negative impact on the current system and if retuning of controllers will be 
necessary.  

Figure 4: Comparison of predicted and reported steam production rates.  
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Figure 5: Predicted changes in power output and steam conditions at turbine inlet in 

response to sudden gas turbine load change, with the system dynamic model.  

Conclusion 

This work presents a framework for optimal process and control structure design of thermal 
power plants in weight and volume constraint environments. The framework includes 
interaction between physical steady-state and dynamic models to study combined cycle power 
plants. It allows greater understanding of interactions between a physical system (reference 
plant) and its implemented controls, applied for design and operation of innovative compact 
and low weight steam bottoming cycles.  
In this work, the framework is applied to a case study of an offshore combined cycle, with 
manufacturer specifications and historical measurement data available. The validation of the 
steady-state OTSG model shows good agreement with recorded data. The results from the 
dynamic model show good capabilities to represent process dynamics, illustrated in this work 
for a sudden load change. However, further work should explore the verification of the dynamic 
process model with steady-state operational data at different steady-points. Furthermore, 
further control structures can be implemented including power control, feedforward control for 
the live steam temperature of the OTSG and attemperator control loops. 
Moeover, the framework should be used in addressing operational flexibility, either in the 
design of a new system, or to improve the operation of existing systems. It will be expanded to 
incorporate surrogate modelling of key components to allow for more advanced control 
structure configurations, including model predictive control.  
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Abstract

Grey Box models provide an important approach for control analysis in the Heating, Ventilation
and Air Conditioning (HVAC) sector. Grey Box models consist of physical models where
parameters are estimated from data. Due to the vast amount of component models that can
be found in literature, the question arises, which component models perform best on a given
system or dataset? This question is investigated systematically using a test case system with
real operational data. The test case system consists of a HVAC system containing an energy
recovery unit (ER), a heating coil (HC) and a cooling coil (CC). For each component, several
suitable model variants from the literature are adapted appropriately and implemented. Four
model variants are implemented for the ER and five model variants each for the HC and CC.
Further, three global optimization algorithms and four local optimization algorithms to solve
the nonlinear least squares system identification are implemented, leading to a total of 700
combinations. The comparison of all variants shows that the global optimization algorithms do
not provide significantly better solutions. Their runtimes are significantly higher. Analysis of
the models shows a dependency of the model accuracy on the number of total parameters.

Keywords: Grey Box, Modeling, HVAC, Model selection

Introduction

Figure 1. Scheme of the Model Selection

Grey Box modeling of Heating, Ventilation and Air Conditioning (HVAC) systems is used for
control analysis and set point optimization [1, 2] and, therefore, provides an important pillar
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for efficient system operation. Grey Box models are created by formulating physical (White
Box) models and estimating unknown parameters from recorded data of the real system. This
parameter estimation is done through nonlinear optimization, e.g., nonlinear least squares [3].
In contrast to Black Box models (also known as data-driven models) and White Box mod-
els, being the other common modeling approaches, Grey Box models are reported to have the
following benefits [4, 1]:

• usually better generalization capability than Black Box models;
• lower data quality necessary than Black Box models;
• better accuracy possible than White Box models.

In literature, examples for the modeling of HVAC systems with the Grey Box approach can be
found and will be outlined in the following.

Afram and Janabi-Sharifi [4] and Afroz et al. [1] review modelling methods in HVAC sector.
As part of their analysis, they present common component models. Also, Okochi and Yao [5]
present a review of variable-air-volume air-conditioning systems, which also includes compo-
nent models.
Ghiaus, Chicinas, and Inard [6] performed a Grey Box identification of elements of ventilation
systems. Here, the system consists of two electric heating coils (one for preheating and one
for heating), a cooling coil, and an evaporator for air humidification. The relative humidity and
the temperature of the supply air are controlled. The system is divided into small Single Input
Single Output (SISO) elements, which are identified independently. A damped Gauss-Newton
algorithm is used to identify the Grey Box parameters.
Koehler et al. [7] create a simple Grey Box model of a ventilation system for use in model
predictive control.
Very detailed modeling of an entire HVAC system of a prototype residential building using the
Grey Box approach is presented by Afram and Janabi-Sharifi [8]. Among the components con-
sidered is the ventilation system with heat recovery and cooling coil. Nonlinear least squares
optimization is used to find the parameters of the models.

Systems under consideration generally consist of the same principal components including
heating coils (HC), cooling coils (CC), mixing boxes (MB), energy recovery units (ER), hu-
midifiers, ductwork, dampers and valves. Further, components of the energy supply side like
heat pumps, buffer tanks and cooling towers as well as the building zones are commonly mod-
eled.

Very little justification is given on how each model type is selected for each component, espe-
cially, as there is a great variety of model variants. Particularly for the heat exchanger modeling
of ER, HC and CC units, several variations can be found and shall shortly be presented. Com-
mon steady state models are based on the so-called Number of Transfer Unit (NTU) approach
[9]. Modeling examples can be found in [10, 5, 1] and it is also used in the simulation software
TRNSYS® [11] as a simplified model. There, either a constant effectiveness ϵ or a correlation,
to determine the effectiveness, is used. Various correlations for different heat exchangers exist,
basic correlations can be found in [9], and advanced correlations for air-coils can be found for
example in [12]. Dynamic models, mapping time-dependent or capacitive effects, are com-
monly used for control analysis. Chen and Treado [13] use a model which includes a time
constant into the NTU approach, making it dynamic. Other models use simple energy balances
over the heat exchanger, either using one thermal mass (for example presented in [14]) or two
thermal masses (used by [8]). Those models generally map heat transfer in a simplified manner.

When it comes to a real system, the question one is confronted with is: Which of the given
models performs best for the given system and dataset? To do a systematic evaluation, we
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Figure 2. Scheme of the showcase ventilation system. The symbols represent the following: ER
- Energy Recovery, HC - Heating Coil, CC - Cooling Coil, sa - supply air, ea - exhaust air, i - in, o -
out, s - supply, r - return, bp - bypass and u - control signal

propose a grid search model selection, where suitable models are compared with each other.
We present the approach based on a showcase system using real operational data with limited
sensor and data availability. The principal methodology can be seen in Figure 1. Suitable
model variants are selected representing the above-stated different heat exchanger formulations.
Four variants for the ER, five variants of the HC and five variants of the CC are implemented,
resulting in a total of 100 model combinations. Furthermore, a comparison of seven different
optimization algorithms for system identification (solving the nonlinear least squares problem)
is presented on all model variants, leading to a total of 700 combinations evaluated.

Methods

At first, a short description on how the overall grid search is performed on the given system is
presented. Then all model variants are presented in detail, starting with general heat exchanger
models, followed by the description of the particular component models that are based on the
general heat exchanger models. Eventually, the system identification using the nonlinear least
squares is described.

The system, subject of this project, is a ventilation system of a salesroom, where several months
of recorded operating data is available. It is depicted in Figure 2. Modeling in this particular
case is done, to create a test field to improve the temperature controller for the conditioned
air. The components that need to be modeled are the ER, the HC, and the CC. The two fans
are not modeled as they provide constant airflow, and, are irrelevant for the controller analysis.
Therefore, all components are heat exchangers in different configurations. For each component,
several models were identified from the literature and are adapted, to be applied to this system.

The project is implemented in Python as it provides good capabilities in data preprocessing,
data analysis and optimization. In general, the system identification process developed in this
project consists of three steps:

1. A combination of component models is selected.
2. An optimization algorithm is selected.
3. The model parameters are optimized (identified) by solving the nonlinear least squares

problem with the chosen optimization algorithm.
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Component models will be presented, starting with principal heat exchanger models, which
provide the basis of the components modeled

A simplified model using the so-called effectiveness - NTU method [9] is, for example, used
for modeling by Schito [10], Okochi and Yao [5], and Afroz et al. [1], and is also used in the
simulation software TRNSYS® [11] as a simplified heat exchanger model. The basis of the
method is that a fraction, ϵ, of the maximum transferable heat flow is transferred from the hot
fluid to the cold fluid. In theory, the maximum transferable heat flow is obtained in a counter-
flow heat exchanger of infinite length. Here, the temperature of the fluid with the smaller heat
capacity would take on the input temperature of the fluid with the larger heat capacity [9]. The
heat capacity flows Ċ of each fluid 1 and 2 of the heat exchanger are calculated by Ċ1 = cp1ṁ1

and Ċ2 = cp2ṁ2, where cpn denotes the specific heat capacity and ṁn denotes the mass flow of
fluid n. With Ċmax = max(Ċ1, Ċ2) and Ċmin = min(Ċ1, Ċ2), the maximum transferable heat
can be calculated by

Q̇max = Ċmin(T1i − T2i). (1)

The temperatures at the outputs are then given by

T1o = T1i +
ϵQ̇max

ṁ1cp1
and (2)

T2o = T2i −
ϵQ̇max

ṁ2cp2
, (3)

where indices i and o refer to in and out. Due to [9], the effectiveness ϵ can be calculated as
an analytical expression for all heat exchanger types as a function ϵ = f (NTU,Cr). Here,
Cr =

Ċmin

Ċmax
and the NTU is a dimensionless ratio widely used in heat exchanger analysis. It is

defined according to [9] as NTU = UA
Ċmin

, where U is the heat transfer coefficient in W/K and A

is the area in m2 of the heat exchanger. Many ϵ correlations for common heat exchanger types
can be found in the literature. For the ER, the following correlation is implemented according
to [9], assuming that the heat exchanger is a cross-flow type:

ϵ = 1− e
1
Cr

(NTU)0.22
(
e−Cr(NTU)0.78−1

)
. (4)

Detailed ϵ correlations for air coils can be found in [12], for example. However, here we
implement an ϵ-correlation for counter flow heat exchangers for the HC and the CC according
to [9], as a general assumption, as the exact design of the coil is unknown:

ϵ =
1− e−NTU(1−Cr)

1− Cre−NTU(1−Cr)
for Cr < 1 (5)

ϵ =
NTU

1 +NTU
for Cr = 1. (6)

However, this NTU method only maps the steady state. Chen and Treado [13] use a heating
coil model, that is also based on the ϵ − NTU method, but models the capacitive dynamics
of the coil. In the following, this variant will be referred to as NTU Dyn. Here, the equilib-
rium temperatures are also calculated according to equation (2) and (3). Whereby the dynamic
temperatures are additionally calculated by

dT1o,dyn

dt
=

T1o − T1o,dyn

τ
and (7)

dT2o,dyn

dt
=

T2o − T2o,dyn

τ
. (8)
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According to Chen and Treado, the time constant τ is composed of a capacitive term τc and a
“flush time” τx as τ = 1

τ−1
c +τ−1

x
. In this paper, however, τ is identified as a single parameter in

the system identification.

Another modeling approach is for example used by [14], which will be referred to as UA1C-
method hereafter. The heat exchanger is modeled using a single energy balance as follows:

dT1o

dt
=

1

C
[ṁ2cp2(T2i − T2o) + UA(Tenv − T1o)− ṁ1cp1(T1i − T1o)] . (9)

Where Tenv is the environment temperature. If the heat exchange with the environment
UA(Tenv − T1o) is neglected, Equation (9) becomes

C
dT1o

dt
= ṁ2cp2(T2i − T2o)− ṁ1cp1(T1i − T1o). (10)

From Tashtoush, Molhim, and Al-Rousan [14] it is assumed that the return temperature of fluid
2 is constant T2o = 10◦C, since this temperature is not a model output, unlike in the other
model variants. In this paper, T2o is included as a parameter for system identification.

Another approach using two coupled energy balance equations, one for each fluid, can be found
in a paper by Afram and Janabi-Sharifi [8]. This method is referred to as UA2C hereafter. The
ER model is formulated as such, following [8]:

dT1o

dt
=

1

Cam

[
ṁ1cp1(T1i − T1o) − UA

(
T1i + T1o

2
− T2i + T2o

2

)]
+ c1 (11)

dT2o

dt
=

1

Cam

[
UA

(
T1i + T1o

2
− T2i + T2o

2

)
− ṁ2cp2(T2o − T2i)

]
+ c2. (12)

Cam is the heat capacity of the air and metal in the heat exchanger. Here, Cam, UA, c1 and
c2 are identified in the system identification where parameters c1 and c2 represent correction
terms intended to compensate for modeling inaccuracies. This variant is implemented in two
separate sub-variants, once using the correction terms (named UA2C c) and, once, without
correction terms to study their influence. Afram and Janabi-Sharifi [8] also present a model for
an air handling unit (here equivalent to a cooling coil) model similar to their ER model. Here,
heat transfer is characterized by the term UA(T1o − T2o) unlike with the ER model. Thus, the
differential equations are as follows:

dT1o

dt
=

1

C1

[ṁ1cp1(T1i − T1o)− UA(T1o − T2o)] + c1 (13)

dT2o

dt
=

1

C2

[UA(T1o − T2o)− ṁ2cp2(T2o − T2i)] + c2. (14)

With C2 = 1∗ cp2, all other parameters are identical to the ER model stated before. Here again,
it is implemented in two separate sub-variants with and without correction terms c1 and c2.

These mentioned heat exchanger models are then adapted accordingly to fit the test case system.
Therefore, power control for each component needs to be modeled. The ER is equipped with a
bypass for power control as can be seen in Figure 2. The bypass diverts a part of the air stream
around the heat exchanger to control the recovered power. Under the assumption of linear valve
behavior, the two air streams after the valve can be modeled as

ṁER,2 = ṁsai uER and (15)
ṁbp = ṁsai (1− u). (16)
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Where ṁbp denotes the air stream through the bypass, ṁER,2 denotes the air stream through the
heat exchanger, ṁsai denotes the total supply airflow into the ER and uER denotes the control
signal for the three-way valve of the ER. Note, that the notation here is following Figure 2. The
mixing temperature at the ER outlet (HC inlet), assuming a constant specific heat capacity of
the air, is obtained from the energy balance by

THC,2i = TER,2ouER + Tsai(1− uER). (17)

For the heat exchanger of the ER, four of the above-mentioned models were used: NTU, NTU
Dyn, UA2C, UA2Cc. The UA1C model was excluded due to expected low performance. The
fluid flows 1 and 2 of the heat exchanger models correspond to the exhaust and supply air,
respectively.

Similar to the energy recovery, the heating coil is composed of two subcomponents, the water-
air heat exchanger and a three-way valve, which controls the power of the coil. The mass flow in
the heat exchanger itself is constant and, depending on the valve position, water from the return
is proportionally added to the flow through the heat exchanger. The constant mass flow ṁHC,1

can be determined as a parameter of the model during system identification. The temperature
at the inlet of the heat exchanger is therefore formed as a mixed temperature from the supply
temperature and the return temperature of the heat exchanger. From the energy balance of the
three-way valve follows for the mixed temperature THC,1i depending on the control input uHR

of the valve:
THC,1i = THC,1suHC + THC,1o(1− uHC). (18)

For the water-to-air heat exchanger, all five of the above-described variants from the litera-
ture were implemented. Fluids 1 and 2 of the heat exchanger models refer to water and air
respectively.

The cooling coil power is controlled via a valve to control the power output. Different from the
heating coil, this is done with a throttle valve. Therefore, under the assumption of linearity of
the valve uCC ∼ ṁCC,1i, the equation for the mass flow can be formulated as follows:

ṁCC,1i = uCC · ṁ1,max. (19)

Here the maximum mass-flow ṁ1,max can be determined as a parameter during system iden-
tification. To model the water-to-air heat exchanger, the same variants can be used as in the
heating coil. This modeling implies, that there is no condensation taking place during the cool-
ing process.

All used model variants for each component, including their start parameters and bounds for
the optimization, are shown in Table 1.

Since the components have no feedback within the system boundaries, they can be solved
independently. Thus, the first component of the model forms the input of the second component
and the second the input of the third. All components are transformed into general time-discrete
input-output models with a time resolution of one minute in the following form:

y∗i = f(y∗i−1, xi). (20)

Where y∗i is the output vector of model f at time i, y∗i−1 is the model output vector at time i− 1
and xi is the model input vector at time i. To get all models into the given form, differential
equations need to be solved. The solution of the differential equations is obtained analytically.
Models containing coupled systems of differential equations are solved, by transformation into
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Table 1. Component Models
Component Model Parameter Start value lb ub Unit
ER NTU UA 3933.9 1 5000 W/K

NTU Dyn UA 3933.9 1 5000 W/K
τ 60 1 500 s

UA2C UA 3933.9 1 5000 W/K
Cam 25000.0 1 500000 J/K

UA2C c UA 3933.9 1 5000 W/K
Cam 25000.0 1 500000 J/K
c1 0 -10 10
c2 0 -10 10

HC NTU ṁHC,1 0.2908 0.1 5 kg/s
UA 258.76 1 5000 W/K

NTU Dyn ṁHC,1 0.2908 0.1 5 kg/s
UA 258.76 1 5000 W/K
τ 60 1 500 s

UA1C ṁHC,1 0.2908 0.1 5 kg/s
C 500000 1 500000 J/K
T1o 40.0 1 70 °C

UA2C ṁHC,1 0.2908 0.1 5 kg/s
UA 258.76 1 5000 W/K
Cwm 250000 1 500000 J/K

UA2C c ṁHC,1 0.2908 0.1 5 kg/s
UA 258.76 1 5000 W/K
ṁHC,1 250000 1 500000 J/K
c1 0 -10 10
c2 0 -10 10

CC NTU ṁ1,max 0.4625 0.1 5 kg/s
UA 1485.2 1 5000 W/K

NTU Dyn ṁ1,max 0.4625 0.1 5 kg/s
UA 1485.2 1 5000 W/K
τ 60 1 500 s

UA1C ṁ1,max 0.4625 0.1 5 kg/s
C 500000 1 500000 J/K
T1o 18.0 1 20 °C

UA2C ṁ1,max 0.4625 0.1 5 kg/s
UA 1485.2 1 5000 W/K
Cwm 250000 1 500000 J/K

UA2C c ṁ1,max 0.4625 0.1 5 kg/s
UA 1485.2 1 5000 W/K
Cwm 250000 1 500000 J/K
c1 0 -10 10
c2 0 -10 10
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their eigenbasis. The heating coil, where the return temperature is at the same time its input
temperature, requires the models to be solved iteratively for each time step.

The parameters of the models are identified using optimization technics. This optimization
aims to minimize the error between the model output and the dataset. In the presented test case,
there are two model outputs with corresponding measurements in the dataset. Therefore, the
calculated error is the sum of the individual errors of each model output and the minimization
can be formulated as

min
p

∑
i∈I

(
(y∗1,i(p)− y1,i)

2 + (y∗2,i(p)− y2,i)
2
)

(21)

s.t. lb ≤ p ≤ ub. (22)

Where y∗1,i(p) and y∗2,i(p) are the outputs of a model at time i with the parameter-vector p. y1,i
and y2,i are the corresponding measurements from the dataset at the same time and lb and ub
are the lower and upper bounds for the parameter vector p. Values for the upper and lower
bound of each parameter are given in Table 1. For the optimization, the parameters p are scaled
logarithmically. The algorithms require an initial guess for the parameters p as a starting point
for the optimization (start parameters). These values were taken from the data sheet of the
system if available. They are also given in Table 1.

For the optimization algorithms, the choice was made from a selection of global and local op-
timization algorithms available in the Python SciPy library [15, 16] which provides a selection
of common optimization routines. The selection criteria were, that the algorithm has to ac-
cept bounds and no derivatives are needed. Furthermore, some algorithms were excluded due
to unreasonable long runtimes based on a preliminary study. The selected local optimization
algorithms are:

• Nelder-Mead
• L-BFGS-B
• Powell
• TNC

The global optimization algorithms are:

• Differential-Evolution
• Dual-Annealing
• DIRECT

Data for the system identification was extracted from the control unit of the showcase system
over several months. Relevant measurement points of the system are displayed in Table 2. Tsao

and THC,1r correspond to outputs of the model and can therefore be used to formulate the error
function of the optimization (Equation (21)). However, not all outputs of the model are repre-
sented in the dataset, which means they cannot be used in the error calculation. Intermediate
measurements of the supply air are, for example, not available which is assumed to limit the
accuracy of the model variants. Further, the measurements of the plant are taken in irregular
time steps, based on a constant delta. To mimic this behavior in the model, a sensor model is
implemented. Also, the data needs to be pre-processed. This preprocessing is done by resam-
pling the irregularly sampled dataset to a one-minute time resolution for usability in the time
discrete model. Further, suitable days, when model assumptions hold, and no faulty behavior
is detected in the dataset are selected based on formulated conditions, systematically. Further
details on the data preprocessing can be found in [17].
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Table 2. Measurements of the test case system
Position Quantity Unit Symbol
Supply air Mass flow kg/s ṁsa

Supply air in Temperature °C Tsai

Supply air out Temperature °C Tsao

Return air Mass flow kg/s ṁra

Return air in Temperature °C Trai

Heating coil supply Temperature °C THC,1s

Heating coil return Temperature °C THC,1r

Cooling coil supply Temperature °C TCC,1s

Controller Output uER, uHC, uCC

The available dataset starts on 03/03/2022 and ends on 08/06/2022, thus containing 98 days.
After applying the preprocessing rules, only eight days show to be suitable for system identi-
fication. Then a training- and a test dataset are selected from the suitable days for parameter
identification and model verification respectively. The outdoor temperature provides a good
indication of the operating state of the plant. The training and test data sets each contain a
range of outdoor temperatures from about 0◦C to just over 30◦C. However, the distributions are
different, so the extrapolation ability of the model can be verified by the test data set.

Results

The model outputs, T ∗
sao and T ∗

HC,1r of the model with the lowest error can be seen in Figure 3.
They are plotted against the corresponding measurements Tsao and THC,1r. Both outputs capture
the general swinging dynamics of the system, noting, that the swinging dynamics are already
present in the controller output of the dataset. The deviation is mostly (90% of time) below
1.6 K for Tsao and below 3.7 K for THC,1r, however, still significant.

09:00 10:00 11:00 12:00 13:00 14:00
Time 3/21/2022

24

26

28

30

T 
in

 
 C

THC, 1r T *
HC, 1r Tsao T *

sao

Figure 3. Exemplary model output (T ∗
HC,1r, T

∗
sao) and corresponding measurements (THC,1r, Tsao)

Calculated performance metrics of the final model (on training and test data) can be seen in
Table 3. Notably, the metrics are comparably worse than other Grey Box modeling approaches,
for example Afram and Janabi-Sharifi [8], who reach RMSEs between 0.224 and 1.127, how-
ever, for individual component models.

The grid search approach, applied to the test case system, yields a total of 700 combinations of
models and optimization algorithms. The test dataset is primarily used, to test the extrapolation

170 / 710



3rd to 6th of September 2023
The University of Edinburgh, Scotland

Table 3. Metrics of the final model.
THC,1r,train THC,1r,test Tsao,train Tsao,test

RMSE Root Mean Square Error 2.377 2.320 1.050 1.281
R2 Coefficient of multiple determination 0.992 0.992 0.998 0.997
MSE Mean Squared Error 5.650 5.381 1.102 1.642
MAE Mean Absolute Error 1.603 1.430 0.831 0.931

ability of the models or the overfitting tendency of the models. This is done by comparing the
achieved errors of the training and test dataset. For analysis purposes, the RMSE (Root Mean
Squared Error) of each model is used. Figure 4 shows the division of the RMSE of the training
dataset divided by the RMSE of the test dataset. A value smaller than one indicates, that the
model performs better on the training dataset than on the test dataset, which indicates a low
extrapolation ability or overfitting. Values greater than one indicate, that the model performs
better on the test dataset, which can be coincidental. Plot 1 of Figure 4 shows the sum of
the errors of both model outputs (Tsao and THC,1r). As the values are close to one, overfitting
appears to be insignificant. However, the second and the third plots show, that the RMSE of
Tsao tends to overfit more significantly, which seems to be compensated by the RMSE of THC,1r.
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Figure 4. Histogram of the ratios of the RMSEtrain/RMSEtest of all 700 model variants, which
provide an indicator for overfitting. Plot 1 shows the ratio for the summed errors of both model
outputs. Plot 2 shows the ratio for the error of Tsao, and plot 3 for THC,1r.

Figure 5 shows the comparison of the optimization algorithms. Again, the RMSE is used for
evaluation. Note, that some algorithms did not converge, however, the results are included,
as long as they were returned by the algorithm. As can be seen, the distributions of all opti-
mization algorithms have similar minimum and maximum values except for some outliers of
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Figure 5. Comparison of performance of optimization algorithms in all 700 variants. Plot 1:
Distributions of the sum of RMSE of Tsao and THC,1r grouped by the optimization algorithm. Plot
2: Distribution of runtimes and the number of function evaluations grouped by the optimization
algorithm.

the L-BFGS-B, the TNC algorithms, and the DIRECT method which performs worse in the
optimization setting at hand. Further, the second plot shows that the global optimization algo-
rithms Differential-Evolution and Dual-Annealing have significantly higher runtimes and more
function evaluations compared to the local optimization algorithms. The global optimizer DI-
RECT also has lower runtimes and function evaluations. However, the achieved errors are, as
mentioned, worse compared to the other algorithm.

Figure 6 shows an analysis grouped by the number of parameters. The first plot shows that with
an increasing number of parameters, the mean absolute error decreases up to nine parameters.
Then, the error does not decrease significantly with an increase in the number of parameters.
The last plot shows that the median of the runtime for each optimization routine and the median
of the number of function evaluations tend to increase with the number of parameters.

Discussion
The data selection process shows, that much of the recorded data does not fulfill the require-
ments for the model fit. This is mainly due to the low resolution and the resampling of the
data. The low resolution is also expected to be the main cause of the comparably low model
performance compared to results from the literature. A further cause for the low performance
in the test case is the lack of intermediate measurements between the components, i.e., only the
complete system can be identified as a whole in one process. In Figure 3, the drop in THC,1r

and Tsao at around 12:45 clearly shows that some effects are not represented in the dataset or
that some dynamics are not modeled correctly. That shows the difficulties that arise with the
usage of real operational data which is only addressed in literature very rarely.

One aspect to consider is, that the component models which are relevant, strongly depend on
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Figure 6. Analysis of sum of RMSE of Tsao and THC,1r, runtime and the number of function eval-
uations in dependency of the number of total model parameters. Note: There are more variants
towards the middle of the spectrum as there are more possible component combinations with a
given number of parameters, there is no possible combination of components that results in 13
parameters.
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the later use case of the model. For example models for control analysis usually need to map
capacitive effects, whereas quantitative energy analysis can usually cope with static models.
Also, the time necessary for modeling, running system identification and evaluating several
model variants for each component presents a significant drawback of the presented approach.
This is especially the case, as there are no software solutions available for this kind of analysis.
The lack of software solutions in modeling has already been addressed by [18].

However, interesting observations stem from the study results.

First, the runtime of the global optimizers is much longer than that of the local optimizers, the
achieved model errors, however, do not show a significant difference in accuracy.

Secondly, the analysis of the number of parameters of the models shows that also simple models
can yield results comparable to those of more complex modeling approaches.

Thirdly, the validation of the models with the test dataset shows, that some models tend to
overfit on single outputs, whereas the overall error does not. This shows, that overfitting can
be a relevant issue and, that the selection of the error function can be of great importance and
multi-objective optimization should be considered.

Conclusions
In this project, a methodology for the selection of Grey Box models is presented on a real
test case system. Therefore, several component models are identified for each component of
the plant that needs to be modeled. Here, the energy recovery is modeled in four different
variants and the heating coil and the cooling coil are each modeled in five different variants.
For comparison, all possible model combinations are created and the parameters of the model
are identified using four different local optimization algorithms and three global optimization
algorithms. In total that leads to 700 system identifications.

The comparison of the optimization algorithms shows that the global optimizers have gener-
ally much longer runtimes and the achieved model errors are of comparable quality as those
achieved by the local optimizers.

The analysis of different model variants shows that there is a dependency of the accuracy of
the model and the number of parameters. Here, the achieved errors show a minimum at around
nine parameters and the runtimes increase significantly with the number of parameters.

Further work should be done in evaluating the presented approach on different datasets with
better quality to be able to make more general statements about suitable model types. A succes-
sive reduction in data quality, e.g., reducing the number of sensors and measurement intervals,
could further yield results about necessary data quality for each type of model.

Even though the methodology provided probably renders to be too complex and time-
consuming for most common modeling tasks, it can give insights into the system behavior and
system identification process. Future works with Grey Box models should consider a system-
atic approach for system identification as this can help to determine the best-suited complexity
of the model for a given system or dataset.
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Abstract 

A dynamic model of a once-through steam generator for bottoming cycles has been 
investigated. Its response to both continuous and discontinuous load changes was studied to 
determine its transient characteristics. The characteristic time of the relevant transient output 
trajectories of the OTSG are found to be in the order of 102 seconds, which is suspected to be 
the longest in the reference combined cycle power plant system. The discretisation of volume 
elements has been varied to study the accuracy and required simulation time at increasing 
complexity. A high discretisation of volumes is required for accurate duty calculation, but not 
for accurate modelling of transient behaviour, indicating possible directions for further model 
development. The model will be used as basis for further developments of surrogate modelling, 
including data-driven methods for dynamic modelling.  
 
Keywords: Dynamic Modeling, simulation, transients, heat exchanger, waste heat, accuracy, 
simulation speed, Modelica. 

Introduction 

Waste heat recovery (WHR) systems for increased energy efficiency in energy intensive 
industries must be robust and reliable [1]. Operational flexibility of WHR systems is key in 
many industrial applications due to fluctuations in the waste heat source. In some industrial 
sites where a WHR unit is to be installed, there is limited space or system capacity to add more 
weight, for example in existing offshore oil and gas platforms [2] and other maritime systems 
such as ships. Achieving low weight, volume, and footprint is thus key for successful 
implementation of WHR systems. A once-through approach to the design of components for 
steam generation by heat recovery can eliminate boiler drums and many other pieces of 
equipment, allowing for lower weight and volume systems [1]. Such a system uses a single 
heat exchanger for heat recovery, known as a once-though steam generator (OTSG). 

Robust control systems must be implemented in order to regulate the superheated steam 
pressure and temperature over time [3], and to allow the system to cope with fluctuations in 
the water-to-steam transition point within the OTSG. In principle, OTSGs are highly suitable 
for flexible or cyclic operation [1], but dynamic modelling and simulation models allow further 
study of the transient response of the WHR systems and its controls [3].  In some control 
schemes, such as model predictive control, a dynamic model of the WHR system can be used 
as part of the optimisation. However, high fidelity dynamic models might not be readily 
amenable for optimisation applications. 

This paper details the work done to characterise a model of a OTSG in the Modelica [4] 
language with Dymola [5] as environment, which is to be used as a reference for new model 
development and as a component in a system level dynamic model of an offshore bottoming 
steam cycle. The dynamic response to both a continuous and discontinuous change in the gas 
turbine load is investigated, as well as the simulation time and accuracy achieved for different 
discretisations. 
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Model description 

The OTSG model used in this paper was previously presented in the work by Montañés et al 
[3], from which the illustrations in Figure 1 also originate. It was built upon a tube-and-shell 
model from the Thermal Power Library [6] developed by Modelon. It uses geometry 
parameters from an OTSG already installed off-shore. The models are developed based on 
principles of continuous system modelling [7]. The modelling paradigm, based on thermo-
hydraulic modelling of thermal power plants, is described in the work by Casella and Leva [8]. 
Modelling principles are further described by Dechamps [9].  

OTSG description 

In reality, the OTSG would be a cross-flow heat exchanger, where gas flows across bundles of 
narrow tubes. The water/steam flows inside these tubes, and makes several passes across the gas 
flow. The heat transfer is normally enhanced on the gas side by use of fins. The OTSG system 
model was designed for a specific case study on WHR of an off-shore platform in the Norwegian 
Continental Shelf, focusing on WHR from the exhaust gas of two gas turbines, normally operated 
at around 85–100% load. Table 1 lists the parameters describing the heat exchanger studied for 
this work. It contains a brief description and the value used. These values are generated through 
optimisation using a SINTEF in-house modelling framework [10,11] by tuning known parameters 
to historical data.  

Table 1: Geometry parameters used in OTSG model. 

Parameter Value Description 
Bundle level 
nTubesPerRow 36 Number of tubes at gas inlet 
CoreWidth 3.202 m Length of one pass
TubePitchTransversal 0.076 m Centre to centre, perpendicular to gas flow 
Staggered_tubes true False = inline tubes
Layer level 
nPasses 16 Number of times water/steam flows back or forth
nRowsPerPass 2 Parallel water/steam flows
TubePitchLongitudinal 0.066 m Centre to centre, parallel to gas flow  
Tube level 
TubeInnerDiameter 21.18 mm
TubeOuterDiameter 25.4 mm 
FinHeight 6.60 mm Distance from tube end to fin end in radial 

direction
FinThickness 1.05 mm 
FinPitch 3.31 mm Centre to centre
Serrated_fins true False = plain fins
SegmentWidth 4 mm Width of serrated segments
UnserratedHeight 4.5 mm Height of unserrated part of fin 

 

Implementation in Modelica/Dymola 

The desired OTSG geometry was exported directly to the Dymola environment, where it was 
stored in a record coupled to the OTSG dynamic model. For simulation this 3-dimensional 
geometry was translated into a 1-dimensional model preserving the most important flow and heat 
transfer characteristics, but not representing the actual geometry, and simulated as a counterflow 
heat exchanger. According to Dechamps [9], this is a valid approach for studying transient 
behaviour as long as the following characteristics are conserved: Height, gas side free cross-
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sectional area, crossing time for water/steam, water mass flow rate, internal heat transfer surface, 
external heat transfer surface, and mass. 

 

 

Figure 2: The OTSG model as implemented in the Dymola graphical interface. The inlets are here
configured with either step changes or sinusoidal changes. 

Figure 1: Illustrations of OTSG geometry.
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Figure 2 shows the OTSG model in the graphical interface of Dymola. It has two inlet 
connections, one for the gas and one for the feed water, and two corresponding outlet connections. 
When response to change is investigated it mainly entails effects on outlet temperature, as 
recorded by the sensors shown in the figure, when temperature and/or mass flows are altered at 
the inlets. 

The model uses a discretised volume approach, where mass, momentum and energy balances can 
be applied to finite volume elements of each fluid as well as the wall between them. The number 
of discretised volumes in parallel is a parameter of the model. Its default value is equal to the 
number of water tube rows, which is 32 for the geometry used for this study.  

Simulations and model characterisation 

Three simulation based studies were conducted in order to characterise the model: 

 Response to step change in waste heat load (upstream gas turbine load). Gas inlet temperature 
and mass flow were reduced from 100 % down to 60 % and up again.  

 Response to continuous change in waste heat load (upstream gas turbine load). Periodic 
oscillations of the gas turbine load were imposed. The time delay characteristic caused by the 
thermal and fluid damping was analysed and overall time-response of the combined power 
plant system is shown, following the method proposed by Shin et al. [12] to characterise the  
amplitude of variation in outlet conditions depending on frequency of inlet variation. 

 Model discretisation analysis. Changing the discretisation of the model was investigated. 
Multiples of the default value of 32 were used, from n = 4 to n = 256. Trade-offs for fast 
simulations versus low accuracy were analysed.  
 

Results 

Response to step change 

Model response to a step change in gas turbine load has been investigated, here emulated by a 
reduction of gas inlet temperature and mass flow from 100 % down to 60 % and up again. The 
transients studied were the time required for the outlet temperatures to fully transition from one 
steady state to another. The results of this simulation are shown in Figure 3. There is a distinct 
time delay in the transition to a new steady state following a step like this, affected by the rate of 
heat transfer and the volume of both wall and fluid in the system. 
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Figure 4 shows the time scale of this transient period in greater detail. It can be seen that the time 
scales of these transients are in the order of hundreds of seconds, with the gas side being somewhat 
quicker than the steam side. This is expected to be the slowest response time in all components of 
a typical steam bottoming cycle, making it a vital parameter for overall system control [13].  

 

 

Figure 3: Step change simulation, with turbine load input on the left axis and outlet 
temperatures on the right axis.  

Figure 4: Transients following a step change. 
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Response to continuous change 

The OTSG model has also been studied under continuous change, with the inlet conditions 
representing gas turbine load were varied between 90 % and 80 % in a sinusoidal manner. Several 
simulations were performed, with the amplitude being kept constant at 5 %, and the frequency 
varied between 1 Hz and 10-5 Hz. Figure 5 shows the variations in gas turbine load used for the 
gas inlet and the resulting variations in gas and steam outlet temperature for selected frequencies. 

The outlet conditions naturally vary in the same sinusoidal manner as the inlet conditions, with a 
time delay. This delay prevents the amplitude of the outlet conditions from rising when the 
frequency is quicker than the time needed for the system to react. These amplitudes are shown as 
a function of frequency in Figure 6. Here it can be seen that the impact of sinusoidal variations in 
gas turbine load is negligible when the frequency is significantly quicker than the time delay of 
the system, and that it reaches a maximum when the frequency is sufficiently slow to where the 
system is in a quasi-steady state. The frequencies between these states match the characteristic 
times of the step change transients in order of magnitude.  

Figure 5: Variations in OTSG gas inlet and resulting variations in gas outlet and
steam outlet for frequencies of 10-2 and 10-3 Hz. 
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Effect of discretisation 

Lastly, the effect of changing the discretisation of the model was investigated. Multiples of the 
default value of 32 were used, from n = 4 to n = 256. The complexity of the model increases with 
the number of volume elements, as shown in Table 2. 

While the number of equations, variables and states all vary linearly with n, their increase has an 
adverse effect on the simulation speed. Table 2 also includes the time spent simulating the step 
change from Figure 3 for the various values of n. 

 

Table 2: Selected model statistics at different discretisations. 

  Original model Translated model Result 

n Variables Equations Parameters States Nonlinear 
equations

Equations after 
manipulation 

Simulation 
time 

4 3464 540 9 8 88 14 0.3 s
8 3880 656 13 16 180 26 0.9 s

16 4712 888 21 32 364 50 3.1 s
32 6376 1352 37 64 732 98 15 s
64 9704 2280 69 128 1468 194 73 s

128 16360 4136 133 256 2940 386 438 s
256 29672 7848 261 512 5884 770 4995 s

Figure 6: Amplitude of variation in outlet conditions depending on frequency of inlet
variation. 
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The expected trade-off for fast simulations would typically be low accuracy. Figure 7 shows what 
the step change simulation results look like for various discretisations. It can be seen that the 
transient behaviour is similar for all simulations, but that the steady state temperatures of the two 
fluids vary significantly. They both appear to approach a value as the discretisation increases, and 
the same is true for the overall duty of the simulated OTSG. Figure 8 compares the steady state 
temperature of the steam (at 100 % gas turbine load) to the simulation time at various 
discretisations.  

 

Figure 8: Steady state temperature of steam versus simulation time. 

Figure 7: Step change response at various discretisations. 
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It should be noted that the assumption that the model approaches an increasingly accurate value 
may be an oversimplification. The default discretisation of 32 is chosen to be equal to the number 
of rows of water pipes in the original geometry. As the real OTSG is a cross-flow heat exchanger 
where the gas actually interacts with 32 discrete water tubes in turn, increasing the model 
discretisation above this may impose false characteristics on the gas side. This does not mean that 
a model with n = 32 is perfectly accurate either, as it would not account for the water temperature 
rising along the length of a tube. 

Conclusions  

From these results it can be seen that the response time of the OTSG model is in the order of 
several minutes. This supports the assumption that the OTSG is the slowest component in the 
bottoming cycle, and will be of relevance for control system design.  

The transient behaviour appears unaffected by the number of discretised volume elements, but the 
modelled duty of the OTSG is not. This implies that a low discretisation model could be modified 
for use in a faster, complete system simulation model of the entire bottoming cycle. A reliable 
method for determining the true duty would for this approach be required to serve as a reference. 
Further work should explore surrogate modelling approaches based on data driven methods using 
this model as a reference to generate synthetic data. 
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Abstract 

Sorption-based atmospheric water harvesting as an appealing way to address the global water 

shortage can obtain water from air anytime and anywhere. However, achieving high water 

yield by using a small-size device in the semi-arid climate is still a challenge. Here, a portable 

and compact atmospheric water harvester with low-cost composite sorbent SG@Li was 

proposed to realize high water yield of hundred-gram one cycle and thousand-gram one day 

(three cycles). The indoor (near no wind) and outdoor (windy) test results presented that the 

water harvester produced 320 and 370 g clean water with low energy consumption of 606 and 

595 mL/kWh in one cycle under the simulated and real semi-arid climate. When the desorption 

experiment is repeated twice within one day, the accumulated water yield could reach 960~1110 

g/day. This remarkable output performance promotes the availability of large-scale 

atmospheric water production and practical application. 

Keywords: Atmospheric water harvesting, Composite sorbent, Water harvester, High water 

yield. 

Introduction 

Water scarcity has become a global problem, thus urgently calling for efficient freshwater 

production techniques to alleviate it.[1] Sorption-based atmospheric water harvesting (SAWH) 

as a novel way to obtain water from air at anytime and anywhere has great potential to supply 

clean water for the arid and remote areas.[2]  

The output performance of SAWH system mainly depends on the sorbent materials, the 

device, and the match between the two components.[3] By now, various sorbents have been 

developed to achieve rapid and sufficient water harvesting such as zeolite, silica gel (SG), 

hygroscopic salts, hydrogel, metal–organic frameworks (MOFs) and lots of composite 

sorbents.[4-6] Among these sorbents, SG as a classic hygroscopic material with the features 

of porous structure, low cost, and easy regeneration, has been commercially mass-produced. 

However, the weak sorption capacity limits SG’s practical applications. By contrast, 

hygroscopic salts such as LiCl and CaCl2 have strong hygroscopicity which are preferred for 

AWH in arid regions, but this kind of materials are prone to deliquescence, leakage and 

corrosion.[7] Therefore, salt-based composite sorbent was proposed to combine the 

hygroscopic salt with porous matrix, thus resulting in satisfactory water sorption capacity in a 

wide humidity range.[8] For the material synthesis method, physical immersion method 

under room temperature is easy to operate and suitable for mass production with cheap cost. 

Therefore, SG as the porous matrix was immersed into the LiCl solution to synthesize 

SG@Li composite sorbent. 

Although various efficient sorbents were developed, the water yield of SAWH device has not 

made a great breakthrough in recent years.[9,10] Therefore, structure optimization of the 

device to enhance the heat and mass transfer for material and device matching is vital for 

rapid and abundant water production.[11] For the passive SAWH device powered by solar 
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energy, the water production rate is largely influenced by the intensity of solar desorption, 

which is unstable and uncontrollable.[12] In comparison, active SAWH device powered by 

electric heating enables better matching of the sorption and desorption processes by adjusting 

desorption temperature and duration. When there is a certain demand for daily drinking water, 

the device supplied by active energy could meet high water yield within a limited time.[13] 

Besides, if the laboratory results want to be translated into practical product, the cost and 

benefit also need to be considered. 

In this work, a portable and integrated compact atmospheric water harvester with cheap material 

SG@Li as the sorbent was introduced to achieve high water yield of hundred-gram one cycle 

and thousand-gram one day (three cycles) under semi-arid climate. The sorbent basket filled 

with 1.5 kg SG@Li particles exhibited superb water uptake capacity of 159, 267 and 394 g at 

30%, 50% and 80% RH within 12 h. Furthermore, in order to narrow the gap between materials 

science and engineering application, the heat and mass transfer inside the device was carefully 

designed and optimized to obtain sufficient freshwater within a limited time rapidly. The  indoor 

(near no wind) and outdoor (windy) test results showed that the portable atmospheric water 

harvester achieved high water production yield of 320 and 370 g with low energy consumption 

of 0.528 and 0.622 kWh in one sorption-desorption cycle under the simulated and real semi-arid 

climate. When the desorption experiment is repeated twice within one day which corresponds to 

a batch operation model (three baskets capture moisture overnight and desorb water in turn 

during the day), the accumulated water yield could reach 960~1110 g/day with low energy 

consumption (606~595 mL/kWh). The integrated compact thermal design requested the 

whole unit only 7.54 liters. This remarkable output performance of the small-size SAWH 

device brings the SAWH technology one step closer to practical market application. 

Results and Discussion 

The sorbent SG@Li was synthesized by an impregnation method under room temperature as 

shown in Figure 1a. An LiCl solution with a mass concentration of 35% was pre-prepared. The 

selection of LiCl solution’s mass concentration was based on a series of pre-experiments. Then 

the silica gel particles were immersed into the LiCl solution for 24 h. During the immersion 

process, the SG materials were stirred every few hours so that the LiCl solution could penetrate 

fully into SG’s porous structure. Next, the wetted SG particles were transferred into a drying 

oven at 100 ℃ for 12 h to completely dry out the remaining water. Finally, the synthesized 

SG@Li composite was encapsulated carefully. Figure 1b demonstrates the digital photographs 

of SG@Li composite in its dehydrated and hydrated states. The color of the composite particles 

changes obviously after capturing moisture. Furthermore, the scanning electron microscope 

(SEM) image and energy disperse X-ray spectroscopy (EDS) mapping in Figure 1c illustrated 

that the LiCl particles were uniformly coated on the surface of SG. When the composite was 

exposed to the air, hydrogen bonds were formed between SG and water molecules, and 

hydration occurred between LiCl and water molecules.[14]  
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Figure 1. Synthesis and characterization of SG@Li. (a) Synthesis process of the SG@Li 

composite. (b) Digital photographs of SG@Li in dehydrated and hydrated states. (c) EDS 

mapping of the synthesized SG@Li composite displaying the element distribution. 

For the synthesized sorbent SG@Li, its dynamic water uptake curves under various working 

conditions (30, 50, 80% RH and 25 °C) were obtained by using 20 g sample. The test results in 

Figure 2a indicated that SG@Li exhibited acceptable hygroscopic performance in the simulated 

arid, semi-arid and humid conditions with low synthesis cost. Figure 2b presented the water 

sorption isotherms of both SG and SG@Li obtained by a modified accelerated surface area and 

porosimeter (ASAP) under 25 °C. By comparing the two curves, it was noticed that the addition 

of LiCl into SG enhanced its water uptake capacity significantly. Salt-based composite sorbent 

possessed both the excellent hygroscopicity of hygroscopic salt and intrinsic pore structure of 

porous matrix, making it more available for AWH.[15] Moreover, the cycling stability of 

SG@Li was tested through STA test. The sorption and desorption conditions were set as 30 °C, 

50% RH and 85 °C, 5% RH respectively. Through eight consecutive sorption-desorption tests in 

Figure 2c, the material still maintained stable sorption capacity after more than 84 hours testing. 

All the test results indicated that SG@Li had the potential to be applied for large-scale water 

production with acceptable water uptake capacity and cheap synthesis cost. 

Here a portable water harvester with integrated sorbent basket and fin-enhanced condenser was 

proposed for daily water production as shown in Figure 3a. Before testing the water harvesting 

performance of the device, the dynamic water uptake curves of the sorbent basket filled with 

SG@Li particles were also measured under 30, 50, 80% RH and 25 °C. The size of the designed 

sorbent basket was 230*33*300 mm and the basket was divided into two layers with 15 mm 

thickness by a metal heating plate in the middle. 1.5 kg sorbent materials were filled inside. The 

test results in Figure 2d showed that the water uptake capacity of the sorbent basket at 30, 50, 80% 

RH for 12 h could reach 159, 267 and 394 g, respectively. Although compared with test sample 

with 20 g, the water uptake capacity of per unit mass material in sorbent basket was low, in 

practical applications there are usually requirements for the volume, occupied area and weight of 
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the device, all of which make tight packing between sorbent particles inevitable.[16] Therefore, 

optimizing the heat and mass transfer in sorbent layer is vital to narrow the gap between 

materials science and engineering application.[17] Figure 3b exhibited the basic heat and mass 

transfer process of this device for water collection. During the desorption process, the heat 

generated by the electric heating rod desorbed the water inside the sorbent basket. Then the 

generated water vapor diffused from the desorption chamber to the condensation chamber driven 

by the concentration and density difference. When the hot vapor made contact with the cold wall, 

it quickly released heat and condensed into liquid water. The condensed water then fell down the 

wall by gravity and was collected in the water tank. 

 

Figure 2. Water sorption performance of SG@Li. (a) Dynamic water uptake curves of SG@Li 

with 20 g. (b) Water sorption isotherms of both SG and SG@Li. (c) Cycling stability test of 

SG@Li. (d) Dynamic water uptake curves of SG@Li with 1.5 kg in sorbent basket. 

To evaluate the availability of the designed water harvester, an indoor experiment was 

conducted under laboratory conditions. The device was placed indoors with about 20 °C room 

temperature and near no wind. The operation model was set as 15-hour sorption process and 3-

hour desorption process with a heating temperature of 135 °C to achieve both the high water 

yield and low power consumption based on pre-experiments. The ambient conditions for sorbent 

basket to capture moisture were set as 25 °C and 50% RH. Figure 3c illustrated the temperature 

variations of the top cover (the outer surface of the top cover covered with thermal insulation 

cotton), inside chamber (the space between the desorption and condensation chamber), finned 

surface (the surface of the fin radiator sticked to the outside surface of the device), and outside 

surface (the outside surface of the device without fin radiator) during the whole desorption 

process. The temperature of the top cover could reach an equilibrium value of 122 °C within 42 

min. Both the temperature of outside and finned surfaces also reached equilibrium within 42 min. 

The temperature difference between desorption and condensation chamber was about 40 °C 

which ensured an efficient condensation process. Moreover, it was noticed that the equilibrium 

temperature of the finned surface was about 6 °C lower than that of the outside surface, proving 

effective heat dissipation to the surroundings. 
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For this one-cycle water harvesting test in the laboratory, when the desorption time was up to 3 h, 

the water yield of the device reached 320 g with an energy consumption of 0.528 kWh, which 

meant an extraordinary water yield index of 606 g/kWh compared with the existing research 

results. It was worth mentioning that for this single-day experiment, besides 15 h sorption 

process and 3 h desorption process, there was still 6 h remaining time, which meant that the 

desorption experiment could be repeated twice. Therefore, a batch type operation model could 

be used. Three sorbent baskets were placed in the humid environment to capture moisture 

overnight. During the day, the three sorbent baskets were moved into the atmospheric water 

harvester to desorb water one by one, so that the accumulated water yield could reach 960 g/day 

under the laboratory conditions. 

Based on the indoor laboratory test, the outdoor field test of the water harvester was conducted 

in the region of southwest China (Kunming, Yunnan). The operation model also consisted of 15-

hour overnight sorption and 3-hour daytime desorption process. Before the sorbent basket was 

moved into the water harvester to release moisture, it was placed outdoors overnight (average 

climatic conditions of 12.8 °C and 65% RH) to absorb moisture. The average climate conditions 

during the daytime were 16.0 °C and 45.3% RH. Compared with the temperature curves in 

Figure 3c, the temperature of inside chamber in Figure 3d reached about 100 °C after 45 min 

and remained stable. While the temperature of the outside surface gradually dropped from 88 °C 

to 49 °C after an initial period of rapid temperature rise. Besides, the temperature of finned 

surface in this outdoor test was about 15 °C lower than that of the outside surface on average. 

All of these changes were mainly due to the better heat dissipation conditions caused by outdoor 

wind. When the condensation heat was dissipated rapidly, the water vapor condensation process 

could be carried out quickly and continuously. As the remaining uncondensed water vapor 

gradually decreased, the condensation temperature also decreased. 

Figure 3e recorded the water yield (water sorption, desorption and collection capacity) and 

energy consumption for both the indoor and outdoor experiments. The results illustrated that 

when the whole AWH system was moved outside, its water yield increased to 370 g with a 

higher energy consumption of 0.622 kWh under the windy condition. When the desorption 

experiment is repeated twice as described above, the accumulated water yield could reach 1110 

g/day under the real outdoor conditions which was a remarkable promotion. In addition, the 

quality of collected water was tested by an ion chromatograph. As shown in Figure 3f, the water 

produced by the atmospheric water harvester met the drinking-water standard of World Health 

Organization (WHO).[18] 
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Figure 3. Water harvesting performance of the integrated water harvester. (a) Photo of the 

whole AWH system. (b) Heat and mass transfer process inside the device during the desorption 

process. (c) Temperature variations of the top cover, inside chamber, finned surface, and outside 

surface during the indoor desorption process. (d) Temperature variations of the top cover, inside 

chamber, finned surface, and outside surface during the outdoor desorption process. (e) Water 

yield and energy consumption of the water harvester under indoor and outdoor conditions. (f) 

Test results of the quality of the water produced from the water harvester. 

The above indoor and outdoor test results indicated that by implementing multi-cycle desorption 

strategy as shown in Figure 4a, the daily water production yield of small-size AWH device 

could reach an order of 1,000 grams, which is a remarkable process pushing AWH technology 

to the future market. This infusive water productivity (960~1110 g/day) with low energy 

consumption (606~595 mL/kWh) make this portable device a viable approach to relieve the 

global water crisis. It need to be clarified that the whole integrated unit is only with a volume of 

7.54 liters. Furthermore, the SG@Li composite sorbent can be easily mass- synthesized which is 

suitable for large-scale water production with low material cost. When the AWH device is put 

into the market, in addition to the water yield, economic factors such as materials cost and 

energy consumption and quality factors such as cycle stability and service life also need to be 

taken into account (Figure 4b). Meanwhile, the compact and detachable design concept makes 

the AWH device more portable and adaptable for practical applications. 
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Figure 4. Outlook of the AWH technology. (a) Schematic illustration of multi-cycle 

desorption strategy for high water yield. (b) A series of factors that need to be considered 

when AWH devices are put into the market. 

Conclusions  

In this study, a portable and integrated compact atmospheric water harvester was proposed and 

fabricated by using a low-cost material SG@Li as the sorbent to capture moisture from air and 

release water through rapid electric heating method. The SG@Li composite particles were 

encapsulated in a sorbent basket exposed to the atmosphere overnight obtaining moisture, and 

transferred to the heat-powered water harvester during the day producing water. By optimizing 

the heat and mass transfer process inside the device, the compact water harvester showed an 

extraordinary output performance of high water yield (960~1110 g/day) with low energy 

consumption (606~595 mL/kWh) in the indoor and outdoor tests under semi-arid climate 

conditions. Based on the practical application of AWH, this study designed and optimized the 

water harvester from feasibility, economy, portability, sustainability and other aspects. It is 

believed that this study could promote AWH towards high water yield, low energy consumption, 

low cost, small size, scalability and other indicators which are suitable for market application. 
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Abstract 
  

This work has experimentally evaluated the position of BaBr2 and ammonia equilibrium lines. 

BaBr2 samples, contained in discs of ENG, were placed in an experimental rig and a new 

methodology, termed the Fast Temperature Ramp (FTR), was used to reveal adsorption and 

desorption reactions. Reaction onset points were plotted to generate equilibrium lines and 

calculate reaction enthalpies and entropies. Significant hysteresis between adsorption and 

desorption reactions was found, with the degree of hysteresis increasing as the salt becomes 

more deammoniated. The hysteresis effect was greatest for BaBr2 (2-1)/(1-2) and BaBr2 (1-0)/(0-

1) reactions and also increased at higher pressures, exceeding 20°C at 900 kPa for BaBr2 (1-

0)/(0-1). Adsorption reactions were found to occur over a very small temperature range, giving 

rise to a single transition ‘zone’ less than 20°C wide. TGA experiments confirmed the position 

of equilibrium lines, although they were not successful in differentiating between two 

ammoniated states.  

 

Keywords: barium bromide, chemisorption, ammonia, adsorption, desorption. 

 

Introduction/Background 

Reversible reactions between metal-halide salts and ammonia have been successfully exploited 

in recent years for heat pumping, thermal transformation and thermal storage applications. 

These reversible chemical reactions offer some of the highest reaction enthalpies available. 

However, there are only a limited number of candidate salts whose reactions occur within the 

-20°C to 200°C temperature range and 0.1 to 10 bar pressure range, constraining the operating 

conditions of these technologies. Experimental and theoretical studies over the past three 

decades have focused overwhelmingly on reactions between single salt-chlorides and ammonia 

[1], with little attention paid to salt-bromides other than a small number of binary-salt 

experiments, such as those by Gordeeva et al. [2].  

The objectives of this work were to evaluate, experimentally, the position of barium bromide 

and ammonia equilibrium lines. Unlike many halide-salt and ammonia reactions, literature 

sources [3] indicate that BaBr2 and NH3 undergoes four reversible adsorption and desorption 

reactions in quick succession over a relatively small temperature range:  

 BaBr2 + NH3 ↔ BaBr2·NH3 

BaBr2·NH3 + NH3 ↔ BaBr2·2NH3 

BaBr2·2NH3 + 2NH3 ↔ BaBr2·4NH3 

BaBr2·4NH3 + 4NH3 ↔ BaBr2·8NH3 

(1) 

(2) 

(3) 

(4) 

The methodology used in this work is similar to previous work carried out by Wu [4] and 

further developed by Atkinson [5] and Hinmers [6], where BaBr2 samples, contained in discs 

of ENG to improve mass transfer and thermal conductivity, were placed in a LTJ experimental 

rig.  
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In this work, ENG, ρ = 150 kg·m3 (Sigratherm® L10/1500, SGL Carbon), was used as a host 

matrix, onto which barium bromide was deposited using a wet impregnation technique. 10 mm 

diameter discs were waterjet cut from 10 mm thick ENG board and a 1 mm hole drilled through 

the centre to allow for the placement of a thermocouple. The samples were then dried and 

weighed, before being placed into a barium bromide solution for 24 hours at a pressure of 0.1 

bar. The solution contained 43.5 g of barium bromide dihydrate (Alfa Aesar, ≥ 99.3%) and  

100 g water, so that the resulting composite samples contained a greater mass of salt than 

graphite. Following their removal from solution, the samples were dried at 180°C in an oven 

until their mass remained constant to remove all water and to ensure that only anhydrous 

barium bromide was present.  Figure 1 shows the appearance of the composite salt-ENG sample 

prior to ammoniation. Characteristics of the samples used in this work are shown in Table 1.  

 

 

Figure 1. Waterjet cut ENG discs after impregnation with salt and drying. 

 

Table 1. Sample characteristics 

Experiment 
Number of 

discs 
ENG mass (g) Salt mass (g) 

Mass ratio 

(salt:ENG) 
Moles of salt 

FTR 5 0.633 0.867 1.37:1 2.92x10-3 

TGA 2 0.249 0.390 1.57:1 1.31x10-3 

 

The FTR method used an apparatus similar to that used for previous LTJ experiments [6]. Five 

ENG-salt discs were placed in the inner tube side of a tube-in-tube heat exchanger with the 

heat transfer fluid, Huber M20.235.20 silicone oil, flowing around the outside. The fluid was 

connected to an air-cooled circulating bath that provided the fast temperature ramp. The inner 

tube-side reactor was connected to 7 litre buffer vessels containing ammonia gas, which was 

all contained inside a temperature-controlled box. A diagram of the FTR experimental setup is 

shown in Figure 2. 
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Figure 2. Simplified schematic of the Fast Temperature Ramp (FTR) apparatus, showing (1) reactor 

bath, (2) bath feeding buffer vessels and fan, (3) fan, (4) buffer vessels, (5) tube-in-tube reactor 

containing samples and (6) isothermal box. Not to scale.  

 

The samples were then put through a fast temperature ramp, initiating adsorption and 

desorption reactions, and the resulting pressure change in the attached buffer vessel was then 

analysed to determine which of the expected ammonia-salt transitions had occurred. The 

pressure remained near constant throughout the tests.  

TGA experiments were also undertaken using a Rubotherm Magnetic Suspension Balance. The 

instrument separates the sample environment from the balance via a magnetic coupling, 

allowing for a controlled gaseous environment (in this case ammonia gas) to surround the 

sample. The pressure was controlled by linking the sample chamber to a receiver containing 

liquid ammonia. A diagram of the TGA experimental setup is shown in Figure 3. 
  

 

Figure 3. Simplified schematic of the Rubotherm Magnetic Suspension Balance apparatus, showing 

(1) bucket containing samples, (2) magnetic coupling, (3) balance, (4) receiver containing liquid 

ammonia and (5) temperature-controlled bath. Not to scale. 
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Discussion and Results 

Figure 4 shows the results of one FTR desorption test. Unlike the LTJ method [5], the FTR test 

revealed all four reactions. Each reaction onset occurs when the sample temperature deviates 

away from the reactor wall temperature and is accompanied by a pressure rise. In total, fourteen 

FTR tests were conducted at a variety of pressures between 1 and 7 bar.  

 
Figure 4. FTR desorption test results showing the four deammoniaton steps of BaBr2. 

 

These results were then further analysed by producing two plots and using a method first 

introduced by Atkinson [5], where the test results are plotted as (1) temperature against time 

and (2) pressure against temperature on ln(p) vs -1000/T axes. Figure 5 shows the test results 

from Figure 4 plotted in this way. The onset of each reaction can be seen by a distinct 

temperature plateau on Figure 5 (a) and a sharp pressure increase on Figure 5 (b).  An 

equilibrum point was then manually selected at the point that each of the four reactions begin, 

and the corresponding temperature and pressure values were recorded.   

  

                                           (a)                                                                                (b)  

Figure 5. FTR desorption test results showing the four deammoniaton steps of BaBr2. 
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The Clapyron diagram generated from the FTR tests is shown in Figure 6. A linear regression 

fit was used to generate the solid adsorption and desorption lines. Also shown in Figure 6 are 

equilibrium lines derived from literature values obtained from Blitz [7]. The results show that 

significant hysteresis exists between adsorption and desorption for all four reactions, and that 

all four adsorption reactions occur over a much smaller range than the desorption reactions. 

The results also show that the barium bromide and ammonia reaction enthalpy and entropy 

values are significanly different from the published values previously obtained [7].  

 

Figure 6. Clapeyron diagram showing FTR derived desorption (a) and adsorption (b) equilibrium lines 

for BaBr2·nNH3 (n = 0, 1, 2, 4, 8) reactions (r2 > 0.99), alongside literature values (c) published by Blitz 

[7].  
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Table 2. Calculated reaction enthalpies and entropies versus literature valuesa 

Reaction 

Calculated 

reaction enthalpy 

 ∆H (J mol-1) 

Calculated 

reaction entropy 
∆S (J mol-1·K-1)* 

Literature 

reaction enthalpya 

 ∆H (J mol-1) 

Literature 

reaction entropya 

∆S (J mol-1·K-1)* 

BaBr2 (0-1) 38160 226 50700 227.7 

BaBr2 (1-2) 35363 238 45600 233.7 

BaBr2 (2-4) 39476 268 43900 234.7 

BaBr2 (4-8) 36840 267 43000 233.7 

BaBr2 (1-0) 62001 215 50700 227.7 

BaBr2 (2-1) 60118 221 45600 233.7 

BaBr2 (4-2) 46961 208 43900 234.7 

BaBr2 (8-4) 41354 214 43000 233.7 

*Reference pressure, P0 = 1 Pa    aTaken from Blitz 1922 [7] 

 

The isobaric adsorption and desorption characteristics of barium bromide were studied at a 

range of pressures using the TGA setup. Figure 7 shows the experimental results at 700 kPa 

using 1 K steps and a heating rate of 1.5 K·h-1. In all cases, three distinct reactions were visible. 

The reactions BaBr2 (8-4)/(4-8) and BaBr2 (4-2)/(2-4) occurred as expected, however the 

reactions BaBr2 (2-1)/(1-2) and BaBr2 (1-0)/(0-1) occurred as a single step. This differed from 

the FTR results, where four distinct transitions were visible. The TGA results were also 

analysed in the same way as Figure 5, however the reaction onset points were less clear due to 

the discreet temperature steps of 1 K and the slow temperature ramp rate used. The molar 

fraction (X) of ammonia adsorbed and desorbed was >99% in all cases.  

 

 

Figure 7. Isobaric adsorption and desorption curve of barium bromide at 700 kPa. 

All three visible reactions showed significant hysteresis at all investigated pressures, as shown 

in Figure 8. For example, the onset of reaction BaBr2 (2-4) and decomposition BaBr2 (4-2) 

occurred at 77°C and 81°C degrees, respectively, at 600 kPa, a difference of 4°C. At 900 kPa, 

the reactions occurred at 85°C and 91°C, a difference of 6°C. The onset of the BaBr2 (0-2) 

reaction and (2-0) decomposition displayed the greatest hysteresis, but also the greatest 
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uncertainty in onset temperature. The temperatures at X = 1, equivalent to BaBr2·NH3, were 

98°C and 119°C for adsorption and desorption, respectively, at 900 kPa, a difference of 21°C.  

 
                                     (a)                                                                      (b) 

Figure 8. Isobaric adsorption and desorption curves of barium bromide at (a) 600 kPa and (b) 900 kPa. 

 

Conclusions  

This work has developed a new method for evaluating the multi-transition reactions of 

ammoniated salts, termed the Fast Temperature Ramp (FTR). This method, alongside TGA, was 

used to determine the location of barium bromide-ammonia equilibrium lines, showing that 

TGA alone is not sufficient to reveal all transitions. Significant hysteresis between adsorption 

and desorption was found, in particular for the BaBr2 (2-1)/(1-2) and BaBr2 (1-0)/(0-1) 

reactions. This hysteresis effect increased at higher pressures, exceeding 20°C at 900 kPa. 

Most significantly, this work showed that the published values of entropy and enthalpy are 

different to the experimentally found values. Adsorption reactions were found to occur over a 

smaller temperature range than desorption, giving rise to a single adsorption transition ‘zone’ 

less than 20°C wide. This suggests that BaBr2 is a viable candidate salt for use in heat 

pumping, thermal transformation and thermal storage applications. 
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Abstract 

The cascaded absorption-compression high-temperature heat pumps achieve high temperature 

lift and high system performance through thermal coupling between sub-cycles. Irreversible 

losses in thermal coupling part and other components have a serious effect on the heat pump 

performance. In this study, the entransy dissipation was used for the heat transfer 

irreversibility analysis on heat transfer components in heat pumps; heat and mass transfer 

process models and entransy dissipation calculation methods for complex transfer 

components such as absorber and generator were proposed; exergy loss and entransy 

dissipation of the same heat transfer component but in different heat transfer temperature 

differences were obtained and compared; the effect of thermal coupling temperature on the 

exergy based and entransy based heat pump system parameters was investigated. The results 

indicated that the trend of the heat pump component entransy dissipation with the heat 

transfer temperature difference is in good agreement with that of exergy loss, which proved 

that the entransy dissipation calculation method is correct and available for the heat transfer 

irreversibility analysis for high-temperature heat pump components. In addition, the unique 

 -  diagram obtained by the entransy dissipation analysis visually illustrates the heat and 

mass transfer processes in each heat transfer component, which is difficult to obtain in 

traditional exergy loss analysis. Therefore, entransy dissipation has its own characteristics 

and advantages over exergy loss. 

Keywords: Heat pump, Absorber and generator, Heat transfer irreversibility, Entransy. 

 

Introduction 

High-temperature heat pumps, as clean and efficient technologies to replace boilers for 

effective industrial and building heating, have been extensively studied[1–3]. Through the 

thermal coupling between condensers of low-temperature stages and evaporators of high-

temperature stages, cascaded multi-stage compression heat pumps can achieve high 

temperature lift [4]. However, for large scale and high temperature heat demands, 

conventional cascaded multi-stage compression heat pumps are often difficult to satisfy it due 

to limitations of compressor design and work media[5]. Cascaded absorption-compression 

heat pumps, which usually use the absorption-based sub-cycle instead of the compression-

based sub-cycle as the high-temperature stage, are common forms of hybrid absorption-

compression high-temperature heat pumps. The compression heat pump has high efficiency 

and good controllability but is not good at high-temperature output, thus it is used as the low-

temperature stage. While the second type absorption heat pump has high output temperature 

and flexible temperature management ability but needs medium-temperature input, thus it is 

used as the high-temperature stage. Therefore, two stages, through thermal coupling between 

condensers of the compression cycle and generator and evaporator of the absorption cycle, 

are complementary to each other. This makes the cascaded absorption-compression heat 

pump attractive for high temperature heat output. Moreover, through the internal heat 

recovery between the condenser of the absorption cycle and the evaporator of the 

compression cycle, the hybrid absorption-compression heat pump can effectively enhance the 
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system performance, as shown in Fig. 1[6-7]. In order to further improve the overall 

performance, it is important to reduce the heat transfer irreversibility of the thermal coupling 

part and other heat transfer components in the high-temperature heat pump[8-9]. 

 

Figure 1. The schematic diagram of the two-stage hybrid absorption-compression heat pump 

cycle[7]. 

 

Entransy was a newly proposed physical quantity which was initially used for the 

optimization of heat transfer processes through the extremum entransy dissipation principle 

and had a large number of successful application cases[10]. According to the definition of 

entransy, it contains the quantity and the quality of energy, and is therefore promising as a 

second law analysis tool for thermodynamic systems, like exergy. Currently, the entransy 

analysis for thermodynamic systems is mostly based on heat engine or heat pump cycles 

considering the work-heat conversion. Concepts such as work entransy were proposed to 

evaluate the input or output work in cycles so that the entransy analysis for thermodynamic 

systems can be self-consistent. Chen et al. extended the entransy theory from the heat transfer 

process optimization to the thermodynamic system optimization by developing the concept of 

entransy loss for heat engine cycles[11], the concept of entransy increase for heat pump 

cycles[12], the work entransy theory and the entransy balance equation of thermodynamic 

processes. The derived maximum entransy loss principle was used in the optimization of 

closed [13] and open [14] cycles with heat-work conversion. Especially for endo-reversible 

Carnot heat engine and heat pump cycles under specific given optimization conditions, the 

entransy theory can be used successfully [15-17]. 

However, the entransy analysis method for thermodynamic systems is still controversial due 

to the unclear physical meaning of work entransy and the debate about whether entransy is a 

state or process quantity[18-19]. Moreover, the work entransy based entransy analysis is 

difficult to be used for non-work driven thermodynamic cycles, such as absorption cycles. 

Therefore, in this study, entransy was mainly used to analyze the heat transfer irreversibility 

in hybrid absorption-compression heat pumps, not involving the non-heat transfer processes. 

Entransy dissipation based heat transfer irreversibility analysis is quite mature and widely 

used, and entransy dissipation analysis is most suitable for the description of heat transfer 

processes irreversibility, other than other thermodynamic processes[20]. While the entransy 
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dissipation and  -  diagram based heat transfer irreversibility is desired for the analysis and 

the optimization of heat pumps. Hu et al. proposed a heat pump system, and plotted  -  

diagrams of its condensers and evaporators to demonstrate that the proposed heat pump cycle 

had an improved performance due to the reduction of the entransy dissipation under the same 

working condition[8]. Yang et al. proposed a high-temperature combined heat pump system 

and used its  -  diagram to illustrate a better temperature match in the heating supply 

process[9].  

The entransy dissipation calculation for a simple two-fluid heat exchanger is based on the 

energy conservation equation and the thermodynamic property equation of work media. Then 

the temperature relationship with the heat transfer process for the hot and cold fluid, i.e., the 

 -  diagram is derived. Finally, the entransy dissipation of the heat transfer process can be 

obtained from the area surrounded by the hot and cold fluid temperature curve of the  -  

diagram[10,21]. However, absorption and generation processes in absorption cycles, which 

include the mass transfer between the solution and the refrigerant and the heat transfer 

between the solution, the refrigerant, and the surrounding, have complex irreversibility and 

are difficult to calculate their entransy dissipations. To solve this problem, Zhang et al. 

proposed the concept of concentration entransy, and derived calculation equations for the 

mass and heat transfer entransy dissipation of absorbers and generators based on the one-

dimensional absorption and generation micro-element model[22]. This method was 

successfully used to analysis the entransy dissipation of absorbers and generators in first type 

absorption heat pumps[22-23]. However, negative entransy dissipations were obtained in 

some operating conditions when applied this method to second type absorption heat pumps, 

as shown in Table 1. This is obviously not in accordance with the second law of 

thermodynamics. The main problem comes from the non-conservation of energy due to 

flawed heat and mass transfer process model assumptions. From the perspective of the energy 

quantity, when considering the solution absorption process, this method calculates the latent 

heat of steam liquefaction, rather than the heat released by mixing the solution with the steam, 

and results in the heat input less than the heat output when considering the overall process. 

The direct evidence is that there is a big difference between entransy dissipations of absorber 

according to Kelvin temperature and Celsius temperature. This contradicts the conclusion that 

entransy dissipation is proportional to the heat transfer temperature difference but not related 

to the absolute value of the heat transfer temperature. Moreover, in the mathematical model 

of first type absorption heat pumps, the solution at the absorber inlet (i.e., the solution throttle 

outlet) is saturated and has higher temperature than outlet, while in the mathematical model 

of second type absorption heat pumps, the solution at the absorber inlet is usually unsaturated 

and has lower temperature than outlet. Therefore, it is necessary to consider inlet and outlet 

states of work media in absorbers and generators, while assume heat and mass transfer 

processes, so as to conduct a correct entransy dissipation analysis. 

Table 1. A case where the entransy dissipation is negative according to Ref. [22], the 

absorber operating conditions are taken from the high-pressure absorber (HPA) of the three-

stage heat pump cycle (HACHP-2) in Ref. [7]. 

items values 

vapor in (point 16)                                               

solution in (point 4)                                                           

204 / 710



 

3rd to 6th of September 2023 
The University of Edinburgh, Scotland 

solution out (point 5)                                                          

cooling water in (point 

25) 
                                              

cooling water out 

(point 26) 
                                             

vapor entransy change -4417.04 kW·°C  -18446.29 kW·K 

solution concentration 

entransy change 
-2647.66 kW·°C -2647.66 kW·K 

solution heat entransy 

change 
1241.28 kW·°C 3800.21 kW·K 

cooling water entransy 6003.13 kW·°C 19682.87 kW·K 

total entransy 

dissipation 
-179.72 kW·°C -2389.13 kW·K 

Here, inspired by the heat transfer irreversibility analysis of the absorption process in once-

through discharging absorption thermal storage systems[24], the entransy dissipation 

calculation and T-Q diagram plotting method for absorbers and generators in second type 

absorption heat pumps was proposed. In addition, to evaluate the effect of the heat transfer 

component improvement on the hybrid absorption-compression high-temperature heat pump 

system performance, the effect of the heat transfer temperature difference on the entransy 

dissipation of each component was investigated and compared with the exergy analysis. 

 

Entransy dissipation and  -  diagrams of heat transfer components in the heat pump 

In this section, the irreversibility of each heat transfer component in the cascaded absorption-

compression high-temperature heat pump (Fig. 1) that has the optimal coupling temperature 

under the air temperature of 20.0 °C and the output temperature of 130.0 °C will be analyzed. 

As mentioned before, in order to calculate the entransy dissipation of heat transfer 

components, the key is to know temperature change relationships of the hot and cold fluid as 

a function of the heat transfer process. This can be obtained from the conservation of energy 

within each micro-element stepping heat transfer process, as will be shown below. The 

micro-element stepping heat transfer process is denoted by the relative heat exchange amount, 

 , varying from 0 to 1. This is a differential variable that can be used both as a micrometric 

multiplier in the energy conservation equation and as a differential variable in the integral 

entransy equation. Taking condenser-3 (subscript "con3") & evaporator-1 (subscript "eva1") 

as an example, its entransy dissipation can be calculated as follows.  

                             (1) 

                           (2) 

 
                          

 

 

 (3) 
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                           (4) 

                          (5) 

 
                         

 

 

 (6) 

                                 (7) 

where, Eq. 1 ~ Eq. 3 calculate the entransy transfer rate of the hot fluid R134a in condenser-3, 

     ; Eq. 2 calculates the temperature at the corresponding pressure and specific enthalpy 

based on the thermophysical property of R134a; Eq. 4 ~ Eq. 6 calculate the entransy transfer 

rate of the cold fluid water in evaporator-1,      ; Eq. 7 calculates the entransy dissipation 

rate of condenser-3 & evaporator-1,               ;       and  
    

 represent the relative heat 

exchange amount and the total heat exchange amount of condenser-3, respectively;       

represents the specific enthalpy of R134a after completing the corresponding relative heat 

exchange process      . The negative sign in       represents the entransy transfer rate 

accompanying with heat is output.  

Other two-fluid heat exchangers, including condenser-1 (subscript "con1") & evaporator-2 

(subscript "eva2") and evaporator-3 (subscript "eva3" for the cold R134a and subscript "air" 

for the hot air), can calculate their entransy dissipation in the similar way.  

Unlike simple two-fluid heat exchangers, in the absorber and generator, the mass and heat 

transfer process is complex. In the solution, there is not only the heat transfer, but also the 

absorption and generation of work media (steam). As shown in Fig. 2(a), considering the 

solution thermodynamic states at the inlet (point 6) and outlet (point 1) of the absorber and 

the solution flowing process in the heat pump system, the following simplified two-stage 

absorption and exothermic process of the solution inside the absorber was assumed.  

  

(a) (b) 

Figure 2. The schematic diagrams of the inlet and outlet state points and heat and mass 

transfer processes in the absorber (a) and generator (b). The color gradient of the refrigerant 

from blue to red or from red to blue indicates being heated or cooled, respectively; the color 

gradient of the solution from brown to green or from green to brown indicates being weak or 

strong, respectively. 

 

In the first stage, at the beginning, the strong solution (point 6) from the solution heat 

exchanger (HEX) is in the state of pressure    and concentration   , but the temperature has 

not yet reached the corresponding saturation state (               ). Therefore, after the 
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strong solution enters the absorber, it rapidly absorbs a portion (            ) of the high-

pressure steam (point 10) from evaporator-1 (EVA1), while the concentration decreases and 

the temperature increases simultaneously until the solution reaches the saturated solution 

state (subscript "abs, weak, 1") under the absorption pressure. During the first stage, all the 

heat absorbed by the strong solution from the steam is used to increase the solution 

temperature and allow the solution to be saturated quickly. Therefore, this stage can be 

considered as an adiabatic process, i.e., no heat transfer to water is considered. Balance 

equations (Eq. 8 ~ Eq. 10) and property equations (Eq. 11 ~ Eq. 12) for the first stage are 

shown below. 

                               (8) 

                               (9) 

                                               (10) 

                                     (11) 

                                              (12) 

where, Eq. 11 refers to the calculation of temperature at the corresponding pressure and 

solution mass concentration based on the thermophysical property of the LiBr-H2O solution; 

Eq. 12 refers to the calculation of specific enthalpy at the corresponding temperature and 

solution mass concentration, based on the thermophysical property of the LiBr-H2O solution. 

This set of equations (Eq. 8 ~ Eq. 12) can be solved by iterating with the variable             

until the LiBr solution saturated (Eq. 11). 

In the second stage, the saturated solution before exotherm (subscript "abs, weak, 1") starts to 

release heat to water through the heat exchanger in the absorber, while the solution cools 

down and continues to absorb the remaining (            ) high pressure steam (point 10) from 

evaporator-1 (EVA1) to maintain the saturated state at all times (subscript "abs, weak, 2") 

until the solution completes all the exotherm process and becomes the weak solution (point 1). 

Balance equations (Eq. 13 ~ Eq. 15) and property equations (Eq. 16 ~ Eq. 17) for the second 

stage, including entransy transfer of the solution in the absorber,      (Eq. 18), are shown 

below. 

                         
               (13) 

                               (14) 

                                                                          (15) 

                                     (16) 

                                              (17) 

 
                             

 

 

 (18) 
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For the entransy transfer rate of water,       , and the entransy dissipation rate of the heat 

transfer process in the absorber,         , a similar method as simple two-fluid heat exchangers 

can be used, as shown below. 

                              (19) 

                             (20) 

 
                           

 

 

 (21) 

                           (22) 

Similarly, as shown in Fig. 2(b), the solution thermodynamic states at the inlet (point 3) and 

outlet (point 4) and the solution flowing process were considered. The weak solution (point 3) 

from valve-1 (V1) has been partially flash (refrigerant vapor quality  
 
) to saturation. Thus, 

unlike the two-stage absorption and exothermic process in the absorber, the weak solution in 

the generator is always saturated. It directly absorbs heat and generates steam simultaneously, 

accompanied by a continuous increment in the temperature and concentration until the 

solution completes all the heat absorption and steam generation process and becomes the 

strong solution (point 4). Therefore, the entransy dissipation of condenser-2 (subscript "con2") 

& generator (subscript "gen") can be calculated as follows. 

                             (23) 

                           (24) 

 
                          

 

 

 (25) 

                             (26) 

                                     (27) 

                                                             (28) 

                                     (29) 

                                              (30) 

                                     (31) 

 
                            

 

 

 (32) 

                               (33) 

where, Eq. 23 ~ Eq. 25 calculate the entransy transfer rate of the hot R134a in condenser-2, 

     ; Eq. 26 ~ Eq. 32 calculate the entransy transfer rate of the cold LiBr-H2O solution in 
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generator,     ; Eq. 33 calculates the entransy dissipation rate of condenser-2 & generator, 

             . 

The case of the solution heat exchanger (subscript "hex") is special. Because the hot and cold 

fluid involved in the solution heat exchanger is not saturated, the temperature of solution 

cannot be obtained from the property equation. Hence, the heat capacity was used here. 

                                          (34) 

                                          (35) 

 
                                  

 

 

 (36) 

                                             (37) 

                                             (38) 

 
                                    

 

 

 (39) 

                                  (40) 

where, Eq. 34 ~ Eq. 36 calculate the entransy transfer rate of the hot fluid in heat exchanger, 

         ; Eq. 37 ~ Eq. 39 calculate the entransy transfer rate of the cold fluid in heat 

exchanger,          ; Eq. 35 and Eq. 38 refer to the calculation of the specific heat capacity at 

the corresponding arithmetic average temperature and solution mass concentration based on 

the thermophysical property of the LiBr solution; Eq. 40 calculates the entransy dissipation 

rate of the solution heat exchanger,         ;          and           represent the solution 

temperature after completing the corresponding relative heat exchange process          and 

         , respectively.  

Besides,  -  diagrams of all heat transfer processes in the heat pump can be obtained, as 

shown in Fig. 3. Considering the counter-current arrangement, for the cold fluid, when 

drawing the  -  diagram, its horizontal coordinate should be  - . Intuitively, the entransy 

transfer value of the hot fluid and the cold fluid can be expressed in terms of the area 

enclosed by the horizontal axis and their temperature change curves on the  -  diagram, 

while the area between the two curves is the entransy dissipation.  
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(a) Absorber (ABS) (b) Condenser-2 & Generator (CON2-GEN) 

  

(c) Condenser-3 & Evaporator-1 

(CON3-EVA1) 

(d) Condenser-1 & Evaporator-2 

(CON1-EVA2) 

  

(e) Heat Exchanger (HEX) (f) Evaporator-3 (EVA3) 

Figure 3.  -  diagrams of each heat transfer component in the heat pump, illustrating inlet 

and outlet state points and temperature change processes of work media in each component. 

 

As can be seen from  -  diagrams, besides the temperature change curve in the latent heat 

transfer stage is a horizontal straight line, the temperature change curve in the sensible heat 

transfer stage can also be approximated as a straight line. Therefore, for simplicity, the whole 

heat transfer process was segmented according to sensible and latent heat transfer. And the 

arithmetic average temperature in each segment was used. Taking the absorber as an example, 

the entransy transfer calculation is shown below.  

 
        

              

 
 
   

 
(41

) 

 
         

               

 
                        

                                                

 
               

 
                        

 
(42

) 
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The entransy dissipation results of all heat transfer components in the two-stage hybrid 

absorption-compression heat pump under the state in Table 2 of Ref. [7] are shown in Table 2. 

It indicates that the relative error (RE) between the integral calculation and the approximate 

calculation is not significant. 

Table 2. Comparisons between entransy dissipation results using integral and simplified 

calculation. 

Gdis ABS 
CON1-

EVA2 

CON2-

GEN 

CON3-

EVA1 
EVA3 HEX total 

Integral 

(kW·°C) 
885.9 332.8 522 414 171.5 451 2777 

Simplified 

(kW·°C) 
887.6 332 529.1 413.6 171.5 428.3 2762 

RE 0.19% 0.24% 1.36% 0.10% 0.00% 5.03% 0.54% 

 

Entransy dissipation based heat transfer irreversibility analysis and improvement guide 

In order to verify the reasonableness of the entransy based heat transfer irreversibility 

analysis method, exergy loss and entransy dissipation results of each heat transfer component, 

when the absorber heat transfer temperature difference ∆tabs varied from 10 °C to 0 °C, are 

shown in Fig. 4. The consistency between the trend of exergy loss and entransy dissipation 

with heat transfer temperature difference suggests that both of them can be used to quantify 

the heat transfer components irreversibility in heat pumps. 

Taking the absorber (Fig. 2(a)) as an example, the exergy loss of heat pump components is 

calculated as follows. 

                                           (43) 

where    refers to the ambient temperature and   refers to the special entropy. It can be seen 

that the exergy loss calculation of heat transfer components in the heat pump only considers 

inlet and outlet states but ignores internal heat and mass transfer processes. Moreover, 

inquiring the special entropy of work media and pre-setting the ambient temperature are 

required, which means that the value of the exergy loss may be affected by factors other than 

the heat transfer irreversibility.  
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Figure 4. Comparisons of the effect of the absorber heat transfer temperature difference ∆tabs 

on exergy loss   and entransy dissipation      of each heat transfer component: (a) ABS; (b) 

CON2-GEN; (c) CON3-EVA1; (d) CON1-EVA2; (e) HEX; (f) EVA3. 

 

In order to show the irreversibility improvement of each heat transfer component and its 

effect on system coefficient of performance (COP), reducing the minimum heat transfer 

temperature difference in the calculation model was considered. The minimum heat transfer 

temperature difference of the liquid-liquid heat exchanger (ABS, CON2-GEN, CON3-EVA1, 

CON1-EVA2, and HEX) was decreased from original 5 °C to 2 °C, and the minimum heat 

transfer temperature difference of the liquid-gas heat exchanger (EVA3) was decreased from 

the original 10°C to 7 °C. Besides, in order to show the irreversibility improvement of the 
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non-heat transfer component, compressor (COM), in the heat pump, its isentropic efficiency 

was increased from the original 0.8 to 0.9. The effects of the irreversibility improvement on 

the entransy dissipation of each component and COP of the heat pump are shown in the Fig. 5. 

It can be seen that: 

(1) The irreversibility improvement of each heat transfer component reduce its own entransy 

dissipation most, while the irreversibility improvement of the compressor reduce the 

entransy dissipation of the condenser-2 & generator most. 

(2) As shown in Table 2, the absorber has the highest entransy dissipation under the original 

operating condition. Correspondingly, the reduction of the total entransy dissipation 

caused by the heat transfer irreversibility improvement of the absorber is the most. But 

interestingly, the COP improvement is not the largest (from 1.404 to 1.438) under the 

absorber improvement. While the heat transfer irreversibility improvement of the 

condenser-1 & evaporator-2 (moderate entransy dissipation under the original operating 

condition) results the best COP improvement (from 1.404 to 1.459). 

(3) Moreover, it is more interesting that the irreversibility improvement of some components 

causes an increment rather than a reduction in the entransy dissipation of other heat 

transfer components. For example, the entransy dissipation of evaporator-3 always 

increased when components other than itself had irreversibility improvements. 

 

Figure 5. The effect of the irreversibility improvement of each component (horizontal 

coordinates, for example, "ABS" means that only the absorber gets its own irreversibility 

improvement and other component dose not) on the entransy dissipation of all heat transfer 

components and the COP of the heat pump system. 

 

Entransy metrics perspective of the coupling temperature optimization for the heat 

pump 

For cascaded absorption-compression heat pumps, the coupling temperature tm usually needs 

to be optimized for the maximum COP requirement under a given external operating 
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condition. In order to investigate the availability of exergy and entransy analysis relevant 

parameters for the COP optimization, the COP (Eq. 44), total exergy loss       , exergy 

efficiency   (Eq. 45), total entransy dissipation            and entransy increment      (Eq. 46) 

of the system under the same external operating condition but different coupling temperatures 

were calculated. 

 
      

 
   

   
 (44) 

 
    

     

   
 (45) 

                                            

   
   
                                           

(46) 

where,  
   

,    ,      ,         ,        ,     ,    , and     represent the high-temperature heat 

output, power input, exergy of the high-temperature heat output, entransy of the high-

temperature heat output, entransy of the low-temperature heat input, heat output temperature, 

low-temperature heat input, and heat input temperature, respectively. 

The results are shown in Fig. 6. As seen in the figure, the coupling temperatures 

corresponding to the optimal       ,  , and     , as well as COP, are consistent. This is because 

that        and   reflect the total irreversible losses and exergy utilization efficiency, 

respectively. While      is inversely proportional to COP under fixed  
   

, as can be seen 

from Eq. 45. These parameters are evaluated from the global perspective of the whole 

system. However,            only indicates the heat transfer irreversibility but excludes the non-

heat transfer irreversibility, so there is a bias in the coupling temperature optimization. 

 

Figure 6. Exergy and entransy metrics perspective of the coupling temperature optimization 

for the cascaded absorption-compression high-temperature heat pump. 

 

Summary  
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Entransy, as a newly proposed physical quantity, is expected to be used in the analysis of 

thermodynamic systems in addition to the successful application in heat transfer systems. 

However, the thermodynamic entransy theory, such as work entransy, is still controversial and 

cannot yet be used for the analysis of absorption heat pumps. Hence, the entransy analysis here 

for cascaded absorption-compression heat pumps only includes the entransy dissipation based 

heat transfer irreversibility analysis and the entransy increment based heat pump performance 

characterization. In summary, following conclusions could be obtained. 

(1) The entransy dissipation calculation method for the absorber and generator in heat pumps 

was constructed. By comparing the entransy dissipation and exergy loss under variable heat 

transfer temperature differences, it can prove the correctness of entransy dissipation as an 

evaluation indicator for the irreversibility of heat transfer components in heat pumps. By 

comparing the exergy based and entransy based heat transfer irreversibility analysis processes, it 

can conclude that the entransy dissipation analysis achieves a graphical visual illustration of the 

heat transfer process, which is difficult to be achieved by the exergy loss analysis. 

(2) The effect of heat transfer temperature difference on the entransy dissipation and exergy loss 

of components, as well as the total entransy dissipation and COP of the system, was investigated. 

Under the same temperature difference improvement, the heat transfer improvement of the 

component with the largest entransy dissipation in the original working condition does not 

obtain the best COP improvement results, which needs further research on changes of heat pump 

parameters.  

(3) The optimized coupling temperatures at the extremum of the entransy increment, exergy 

destruction and exergy efficiency, are same as the optimized coupling temperature at the 

maximum COP. Therefore, the entransy increment can be used for the coupling temperature 

optimization of cascaded absorption-compression heat pumps, but the total entransy 

dissipation cannot. 
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Abstract  

A surge in cooling demand is observed in the last few decades because of rising temperatures, 

growing population, high urbanization, and improved living standards. Therefore global air 

conditioner possession is increasing continuously with the maximum rise in developing 

countries. Therefore, air conditioning-related energy demand and emissions are also 

increasing exponentially. Conventional vapor compression systems are energy intensive and 

result in harmful emissions. Therefore, there is a need to develop unconventional water-based 

cooling systems with lower energy consumption and benign emissions. In this regard, a dual-

purpose innovative indirect evaporative cooling system is proposed and tested. The system 

aimed to address the major limitations in existing systems like water consumption, complex 

wall, low heat transfer rate, and intensive maintenance requirements. The experimental 

investigation revealed that the proposed system achieved a temperature drop of as high as 19 
o
C, 

a cooling capacity of 118 W, and a coefficient of performance of 29 (only for cooling) at a 

higher outdoor air temperature of 46 
o
C. Moreover, the system produced the supply air 

temperature at 21±0.5 
o
C for different outdoor air temperatures varying between 30 to 46 

o
C. 

Furthermore, the proposed IEC system can be used as a cooling tower to cool the intake 

water while simultaneously providing cool air. The experiments show that water in a 

humidifier achieves wet bulb temperature irrespective of water intake temperature. For 

experimentation, the water intake varied from 15 to 45 
o
C. Therefore, developing this 

advanced system is potentially a remarkable step toward the commercial-scale realization of 

indirect evaporative cooling technology.   

 

Keywords: dual purpose, indirect evaporative cooling, innovative cooling system, energy 

efficiency, sustainable development 

 

Introduction/Background 

The global cooling demand is increasing continuously because of some of the key drivers. 

These include rising global surface temperature (1.5°C–1.8°C/century) [1], Population 

Growth which is expected to surpass 9.9 billion by 2050 [2], high urbanization rate (57%) 

[3], and high living standards. Meanwhile, the surge in cooling demand also increases the 

energy demand and emissions as well. For instance, the air conditioner stock is expected to 

cross 5.6 billion by 2050 [4]. The corresponding, AC energy demand is predicted to surpass 

7700 terawatt-hours (TWh) and the emissions are expected to cross 170 Gt. Conventional 

vapor compression chillers have high energy consumption and work on the typical simple 

cooling coil-based working cycle. This working cycle operates by maintaining rigid 

temperatures and pressure conditions across the evaporator and condenser [5,6]. This fixed 

temperature limitation poses pressure limitations across the compressor which increases 
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energy consumption. Also, the fixed temperature differential across the evaporator and 

condenser prohibits any significant improvement in the energy efficiency of the system and 

hence the system COP is restricted < 4 for the last three decades [7]. Meanwhile, these 

systems also operated on high global warming potential chemical-based refrigerants which 

makes them environmentally unfriendly. Therefore, the current focus in the cooling market is 

unconventional cooling systems. Particularly, the systems based on water are encouraged 

because of safe operation. In this regard, indirect evaporative cooling (IEC) has emerged as 

one of the viable unconventional cooling solutions operated by water. Moreover, the systems 

do not involve any compressor and hence have significantly lower energy demand than 

conventional systems [8]. However, the traditional IEC systems are only tested at a 

laboratory scale and have not yet been commercialized. This is because the typical design 

suffer various design limitations which hinder the system expansion on the large scale. 

A novel dual-purpose indirect evaporative cooler is proposed and experimentally tested. 

The cooler can provide humidity-controlled cool air as well as can be employed to cool the 

hot water. This is because the proposed system has a novel operational configuration that 

includes a dedicated humidifier for the working airside. The humidifier simultaneously cools 

the working as well as showered water by harnessing the evaporative potential of air and 

water. The subsequent section provides details about the proposed system.  

 

Proposed system description. 

The proposed system schematic is shown in Figure 1 which shows that the system 

consists of a heat exchanger and a humidifier. Two fans are used to maintain the flow rates of 

outdoor air and working air. A pump and misting nozzle are used to shower fine mist in the 

humidifier. The small particle size of the mist increases the evaporation rate in the humidifier 

thus improving the cooling performance of the system. The heat exchanger part of the system 

cools the hot outdoor air by releasing its heat to the working air stream. While the humidifier 

is used to generate cold and humid working air by direct mixing and evaporation of water in 

the humidifier. This proposed arrangement addresses the design limitations of the traditional 

IEC systems. For example, the inclusion of a humidifier eliminates the requirements of 

special wall manufacturing with low thermal conductivity hydrophilic material like felt, 

cotton and wick, etc. Rather, the wall can be manufactured using any high thermal 

conductivity metal sheet which is aluminum in this case with thermal conductivity > 235 

W/m. Because of simple construction the system achieves high heat transfer, no water 

accumulation problems, fewer fouling issues, and low capital investment.  Moreover, the 

system does not need excessive maintenance and has high operational availability. Moreover, 

in the proposed arrangement, the working air enters the wet channel at the lowest temperature 

of wet bulb T = Twb with relative humidity RH = 100% which boosts the heat transfer 

process. The psychrometric chart of the system is shown in Figure 2. The sensible cooling of 

the outdoor air takes place in the dry channel (1-2). The working air is cooled and 

dehumidified in the humidifier (1-3), and then the working air extracts heat from the outdoor 

air in the wet channel (3-4). It is also important to emphasize that the heat exchanger in the 

proposed system always receives working air at wet bulb temperature and hence the cooler is 

minimally affected by the outdoor air temperature conditions. Moreover, the heat transfer 

process in the heat exchanger and working air humidification in the humidifier can be 

independently controlled and optimized. The air-water interaction through proper water 

showering, recirculation, and replenishment can significantly reduce water footprints thus 

improving overall system efficiency.  
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Fig. 1. Schematic of the proposed IEC.  

 

 
Fig. 2. Process description on the psychrometric chart. 

Experimental facility 

A lab-scale testing facility for the proposed IEC system was designed and fabricated as 

shown in Figure 3. It consists of a heat exchanger containing one dry channel in the middle 

and two wet channels on the sides. The system was fully instrumented with temperature 

sensors and flow meters to monitor and record the temperature and flow rates of air streams. 

The process involved the flow of outdoor air in the dry channel and the working air in the 

humidifier. The humidified and cooled working air enters the heat exchanger and extracts 

heat from the outdoor air thus cooling it to the supply air temperature. The supply air is then 

directed to the conditioned space and the high-humidity hot working air is discarded to the 

ambient.  The system performance was tested under assorted operating conditions of the 

outdoor air temperature and the system performance was measured in terms of temperature 

drop, cooling capacity, and coefficient of performance as given below. 
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Fig. 3. Experimental test facility. 

 

The temperature drop represents the degree of cooling achieved in the outdoor air stream 

and is given as the difference between the outdoor air temperature and the supply air 

temperature. 

, ,O A i S A oT T T       (1) 

The cooling capacity is the amount of heat extracted from the outdoor air in watts and is 

given in terms of flow rate, specific heat, and temperature drop.  

 , , ,O A p O A O A i S A oQ m c T T     (2) 

The coefficient of performance (COP) is calculated based on the cooling produced and the 

total power supplied. 

input

Q
COP

P
     (3) 

Discussion and Results 

The typical temperature trend for the outdoor air and supply of the system at an outdoor 

air temperature of 41 ± 0.5
o
C and absolute humidity of 10 g/kg is shown in Figure 4. It is 

observed that the system achieved a supply air temperature of 25 ± 0.5 
o
C during the 

continuous run for 6 hours. It indicates that the system achieved a ΔT of 15 ± 0.5 
o
C during 

operation. It is also observed that the system attained stable operation and did not suffer any 

heat accumulation or longitudinal heat transfer across the plate.  

Meanwhile, the humidifier was also performed to humidify and cool the working air as 

shown in Figure 5. It was seen that the working air intake in the humidifier was at 41 ± 0.5 
o
C 

and 42% relative humidity which achieved 100% relative humidity and wet-bulb temperature 

of 21±0.5 
o
C. The cool, humid air carrying mist particles extracted heat from the outdoor air 

in the dry channel. The working air leaves the wet channel at 28 ± 0.5 
o
C with a temperature 

rise of 6 ± 0.5 
o
C. Meanwhile, it is also important to mention that in the working air channel, 

evaporation takes place which extracts the major portion of the heat from the dry channel in 

the form of latent heat.  
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Figure 4. Outdoor and supply air temperature trends. 

 

 
Figure 5. Working air temperature and humidity trend at humidifier outlet/channel inlet. 

The system analysis on varying outdoor air temperature conditions was conducted. For 

this purpose, the outdoor air temperature increased from 30-46 
o
C as shown in Table 1. It was 

observed that the supply air temperature varied between 23.2 to 26.8 
o
C while TOA increased 

from 30 to 46 
o
C. The largest temperature drop was achieved against the maximum outdoor 

air temperature of 19.13 
o
C and 48 

o
C, respectively. Therefore, the maximum cooling 

capacity of 118 W was obtained against 46 
o
C of the outdoor air temperature. Similarly, the 

coefficient of performance was observed to be a maximum of 29.5 (only for cooling) at an 

outdoor air temperature of 46 
o
C. The decrease in cooling capacity and COP at lower outdoor 

air temperatures is because of a drop in the temperature differential across the air streams.  
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Table 1. Performance parameters at different outdoor air temperature conditions. 

TOA,i (
o
C) TSA,o (

o
C) ΔT (

o
C) Q (W) COP 

30 23.24 6.76 45 11.25 

34 23.96 10.04 61 15.25 

38 24.56 13.44 76 19 

42 25.69 16.31 102 25.5 

46 26.87 19.13 118 29.5 

 

Furthermore, the proposed IEC system can be used as a cooling tower to cool the intake 

water while simultaneously providing cool air. The experiments show that water in a 

humidifier achieves wet bulb temperature irrespective of water intake temperature. For 

experimentation, the water intake varied from 15 to 45 
o
C. As depicted in Figure 6, the sump 

water in the humidifier achieved wet bulb temperature within first hour of operation 

irrespective of intake temperature. It indicated that the proposed system is suitable for 

assorted operating scenarios.  
 

 
Figure 6. Water temperature trends during IEC operation.   
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Summary/Conclusions  

A dual-purpose innovative indirect evaporative cooling system is proposed to address the 

major constraints in conventional systems. These include water consumption, complex wall, low 

heat transfer rate, and intensive maintenance requirements. The experimental investigation 

revealed that the proposed system achieved a temperature drop of as high as 19 
o
C, a cooling 

capacity of 118 W, and a coefficient of performance of 29 (only for cooling) at a higher outdoor 

air temperature of 46 
o
C. Moreover, the system produced the supply air temperature at 21±0.5 

o
C for different outdoor air temperatures varying between 30 to 46 

o
C. Furthermore, the 

proposed IEC system can be used as a cooling tower to cool the intake water while 

simultaneously providing cool air. The experiments show that water in a humidifier achieves 

wet bulb temperature irrespective of water intake temperature. For experimentation, the water 

intake varied from 15 to 45 
o
C. As The sump water in the humidifier achieved wet bulb 

temperature within half an hour of operation irrespective of intake temperature. It indicated 

that the proposed system is suitable for assorted operating scenarios. The system performance 

under all conditions is competitive with the existing IEC systems with additional benefits of high 

heat transfer, resilient design, easy operation, and low maintenance requirements. Therefore, 

developing this advanced system is potentially a remarkable step toward the commercial-scale 

realization of IEC technology.  
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Abstract  

Direct air capture (DAC) technology has become crucial in mitigating the effects of global 

warming by directly capturing CO2 from the atmosphere. The high thermal energy 

consumption associated with DAC is a major challenge due to the ultra-dilute CO2 

concentration in the air. In this study, two different thermal integration strategies are proposed 

combining waste-heat source heat pump (WH-HP) with solid adsorbent DAC technology. In 

Aspen Plus models, the simple DAC with WH-HP system reduced the energy consumption by 

67.5% to 536.8 kWh/tonCO2 comparing the traditional DAC system. The novel deeply 

integrating DAC with WH-HP would provide a cost-effective, energy-efficient solution to 

enhance DAC performance. 

Keywords: Heat Integration, Thermal Modelling, CO2 capture, Waste heat source heat pump  

Introduction 

The cumulative amount of CO2 emitted into the atmosphere is directly proportional to the 

global average temperature rise1. To achieve the temperature rise target below 2 °C in Paris 

Agreement of the 2015 Climate Conference (COP 21), it is necessary to maintain atmospheric 

concentration levels of CO2 between 430–480ppm in 21002. Negative emissions technologies 

(NETs) are required for stabilizing climate through removal of CO2 from the atmosphere3.  

Direct air capture (DAC) is an important NET that can capture CO2 from the air directly. 

According to the Net Zero Emissions by 2050 Scenario of the International Energy Agency, 

DAC capture capacity would be up to almost 90 MtCO2/year in 2030 and increase significantly 

to 980 MtCO2/year (13% of all CO2 emissions) in 20504. DAC was first proposed to mitigate 

climate change in 19995 and has been at high technology readiness level (TRL 6) via lots of 

plants in 20224.  

Considering the ultradilute CO2 in the air (400 ppm), removing CO2 from the atmosphere 

requires a higher energy input and cost than other traditional capturing technologies. Wohland 

et al.6 showed that to ensure negative CO2 emissions, at least 80% of the electricity needs to be 

from renewable energy when operating DAC plants entirely on electricity. However, the 

average thermal and electric power requirement of DAC is 80% and 20% respectively7. Using 

high-quality electric energy completely for regeneration (enrich captured CO2) heat demand is 

not an optimal solution.  

There are two main technology approaches for DAC: high-temperature (~800 °C) aqueous 

solution (HT DAC) and low-temperature (80–100 °C) solid sorbent (LT DAC) systems8. LT 

DAC systems do not require high-temperature demand. Therefore, it has considerable potential 

for cost reduction by acquiring thermal energy from low-temperature waste heat.  

Heat pumps can absorb low-grade heat from waste heat or even ambient heat to improve energy 

efficiency9. Combining the waste heat source heat pump (WH-HP) to meet the thermal energy 

of the DAC system can greatly reduce the system energy consumption, further lessen the 

224 / 710

mailto:zhuxc19@sjtu.edu.cn


 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

dependence of the DAC system on renewable energy power and increase the flexibility of the 

DAC system layout. G. Leonzio and N. Shah10 applied air source heat pump (ASHP) to supply 

hot water for DAC by taking heat from air. By simulating different working fluids (CO2, CO2-

ethane, CO2-R41) in Aspen Plus software, the integrated process can save energy consumption 

of 55%, 60%, and 53% respectively.  

At present, there is no detailed study on DAC coupled waste heat source heat pump systems. 

In this study, two system schemes for DAC with WH-HP system are proposed: simple DAC 

with WH-HP system and deeply integrating DAC with WH-HP system (named HP-DAC). 

Simulations were conducted in the Aspen Plus based on the same CO2 capture capacity and 

thermal requirements. Compared with the simple DAC with WH-HP system, HP-DAC can 

save construction costs and occupied area due to the minor components. Furthermore, it 

displayed lower energy consumption via inner thermal integration which improved efficiency 

of energy utilization. 

Discussion and Results 

Modeling and parameter setting of DAC 

The main components of a DAC unit are an adsorption tower and a desorption tower for 

continuous CO2 production. The cyclic capture of the DAC unit is realized by the regeneration 

at high temperature and re-adsorption at low temperature of the adsorbent in the same tower. 

As shown in Figure 1, the simplified DAC process consists of cooling/adsorption stage and 

heating/desorption stage. In the cooling/adsorption stage, air flows into the adsorption tower 

while achieving adsorbent cooling and CO2 adsorption. At the same time, to speed up the 

cooling stage and maintain the temperature stability of the adsorption, another cold fluid that 

does not directly contact with the adsorbent is also sent into the adsorption tower. In the 

heating/desorption stage, the adsorbents are heated to desorption temperature, and captured 

CO2 is released due to the hot fluid flows. 

 

Figure 1. Diagram scheme of the DAC unit 

The adsorbent in the adsorption/desorption tower is the aminosilane-functionalized 

nanofibrillated cellulose sorbent material (abbreviated as APDES-NFC-FD), and its 

characteristic parameters are displayed in Table 1. The DAC unit has a CO2 capture capacity 

of 152 kgCO2/day11. 
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Table 1 Main data of the APDES-NFC-FD sorbents12 

Parameter Value 

working capacity (mol/kg) 0.771 

specific heat capacity of sorbent (J/kg/K) 207013 

adsorption temperature (℃) 25 

desorption temperature (℃) 100 

heat of CO2 adsorption (J/mol) 60000 

captured CO2 per unit (kg/day) 152 

The energy consumption of the DAC part includes external heat, external electricity, and 

internal heat. 1: External heat is the industrial waste heat input to the system. 2: External 

electricity includes power consumption of compressors and hot water pumps. Fan power 

consumption is not considered due to consistent air flow in both systems. 3: Internal heat is the 

thermal energy for regeneration which considers the sensible heat and adsorption heat and can 

be calculated according to the following equation14. 

 𝑄𝑖𝑛 =
1

𝑞𝑤
𝐶𝑝,𝑠(𝑇𝑑𝑒 − 𝑇𝑎𝑑) + ∆𝐻𝐶𝑂2 (1) 

In the above equation, 𝑄𝑖𝑛  is the regeneration heat (J/mol), 𝑞𝑤  is the working capacity of 

adsorbent (mol/kg), 𝐶𝑝,𝑠 is the specific heat capacity of adsorbent (J/kg/K), 𝑇𝑑𝑒 and 𝑇𝑎𝑑 are the 

desorption and adsorption temperature, respectively (K), and ∆𝐻𝐶𝑂2  is the heat of CO2 

adsorption (J/mol). Calculated results show that the regeneration heat of the APDES-NFC-FD 

sorbents is 1650 kWh/tonCO2. Therefore, 104.5 kW thermal energy needs to be provided to 

ten DAC units, producing 1520 kg/day CO2. The sensible heat and adsorption heat require 64.4 

kW and 40.1 kW, respectively. 

Simple DAC with WH-HP system 

The flowsheet of the simple DAC with WH-HP system is shown in Figure 2. To simplify the 

simulation, WH-HP is a single-stage compression heat pump with a single waste-heat source. 

The WH-HP provides hot water to meet the regeneration thermal needs of DAC by a water 

pump. The regenerated CO2 from adsorbents in the desorption tower will be collected for 

further sequestration or utilization. At the same time, the CO2 from air will be captured in an 

adsorption tower. After adsorption saturation, exchange the hot water and air flow destination 

to the adsorption tower and desorption tower shown in Figure 2 respectively so that the DAC 

system can operate continuously.  

 
Figure 2. The flowsheet of simple DAC with WH-HP system 

The waste hot water at 60 ℃ is considered an external low-temperature heat source for the 

WH-HP system in the Aspen Plus model. And the working fluid of the WH-HP cycle is 
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conventional R245fa. Table 2 presents the main data of the WH-HP system. The heat pump 

constantly generates hot water at 100 ℃ in order to meet the regeneration of DAC units. For 

the simple DAC with WH-HP system of capturing 1520 kgCO2/day, 34 kW of electrical energy 

was required. Compared with the traditional DAC with the same thermal demand of 

regeneration (1650 kWh/tonCO2), it reduced energy consumption by 67.5% to 536.8 

kWh/tonCO2. The coefficient of performance (COP) of WH-HP was 3.07. 

Table 2 Main data of the WH-HP system 

Parameter Value 

waste heat temperature (℃) 60 

evaporation temperature (℃) 50 

condensation temperature (℃) 110 

Deeply integrating DAC with WH-HP 

For the DAC system, the adsorption tower is an exothermic component including the latent 

heat when adsorbing CO2 and sensible heat from switching the high temperature (100 °C) to a 

suitable adsorption temperature (25 °C). The desorption tower needs to absorb thermal energy 

oppositely. Considering the energy consumption of DAC units and WH-HP, the deeply 

integrating DAC units with the WH-HP system is proposed in Figure 3. On the condensation 

side, the desorption tower as a condenser is directly heated by the refrigerant. Therefore, the 

electrical power consumption of hot water pumps can be saved compared with the conventional 

DAC systems. On the evaporation side, the refrigerant splits into two streams: one enters the 

waste heat exchanger, and the other flows through the adsorption tower to cool the sorbents. 

Noting the refrigerant entering the adsorption tower needs to be throttled down to 25 °C again 

due to the operating conditions of the sorbents. Therefore, the HP-DAC system need not require 

additional cooling water to the adsorption tower for rapid cooling and staying the temperature 

at 25 °C.  

 
Figure 3. The flowsheet of deeply integrating DAC with heat pump (HP-DAC) 

In the simulated model of the HP-DAC system, the temperature and working fluid were set to 

be the same as the simple DAC with WH-HP system. Table 3 provides the main data of the 

HP-DAC system. Especially, the setting condensation temperature is lower than that in the 
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simple DAC with WH-HP system due to fewer heat transfer times (the working fluid exchanges 

thermal energy with adsorbents directly). The HP-DAC have enormous advantages in energy 

saving in our above analysis. Different refrigerants with negligible global warming potential 

(GWP) such as 1233zd, 600a, and CO2 would also be applied and investigated in the HP-DAC 

system except for R245fa. Detailed cost-saving values of this novel system will be provided 

after further calculation. 

Table 3 Main data of heat pump in HP-DAC system  

Parameter Value 

waste heat temperature (℃) 60 

primary evaporation temperature (℃) 50 

secondary evaporation temperature (℃) 25 

condensation temperature (℃) 105 

Conclusions  

To decrease the high energy consumption of DAC, especially since the thermal energy demand 

accounts for ~80%, the WH-HP was applied to supply the thermal energy (100 °C) from the low-

temperature waste water (60 °C) for the DAC system. This paper presents two various thermal 

integrated systems and corresponding models in Aspen Plus. 

For the simple one, WH-HP directly provides hot water (100 °C) to meet the regeneration 

thermal needs of DAC. The COP of single-stage compression WH-HP can reach 3.07 in this 

situation. And the participation of WH-HP saved the regenerative thermal energy consumption 

of 67.5% compared to a conventional DAC system. It means energy demand decreased to 536.8 

kWh/tonCO2 from 1650 kWh/tonCO2. 

For the deep thermal integration system, exothermic adsorption tower and endothermic desorption 

tower of DAC units replaced the evaporation and condensation of the heat pump, respectively. An 

extra-evaporation set parallel with the adsorption tower (inner heat source) is the outside heat 

source from waste heat water. The novel DAC system deeply integrating WH-HP was first 

proposed (denoted as HP-DAC). Therefore, the refrigerant can exchange thermal energy with 

adsorbents directly so that the additional water pumps and chiller for the cooling stage can be 

saved. The system with low energy consumption and low cost would be investigated by applying 

different refrigerants with low GWP in further research. 
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Abstract 

The objective of this work is to test and characterize a lab-scale silica gel/water test bench 

realized at POLIMI labs and operating as Thermal Energy Storage (TES) system for domestic 

applications. Several charging and discharging cycles were performed setting 20-35, 30-50, 

and 80-90 °C as heat transfer fluid temperatures for the evaporation, condensation/adsorption 

and desorption processes. The system performance is evaluated in terms of energy efficiency, 

charge and discharge rate, and operating cost. 

 

Keywords: Adsorption, Silica Gel/Water, Thermal Energy Storage 

 

Introduction 

Despite the fact that 2020 emissions were lower than in 2019 as a result of the COVID-19 

crisis and subsequent countermeasures, GHG concentrations in the atmosphere continue to 

rise, with the immediate reduction in emissions predicted to have a minor long-term influence 

on climate change. In 2019, global GHG emissions increased for the third year in a row, 

reaching a new high of 52.4 GtCO2e without land-use change (LUC) emissions and 59.1 

GtCO2e when LUC emissions are included. Total GHG emissions are dominated by fossil 

carbon dioxide (CO2) emissions (from fossil fuels and carbonates). Fossil CO2 emissions in 

2019 set a new high of 38.0 GtCO2 [1]. In contrast, global GHG emissions in 2030 need to be 

approximately 25% and 55% lower than in 2017 to put the world on a least-cost pathway to 

limiting global warming to 2 °C and 1.5 °C, respectively [2].  

Global CO2 emissions are above the targets set by the agreements on Mitigation of Climate 

Change and the national governments. The major reason is that although energy efficiency 

considerably improved and renewables have been installed at a large scale, this was 

overcompensated by economic growth resulting in an increase in emissions. Furthermore, 

heating/cooling and domestic hot water production represent an important share of the 

primary energy demand in the residential sector. In such a context, Thermal Energy Storage 

(TES) systems have the potential to revolutionize the way households meet their energy 

demands, but the development of efficient and cost-effective units is crucial. In this work, we 

present the experimental testing of a lab-scale silica gel/water test bench realized at POLIMI 

labs and operating as a Thermal Energy Storage (TES) system for domestic applications. 
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Adsorption technology is a promising method for thermal energy storage in residential 

applications [3, 4]. The technology involves the use of adsorbent materials to store thermal 

energy in the form of heat. These materials have the ability to adsorb heat by attracting and 

retaining heat energy at high temperatures. The most commonly used adsorbents are silica-gel 

and zeolites. Zeolites are porous minerals that have a high surface area, making them ideal for 

heat storage. They can store heat at high temperatures and release it when needed, making 

them a promising material for residential thermal energy storage. 

Adsorption technology is highly attractive for residential applications due to its high energy 

storage density, low cost, and ease of integration with existing heating systems. It has the 

potential to significantly reduce energy costs and improve energy efficiency in residential 

homes. 

 

Discussion and Results 

The studied system is based on a sorption storage technology, which relies on the reversible 

reaction, associated with a high amount of thermal energy, occurring between a sorbent and a 

sorbate. Such a process is limited by the slow reaction kinetics, because of the large amount 

of heat associated as well as the heat and mass transfer diffusion resistance within the 

material. However, this feature is extremely useful in a residential-type application, since it 

allows the reaction to be controlled and the discharge power to be regulated precisely.  In the 

proposed concept, the solar (or alternatively, the district) heat is employed to drive a 

desorption process, which means that solar heat is stored in the form of adsorption potential 

energy. Moreover, the heat is stored without any loss until the refrigerant fluid (adsorbate) is 

kept separated from the adsorbent enabling in fact the long-term storage of solar energy. 

Generally, there are two system configurations for adsorption TES: closed and open cycle. 

The studied heat storage system belongs to the closed-cycle sorption storage category. 

 

Figure 1: A closed adsorption heat storage cycle: (a) charging phase; (b) discharging 

phase 

 

Desorber Condenser

HEAT SOURCE HEAT OF CONDENSATION

VAPOUR
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Qdes Qcond
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HEATING LOAD HEAT OF EVAPORATION

VAPOUR

DISCHARGING PHASE (Adsorption)b)

QevapQads
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Figure 1 reports the working phases of closed adsorption. During the charging phase, the 

adsorber, in which the adsorbent material is saturated with adsorbate, is regenerated by 

exploiting heat coming from the solar field. The desorbed vapour is then condensed in the 

condenser, and the heat of condensation, Qcond, is either dissipated in the ambient or 

delivered to a proper load if the temperature level is adequate. Once the charging process is 

completed, and the adsorbent material is dry, the connection between the condenser and 

adsorber is closed. In this condition, the system can keep the stored energy for an indefinite 

time since the thermal energy is stored as adsorption potential between adsorbate and 

adsorbent material. To recover the stored thermal energy the connection between the liquid 

adsorbate reservoir, which in this phase acts as an evaporator, and the adsorber is again 

opened. During this discharging phase, the adsorbate is evaporated adsorbing heat from the 

ambient, Qevap, or providing a cooling effect to the domestic user. Then, the vapour fluxes to 

the adsorber and, since the adsorption process is exothermic, the heat stored is released to the 

load. It is self-evident that in this heat storage system, the adsorbate is continuously 

condensed/evaporated in a closed device without any mass exchange with the ambient, thus 

ensuring proper operation in dry climates. 

Next Fig 2a, b reports the schematic layout and a photo of the experimental set-up that has 

been built at POLIMI labs to test adsorption units and their components. The core of the 

system consists of a single adsorbent bed, a falling-film evaporator equipped with a 

recirculation pump to improve the heat transfer efficiency and a condenser. The adsorbent bed 

was made of granular RD silica gel embedded in a finned heat exchanger. The three 

components are connected by two electric-actuated valves to allow the passage of water 

vapour enabling the ad/desorption phase. The external sinks/sources consist of three hydraulic 

circuits with a nominal capacity of 2 kW for the evaporator and condenser and 5 kW for the 

adsorber, with flow rates between 200 and 1000 L/h. The test bench is provided with several 

Pt100 temperature sensors, pressure transducers and flow meters to measure the relevant 

quantities required to monitor the system's evolution and performance. A real-time control 

and data acquisition software was realised employing the LabView™ language. More details 

on the test bench realized at POLIMI are reported elsewhere [5]. 

 

    

Figure 2a, b – Adsorption test rig schematic and photo 
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Testing activity is currently in progress according to the typical operating conditions of an 

adsorption TES system driven by a low-grade heating source (80-90°C) at different temperatures 

of evaporation and adsorption/condensation. The system performance is evaluated in terms of 

energy efficiency, charge and discharge rate, and operating cost. Preliminary testing results 

confirm the high potential for adsorption thermal energy storage systems in the residential sector 

and highlight the importance of continued research and development in this field. 
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Abstract  

    Zinc-based Metal-Organic Framework (MOF) CALF-20 is a promising material for carbon 

capture due to its high CO2 capacity and reduced water uptake. This study assesses the use of 

a monolith coated with CALF-20 to capture ultra-dilute CO2 from air in order to contain the 

energy required to process large air flows through a contactor with reduced pressure drops. The 

monolith is designed taking into account the superficial velocity through the channels and the 

multicomponent adsorption of N2, CO2, and H2O. Different desorption temperatures are 

analysed, showing the possibility to regenerate the monolithic adsorption bed with low 

temperature heat below 80 °C. 

Keywords: Direct Air Capture, Carbon Dioxide, CALF-20, Monolith, Adsorption. 

 

Introduction 

It has been almost a decade since the 2015 Conference of Parties in Paris, where several 

countries set an ambitious goal to contain climate change by limiting global warming in below 

2 °C. Despite the current efforts global temperature continues to rise each year, reaching its 

peak since the 19th century [1, 2]. Containing new emissions alone cannot revert the ongoing 

situation. The removal of CO2 that is present in the atmosphere has become a mandatory 

measurement to reduce this gas concentration levels.  

Direct Air Capture (DAC) is a promising negative emission technology (NET) that targets 

CO2 removal from air by using reversible adsorption processes. In contrast to post-combustion 

carbon capture, DAC needs to capture ultra-dilute CO2 (approximately 400 ppm in ambient 

air), compress and purify it to at least 95% by volume to be used in a downstream processes or 

stored underground [3]. The development of sorbent materials that have a high CO2 working 

capacity and a small water uptake is one of the key requirements to enable a wider deployment 

of DAC. Several sorption-based DAC processes are heat-powered and low-temperature heat is 

preferable for regenerating the sorbent since it makes the process more economically attractive 

[4, 5], for the possibility to recover energy sources that would be otherwise wasted. 

This work aims to evaluate the use of monoliths of CALF-20 for DAC. This Metal-Organic 

Framework (MOF) shows high CO2 capacity, while maintaining some degree of 

hydrophobicity [6]. The use of coated monoliths as adsorption beds allow reduced pressures 

drops, less energy input and a closer contact between the gas and the adsorbent [7, 8]. 

 

Methodology 

A plug flow isothermal mass balance was elaborated considering the following assumptions: 

(i) gas phase described by ideal gas law; (ii) equilibrium theory; (iii) negligible radial profiles; 

(iv) the bed was initially filled with pure nitrogen at 101.325 kPa and 298.15 K; (v) adsorption 

multicomponent equilibrium is described by the Ideal Adsorbed Solution Theory (IAST)  [9]. 

Pressure drop model is reported in [10]. The overall and component mass balances are 

described in Equations 1 and 2. 
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𝜕(𝑢.𝐶𝑇)

𝜕𝑧
+ 𝜀𝑏 .

𝜕𝐶𝑇

𝜕𝑡
+ (1 − 𝜀𝑏). 𝜌𝐵. ∑

𝜕𝑞𝑖

𝜕𝑡𝑖 = 0       (1) 

𝜕(𝑢.𝐶𝑖)

𝜕𝑧
+ 𝜀𝑏 .

𝜕𝐶𝑖

𝜕𝑡
+ (1 − 𝜀𝑏). 𝜌𝐵.

𝜕𝑞𝑖

𝜕𝑡
= 0       (2) 

 

Where 𝑢 (m/s) is the gas superficial velocity, 𝐶𝑇 (mol/m3) is the total concentration in the gas 

phase, 𝐶𝑖 (mol/m3) is the  concentration of component i in the gas phase, 𝜀𝑏 is the external void 

fraction, 𝜌𝐵 (kg/m3) is the particle density, and 𝑞𝑖 (mol/kg1) is the adsorbed amount of 

component i.  

Air composition in feed is assumed to contain only N2, CO2 and H2O, and all other 

atmospheric gases are lumped in N2 concentration. Adsorption isotherms are described by 

Equations 3 to 5 [6]. 

 𝑞𝑁2 = 𝑞𝑠1,𝑁2
𝑏1,𝑁2 𝐶𝑁2

(1+𝑏1,𝑁2 𝐶𝑁2)
          (3) 

𝑞𝐶𝑂2 = 𝑞𝑠1,𝐶𝑂2
𝑏1,𝐶𝑂2 𝐶𝐶𝑂2

(1+𝑏1,𝐶𝑂2 𝐶𝐶𝑂2)
+ 𝑞𝑠2,𝐶𝑂2

𝑏2,𝐶𝑂2 𝐶𝐶𝑂2

(1+𝑏2,𝐶𝑂2 𝐶𝐶𝑂2)
      (4) 

𝑞𝐻2𝑂 = 𝑞𝑠1,𝐻2𝑂
𝑏11,𝐻2𝑂 𝐶𝐻2𝑂+2𝑏12,𝐻2𝑂(𝐶𝐻2𝑂)2+3𝑏13,𝐻2𝑂(𝐶𝐻2𝑂)3

(1+𝑏11,𝐻2𝑂 𝐶𝐻2𝑂+𝑏12,𝐻2𝑂(𝐶𝐻2𝑂)2+𝑏13,𝐻2𝑂(𝐶𝐻2𝑂)3)
+ 𝑞𝑠2,𝐻2𝑂

𝑏2,𝐻2𝑂 𝐶𝐻2𝑂

(1+𝑏2,𝐻2𝑂 𝐶𝐻2𝑂)
   (5) 

Where 𝑞𝑠,𝑖 (mol/kg) is the saturation capacity (of site 𝑛) and 𝑏𝑖(m³/mol) is the adsorption 

equilibrium constant (of site 𝑛). The values of those parameters are reported in Table 1. The 

parameter 𝑏 (m³/mol) is dependent of temperature following Equation 6. 

𝑏𝑖 = 𝑏0. exp (−
Δ𝑈𝑖

𝑅𝑇
)            (6) 

 

Table 1: Pure components isotherm parameters [6] 

 

The process cycle was characterized by two steps: adsorption and desorption. A twin-bed 

system was assumed in phased cycle design, synchronizing the adsorption of one bed the 

desorption of the other. Initially, ambient air is fed to the contactor bed until it is saturated with 

CO2. After that, part of the clean air produced in the twin-bed is heated and fed counter-

currently to purge the system. Boundary conditions used in the model are described in Table 

2. The mathematical model was implemented in gPROMS software [11] to solve the system of 

partial differential and algebraic equations. The system was discretized in 50 axial nodes and 

with a tolerance of 10-5.  

Parameter Value Unit Parameter Value Unit 

N2 isotherm   H2O isotherm   

𝒒𝒔𝟏,𝑵𝟐 5.6583  mol/kg 𝑞𝑠1,𝐻2𝑂 1.6290  mol/kg 

𝒃𝟎𝟏,𝑵𝟐 8.143 10−7  m3/mol 𝑏011,𝐻2𝑂 −2.685 𝑥 10−17  m3 /mol 

𝚫𝑼𝑵𝟐 −17.96 𝑥103  J/mol 𝑏012,𝐻2𝑂 1.158 𝑥10−16  (m3/mol)2 

CO2 isotherm   𝑏013,𝐻2𝑂 5.374 𝑥10−17   (m3/mol)3 

𝒒𝒔𝟏,𝑪𝑶𝟐 2.3870  mol/kg Δ𝑈1,𝐻2𝑂 −97.99 𝑥103  J/mol 

𝒃𝟎𝟏,𝑪𝑶𝟐 5.519 𝑥10−7  m3/mol 𝑞𝑠2,𝐻2𝑂 5.7810  mol/kg 

𝚫𝑼𝟏,𝑪𝑶𝟐 −35.06 𝑥 103  J/mol 𝑏02,𝐻2𝑂 8.773 𝑥10−12  m3/mol 

𝒒𝒔𝟐,𝑪𝑶𝟐 3.2711  mol/kg Δ𝑈2,𝐻2𝑂 −64.72 𝑥103  J/mol 

𝒃𝟎𝟐,𝑪𝑶𝟐 5.187 𝑥10−8  m3/mol    

𝚫𝑼𝟐,𝑪𝑶𝟐 −28.95 𝑥 103  J/mol    
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Table 2: Boundary conditions for adsorption and desorption steps 

Adsorption Desorption 

𝐶𝑖,(𝑧=0) = 𝐶𝑖,𝑎𝑑𝑠 

𝜕𝑃

𝜕𝑧
|

𝑧=0
= 0 

𝑢(𝑧=0) =
�̇�𝑎𝑑𝑠

𝐴
 

𝜕𝐶𝑖

𝜕𝑧
|

𝑧=𝐿
= 0 

𝑃(𝑧=𝐿) = 𝑃𝑎𝑡𝑚 

𝜕𝑢

𝜕𝑧
|

𝑧=𝐿
= 0 

𝜕𝐶𝑖

𝜕𝑧
|

𝑧=0
= 0 

𝑃(𝑧=0) = 𝑃𝑎𝑡𝑚 

𝜕𝑢

𝜕𝑧
|

𝑧=0
= 0 

𝐶𝑖,(𝑧=𝐿) = 𝐶𝑖,𝑑𝑒𝑠 

𝜕𝑃

𝜕𝑧
|

𝑧=𝐿
= 0 

𝑢(𝑧=𝐿) =
�̇�𝑑𝑒𝑠

𝐴
 

where �̇� (m3 s-1) is the gas volumetric flowrate, and A (m2) is the cross-sectional area, 𝑃 is the pressure 

and 𝑃𝑎𝑡𝑚 is the atmospheric pressure (101.325 kPa). Axial position is represented by 𝑧 and varies 

from 0 to L, where 𝐿 (m) is the length of the adsorption column. The subscript 𝑖 refers to the 

component (N2, CO2, and H2O). The subscription 0, 𝑎𝑑𝑠 and 𝑑𝑒𝑠 refer to the feed, adsorption, and 

desorption step, respectively. 

 

A cordierite monolith (200 CPSI, 0.20 mm wall thickness, 60% wall porosity) was assumed 

as a support for the coating layer. Due to the high porosity of the wall of the monolith, we 

considered the monolith pores filled of adsorbent. The mathematical model described in this 

section was applied to each individual monolith channel. Multiple coating layer thicknesses 

were analysed to evaluate adsorption time and adsorption capacity. The monolith size was 

defined using the CO2 adsorption capacity at the feed conditions in a multicomponent 

adsorption.  

An air stream of 1 m³/h at ambient conditions (101 kPa, 298 K) containing nitrogen, carbon 

dioxide and water was used to feed the coated monolith. Air had a fixed CO2 composition of 

400 ppm and 1% relative humidity (RH). Different regeneration temperatures were 

investigated at a given air flowrate to allow adsorption and desorption steps to be similar in 

duration. The analysis was performed considering only equilibrium, given reliable kinetic data 

of the multicomponent mixture on CALF-20 are not available yet. 

 

Results and Discussion 

Bed sizing and dynamic of the adsorption step 

Understanding the adsorbent working capacity is essential to size the adsorption bed. Although 

IAST over-predicts the water content in CALF-20 at low water concentrations, the competitive 

adsorption of CO2 can be well described for relative humidity below 40% [6]. Therefore, at 

298 K and 101.32 kPa, each gram of empty CALF-20 can capture 0.028 mmol of CO2. This means 

that, if adsorption lasts for 1 minute, at least 10 g of adsorbent are required to capture 400 ppm of 

CO2 from an air stream of 1 m3/h. 

The monolith diameter was calculated by the superficial velocity in each channel. For packed 

beds, typical gas superficial velocities are 0.1–0.5 m s-1, but in monoliths this value can go up to 

2–3 m/s [12]. A value of 1 m/s was chosen to reduce pressure drop and control residence time for 

a better contact between the gas and the adsorbent. To ensure that the superficial velocity in each 

channel does not exceed this value, the monolith was designed with a diameter of 2.5 cm. 

Lastly, the monolith length was calculated as a function of the coating thickness. Typical 

thicknesses in range of 20–100 µm [13] were analysed and a monolith with 20 cm length and a 

coating layer with 50 μm was assumed. A breakthrough curve was calculated to evaluate the 

duration of the actual adsorption step, as shown in Figure 1.  
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Fig. 1. Dynamic column breakthrough for CALF-20 at 298 K and 101 kPa in a monolith channel. Ci (mol/m3) is the gas 

concentration of component 𝑖 at z = L. Ci,0 (mol/m3) is the component concentration of the feed gas. For N2, CO2 and H2O 
values of Ci,0  are 40.845 mol/m3, 0.016 mol/m3, and 0.013 mol/m3, respectively.  

Among the three components, nitrogen is the least strongly adsorbed, followed by CO2, and 

lastly, we can observe that water breakthroughs at around 160 s. As the desired component in 

DAC is CO2, the adsorption can be terminated after it reaches saturation throughout the monolith 

(after 70 s). The concentration change between 70 and 180 s does not justify extending the 

adsorption step for 110 more seconds.  

Despite being the least strongly adsorbed component, nitrogen has the highest concentration in 

the gas phase. Therefore, N2 has a larger loading on the adsorbed phase. Figure 2 shows the 

concentration profile of the adsorbed phase distributed along the length of the column at the end 

of the adsorption. For the conditions simulated, pressure drop across the monolith was below 30 

Pa. 

 
Fig. 2. Adsorbed amount profile in the monolith channel at the end of the adsorption (70 s). 

Desorption Temperature 

Recovery of the adsorption material needs a driving force to move the system to a new 

equilibrium. This can be done by a change in pressure, such as in Pressure Swing Adsorption, or 

by increasing the temperature. A combination of those can also occur, but this work limits the 

analysis to Temperature Swing Adsorption (TSA) only.  
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To simplify the initial analyses, we considered that the heating and cooling steps are 

instantaneous between the air and the coated layer (thermal equilibrium). Three desorption 

temperatures were then evaluated: 50 °C, 60 °C and 70°C, all of them below the state-of-the-art 

desorption temperature (around to 80 °C) for similar processes [5]. The water concentration was 

kept at 1% RH. 

A fraction of clean air produced by the twin column (during the adsorption step) was fed at the 

product end (𝑧 = 𝐿) of the contactor bed. The purge flowrate was adjusted for each temperature 

to obtain a duration of 70 s. For the temperatures of 50 °C, 60 °C and 70 °C, desorption flowrates 

were assessed as 0.28 m³/h, 0.21 m³/h and 0.14 m³/h, respectively.  

 

Fig. 3. Gas phase mole fraction for N2, CO2 and H2O at 𝑧 = 0. Results for different desorption temperatures of 50 °C (━ 

green), 60 °C (━ red), and 70 °C (━ blue). 

For the lowest temperature, water is desorbed almost at constant concentration during all the 

purge extent. By increasing desorption temperature, as it can be seen in Figure 3, water is more 

easily desorbed, migrating from the adsorbed phase to the gas phase. When the column is desorbed 

at 50 °C, water and CO2 concentrations are similar (0.046 mol/m3 for CO2 and 0.049 mol/m3 for 

H2O) along the purge. This profile changes with the increase of desorption temperature. Both H2O 

and CO2 show a raise in concentration in the gas phase. However, water is more sensitive to this 

increase, desorbing faster than CO2. For the highest desorption temperature, at 70 °C, all water is 

desorbed in half of the time for CO2 desorption.  

For all three temperatures the material was fully regenerated, confirming that low grade heat 

can regenerate CALF-20. From an energetic viewpoint, the reduction of purge flow at 70 °C 
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compensated the increase in temperature, being the least energy demanding among the three 

temperatures evaluated in this work.  

 

Conclusions  

Due to the low CO2 concentration, the efficient removal and concentration of CO2 from 

atmospheric air is a challenge. To achieve the ambitious goal of engineering energy efficient DAC 

processes, an appropriate adsorption material is pivotal. CALF-20, a recent hydrophobic MOF, 

shows promising results when used in a temperature swing adsorption process. Further studies in 

purification of the extracted carbon dioxide are required to achieve a low energy process. 

Furthermore, arranging CALF-20 in monoliths allows to reduce pressure drops across a contactor 

bed without compromising the energy efficiency of the whole DAC process.  
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Abstract  

Geysering is an instantaneous state of operation that may occur during start-up or under low-

pressure conditions thermosyphon. The study presents experimental results of two independent 

thermosyphons operated with a KOH-water solution and diamond nanofluid. The pressure pattern 

occurring during the geyser cycle is analysed in detail. The results show a characteristic pattern 

similar in both devices. The investigation does not indicate significant difference between the two 

working fluids water and diamond nanofluid. 

 
Keywords: thermosyphon, geysering, instantaneous pressure   

 

Introduction/Background 

Geyser boiling is a commonly observed instantaneous pressure pattern in thermosyphons (TS) 

[1]. It occurs at low pressure, small filling ratio, or during transient operation (start / end). 

Geysering is characterised by a cycle consisting of several phases. The first phase is the 

superheating of the working fluid in the evaporator. It follows the emergence of a big bubble. 

If the pressure difference between the inner of this bubble and its surrounding is large enough, 

the bubble expands in vertical direction and propels working fluid toward the condenser. After 

that, the working fluid returns to the sump and a new geyser cycle may start. The scope of this 

study is first to characterise the geysering cycle in more detail and second to examine how 

geysering changes when a diamond nanofluid is employed as working fluid. 

Discussion and Results 

Two independent test rigs (Fig. 1) one located at TU Bergakademie Freiberg and the other at 

ILK Dresden are used to detect instantaneous pressure pattern related to geysering. The first 

device consists of four vertical stainless steel thermosyphons each with an inner diameter of 

100 mm and 1,440 mm long. The second device (copper) has an inner diameter of 20 mm and 

a length of 1,800 mm. The amount of working fluid is in the first case 1,500 ml and in the 

second 85 ml. For further technical details, it is referred to [1, 2]. In both systems, either a 

reference fluid or a diamond nanofluid (NF) with a concentration of 2 vol. % is employed. The 

latter is a suspension of nanodiamonds with a size of 59 nm. The NF is only mildly stabilised 

employing KOH (potassium hydroxide) to achieve a pH-value of 10.4 (corrosion minimum of 

cooper). The volume ratio KOH/diamond is about 1/50. The reference fluid is a water-KOH 

solution to exclude special effects for the boiling process following from the stabilisation. 

Pressure transmitters (TRAFAG 8842) with a measurement range of 0 … 400 Pa and an 

accuracy of 0.5 Pa measure the internal pressure in both devices with a frequency of 1 kHz. 

With both test rigs a large number of different parameter sets with respect to heat input at the 

evaporator, cooling water flux at condenser etc. is realised. Under all these conditions internal  
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Figure 1. Thermosyphon test rigs at TU Bergakademie Freiberg (left) and at ILK Dresden.                                   

Second line: Characteristic pressure signals of geysering. The dark blue arrows indicate first 

and light blue arrows second pressure peak. Orange circles mark the pre-peak and pink 

arrows the relaxation period. Green scissor show start of geyser cycle where pressure 

distribution is split apart. Third line: Twenty individual geyser cycles superimposed  (green) 

and averaged (red). Fourth line: Peak pressures over time. Blue symbols indicate water and 

orange diamond nanofluid with 2 vol. %. Light blue symbols show results for evaporator inlet 

temperature of 15 °C and dark blue symbols for 25 °C (ILK device only). 

 

pressure is measured over time. Examples give the second line of Fig. 1. For both devices, the 

pressure  pattern  of  a  geyser cycle  shows  characteristic  sequences  of  peaks  and  relaxation  
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periods. The third line of Fig. 1 depicts 20 superimposed individual geyser cycles (green) for 

the each devise. The red curves indicate the mean of these cycles. The dark blue arrows specify 

the ejection of working fluid by the major bubble. A pre-curser of this is marked with an orange  

ellipse. The ILK device shows a second pressure peak (light blue arrows) before the relaxation 

time starts (vertical purple double-arrows).  

The plots in the fourth raw of Fig. 1 represent on the horizontal axis the time intervals between 

start of geyser cycle, pre-curser peak (orange circle), first (dark blue arrow) and second pressure 

peak (light blue) and end of cycle. The vertical axis show the averaged values of the pressure 

reached at these distinguished events (peaks etc.) for different heat loads at the evaporator. The 

mean pressure (vertical axis of diagrams) represents these different heat loads. Data predicted 

by averaging groups of 20 geyser cycles similar as shown in the second row of Fig. 1 with the 

red curves.  

For both test rigs, the time intervals between onset of the geyser cycle and the pre-curser peak, 

onset and the main peak (dark blue arrow) and onset and the second peak are nearly 

independent of the imposed heat load at the evaporator. However, these time intervals are 

different for the two thermosyphons. The Freiberg-device (left column) shows no significant 

differences for the two working fluids. The same is true for the ILK-device except for the 

relaxation period from the second pressure peak to the end of the geyser cycle. However, here 

a temperature effect is already visible which the adding of the diamond particles enhances.  

After opening the ILK-device, the inside of the evaporator is inspected employing an 

endoscopic camera. Differently to [1] where surfactant stabilised nanofluids are employed in a 

similar TS no wall coating is found. While the surfactants fix the gold, nanohorn and silica 

particles employed in [1] to the evaporator this is not the case for the diamond particles. The 

reason is that while KOH dissociates in the suspension surfactants like sodium dodecyl sulphate 

and polyvinyl-pyrrolidone support the formation of stable coating layers. However, operation 

agglomerates the diamond nanoparticles that are found at the lowest point of the TS after 

opening. Similar results deliver the TSs at TU Bergakademie Freiberg. 

 

Summary/Conclusions  

Experiments with two closed loop thermosyphons employing a reference fluid and a diamond 

nanofluid are carried out. The two devices show very similar pressure distributions over time. The 

stabilisation of the nanofluid with KOH does not allow the formation of an open porous layer on 

the inner evaporator surface. Therefore, the pressure pattern of the two working fluids are also 

nearly identical.  
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Abstract  

This work is focused on adsorption heat pumps (AHP) in renewable heating applications. The 

research activities presented in this paper are two folds: (i) a holistic modelling approach will 

be developed to optimize both the design and control of AHPs; (ii) novel and performing 

sorption materials will be proposed and tested. Thanks to the approach from nano (material 

level scale) to meter (system level scale) scale, it will be defined a holistic methodology for 

AHP design and it will be supported the development of commercial AHPs with novel and 

affordable adsorbent materials. 

Keywords: adsorption heat pumps; renewable heating; ionogels; system modelling. 

Introduction/Background 

As stated by the European Technology and Innovation Platform on Renewable Heating and 

Cooling, “the decarbonisation of the heating and cooling sectors is an essential milestone to 

achieve the ambitious climate and energy targets of the European Union” [1]. Among the 

others, Heat Pumps represent a promising technology to achieve this goal. Within this category 

sorption heat pumps are very interesting for their eco-friendly properties. They can be, indeed, 

powered by thermal energy sources like solar energy or waste heat rather than electricity. AHP 

presents still a lot of space for performance improvements. The choice of the 

adsorbent/adsorbate working pair has a huge relevance on the system performance and 

operation and a lot of work has been done in studying the most suitable ones [2]. The heat and 

mass transfer depend on the adsorbent-adsorbate pair kinetics and the bed design (i.e. adsorbent 

thickness, use of thermal enhancing material between adsorbent and bed structure, fins 

configuration, etc.). Therefore it is paramount to optimally design the system to improve 

performance; however, a consistent increase of the COP can be achieved only with 

breakthrough innovative materials and thermodynamic enhancements.  

Studies of a complete AHP system considering all its aspects and components cannot be found 

in literature: research has been done on different topics, but treated separately. In the end, there 

are no tools that are able to address synchronously all interrelated technology aspects and this 

limits the possibility of achieving optimal solutions competitive with traditional technologies 

[3]. In addition, new adsorbent-adsorbate working pairs with low heat and mass transfer 

resistances, which can be regenerated at lower temperatures are needed. 

Discussion and Results 

In order to overcome the existing limitations of AHPs and to improve their design, this work 

proposes a novel design approach. It is based on the two pillars described below.  

Physical model of the entire AHP system: A physical model that can be used as a dimensioning 

and optimization tool for an AHP system for heating applications wants to be developed. It is 
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important that the model can represent the dependency among the different parameters in a 

detailed way (i.e. adsorbent material physical and thermodynamic properties, adsorber 

configuration and operating modes) but at the same time it cannot be too much complex in order 

to allow the implementation of optimization algorithms. A 3 layers approach will be implemented: 

(i) component scale; (ii) system scale; (iii) control level. The first two layers are linked to the 

design of the machine, while the third one is related to its operation, so that the influence of the 

mutual interaction between design and control is taken into account. 

Advanced sorption materials: Typical sorption materials must meet the specific thermodynamic, 

kinetic, and thermophysical requirements, which primarily influence the COP and the Specific 

Heating/Cooling Power. Unrivalled improvement in these performance indicators can arise from 

a transition in fundamental material science from sorption in nanoporous materials to sorption 

onto ionic interfaces supported on high surface area solids (e.g. Ionogels). Ionogels are an 

emerging class of solid-state ionic materials that retain some of the properties of the constituent 

ionic liquid. Ionogels have shown unrivalled performance for heat-powered sorption desalination 

[4] but their applicability to heat pumps is still unknown and these aspects want to be further 

explored. 

Summary/Conclusions  

This work focuses on adsorption heat pumps and proposes a novel approach for their design aimed 

at improving the system’s performance. The method proposed is based on developing a system-

level model including simultaneously the optimization of the adsorption equilibrium and kinetics, 

adsorbent bed specifications, operating conditions, and the relationship between all system 

components. Furthermore, new adsorbent materials that offer a good trade-off between technical 

and economic performance thanks to their physical and thermodynamic properties will be 

analysed. In particular, considering heating applications, they should be able to be regenerated at 

lower temperature levels, thus solar thermal energy can be used as a prime mover also in colder 

climates. 
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Abstract 

This study presents an experimental investigation and visualization of the condensation 

mechanism in a closed-structure, asymmetric plate heat exchanger (PHEx) employed as a 

stagnant water condenser for the application in a single-bed, intermittent adsorption chiller. To 

this aim, an experimental unit is constructed, which comprises two identical PHEs, one acting 

as a condenser/evaporator and the other one as a desorber/adsorber. Two endoscope cameras 

are mounted inside the investigated condenser heat exchanger to visualize the condensation 

mechanism taking place upon performing desorption-condensation processes. It turned out 

that, the condensation mechanism is dropwise condensation. A dedicated heat transfer analysis 

is conducted to evaluate the condensation heat transfer coefficient (ℎ𝑐𝑜𝑛𝑑) inside the 

investigated condenser. The obtained condensation heat transfer coefficient varies between 

zero and 2500 [W∙m-2∙K-1] over the investigation time of the desorption-condensation 

processes, which were performed under typical operating conditions of an adsorption chiller.. 

Keywords: Condenser; Plate heat exchanger; Desorption-condensation; Dropwise 

condensation 

Introduction 

Size and cost reduction are the two major challenges in the development of adsorption systems. 

To reduce the size and cost, the research in the field of adsorption systems is mainly concerned 

with developing efficient working pairs [1-6], improving the adsorption and desorption kinetics 

[7-11], increasing the performance of the adsorber heat exchanger [12-16], and increasing the 

performance by applying efficient management for the adsorption system [17-19]. 

Indeed, there are many research communications dealing with the evaporator/condenser heat 

exchanger (HEx) applied generally in the cooling and heating appliances. However, there is a 

noticeable lack in the research dealing with the application of plate-type heat exchanger to act 

as evaporator/condenser in adsorption appliances.  Applying plate heat exchanger (PHEx) 

instead of fin-and-tube or falling film ones can reduce the sizing of the adsorption system, as 

they are more compact. The application of asymmetric plate heat exchangers (APHEx), which 

are characterized by heat transfer between two separated domains of unequal volume, to act as 

evaporator/condenser in the adsorption systems could come with the advantage of realizing 

246 / 710

mailto:belal.dawoud@oth-regensburg.de


 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

high heat transfer coefficients and low-pressure drops leading to a significant enhancement in 

the heat and mass transfer rates [20]. Various studies dealing with the application of plate heat 

exchanger for condensation of water under atmospheric conditions [21] and condensation of 

hydrofluorocarbon (HFC) refrigerants, such as R134a, R22, R290 R245fa and ammonia [22-

31], were found in the literature. However, nothing has been found that addresses the 

condensation of water in plate heat exchanger under sub-atmospheric conditions. 

It can be concluded, that so far, no experimental studies on the application of asymmetric plate 

heat exchangers acting as a condenser under the operating conditions of adsorption heat 

transformation appliances exist in the literature. To the authors’ knowledge, most of the 

research deals with finned circular and flat tube heat exchangers with Hydrofluorocarbon 

(HFC) refrigerants [29,32], and water under atmospheric conditions [33]. Indeed, few research 

articles addressed the application of vertical plate heat exchanger as water condenser [21], 

however, studies investigating the water condensation in a horizontal plate heat exchangers 

don’t exist. This gap shall be filled by the present work, which aims at investigating the 

application of an asymmetric plate heat exchanger as a condenser of an adsorption heat 

transformation appliance. Hereby, two endoscopes are utilized to visualize the condensation 

mechanism inside a commercially available asymmetric plate heat exchanger mounted 

horizontally and tested as a stagnant condenser against a desorber heat exchanger under typical 

operating conditions of an adsorption chiller. 

Experimental setup and test procedure  

Test Unit 

For investigating the performance of an asymmetric closed-structure PHE acting as an 

evaporator/condenser for the application in adsorption heat transformation processes, a pair of 

identical “GL50” PHEs [34] produced by Alfa Laval©, Sweden, is employed. The two “GL50” 

PHEs assembling the test setup are of the same size, namely each PHE consists of 20 plates. The 

test setup with the two identical PHEs is depicted in  

Figure 1, with a schematic illustrated in Fig. 1a, and a 3D-drawing of the assembled components 

of the test setup constructed at the Laboratory of Sorption Processes (LSP) of OTH Regensburg 

depicted in Fig. 1b. The heat exchanger (top-left) adapted to work as adsorber/desorber as 

described in [35, 36] is filled with 790 [g] of the loose microporous Siogel (Oker Chemie, 

Germany) with grain size range of 0.71 to 1.00 [mm]. The evaporator/condenser heat exchanger 

has been filled with 225 [g] of degassed water, with the filling procedure being described 

elsewhere [36]. 
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Figure 1: Layout of the test setup. (a) Schematic layout including the most important sensors, 

(b) 3D-drawing of the assembled components 

 

Fixation of the endoscopes 

For the visualization of the condensation process inside the investigated condenser heat 

exchanger, two different endoscope cameras (BS-3.9/1m QVGA and BS-350XIPSD, from 

VOLTCRAFT©) are applied. The characteristics of the cameras as well as the exact fixation is 

described in [48]. The installation positions of the endoscopes inside the condneser heat exchanger 

are schematically illustrated Fig. 2, where it can be seen that one endoscope, namely endoscope 

(1), is positioned inside the fifth refrigerant channel to visualize the condensation mechanism. 

Endoscope (2) is positioned in one of the two refrigerant vapour manifolds of the condenser heat 

exchanger to observe the bottom of the manifold as well as the inlet of the refrigerant channels 

interfaced with the vapour manifold. 

 

Figure 2: Schematic drawing for illustrating the position of endoscopes (1) and (2) inside the 

condenser heat exchanger 

Test conditions and experimental procedure 

Throughout the course of this work, the desorption-condensation processes have been conducted 

following the Large Temperature Jump (LTJ) technique under different operating conditions of a 

real adsorption chiller. Fig. 3 presents the ideal adsorption chiller process (in black) versus those 
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taking place in a real adsorption chiller (in red). As the evaporator-condenser heat exchanger is 

not of infinite size, the pressure can’t be kept constant. At the beginning of each process, the 

adsorption or desorption sucks or drives out more water vapour than that producible by the 

evaporator or condensable by the condenser. As the system is an adsorption unit represented 

thermodynamically as a closed system, the pressure shall decrease/increase at the beginning of the 

adsorption/desorption process, respectively, the case of the red lines 4-1 for adsorption and 2-3 

for desorption in Fig. 3. Approaching the final equilibrium state, the rate of adsorption/desorption 

decreases, so that the size of the evaporator/condenser becomes big enough to retain the initial 

pressure level according to the inlet temperature into the heat exchanger. 

 

Figure 3: Schematic representation of both ideal and real adsorption and desorption processes of 

an adsorption chiller in a Clapeyron diagram 

The LTJ desorption-condensation processes have been conducted at condenser temperatures 

(𝑇𝑐𝑜𝑛𝑑) of 30 and 35[°C], driving heat source (desorption-end) temperature (𝑇ℎ) of 90[°C] and 

evaporator temperatures (𝑇𝑒𝑣𝑎𝑝) of 10 and 15[°C]. The desorption-start temperature (des-start), 

i.e., the temperature of state 2 (𝑇2) has been determined using the equilibrium model developed in 

[37] for water adsorption in Siogel at all defined sets of operating conditions and listed in Table 

1.  

Table 1: Boundary conditions of the conducted desorption-condensation processes 

# Process 
𝑇𝑐𝑜𝑛𝑑 

[°C] 

𝑇𝑑𝑒𝑠−𝑠𝑡𝑎𝑟𝑡, 

𝑇2 [°C] 

𝑇𝑑𝑒𝑠−𝑒𝑛𝑑 , 𝑇3 

[°C] 

1 10/30/90 30.0 50.5 

90.0 
2 10/35/90 35.0 58.8 

3 15/30/90 30.0 44.5 

4 15/35/90 35.0 55.1 

 

The test procedure of a LTJ desorption-condensation process consists of the following two phases, 

during which the gate valves (V2.1 and V2.2) connecting the desorber to the condenser are kept 

open: 

1. The preparation phase, which aims at realizing the desorption start condition. This is done 

by setting the desorber heat exchanger to the desorption start temperature (𝑇2) and, at the 

same time, setting the temperature of the condenser heat exchanger to the required 
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condensation temperature (𝑇𝑐𝑜𝑛𝑑). This preparation phase takes 2 hours to ensure reaching 

the equilibrium state 4.  

2. The second phase is the LTJ-quasi-isobaric desorption phase, in which the temperature of 

the HTF feeding the desorber experiences a step-change to the desorption-end temperature 

(𝑇3).  The LabVIEW code written to control the whole set-up allows setting the desired 

end-temperature and realizing it at the inlet of the desorber heat exchanger in about 2 

minutes after finishing phase one. The desorption phase is measured over 2 hours to ensure 

reaching the equilibrium condition at the end of the process. 

The investigation results of the adsorption-evaporation processes (4-1 in Fig. 3) along with the 

identified evaporation mechanism, with the help of the mounted endoscopes, are the subject of a 

separate communication, which is under publication [35]. 

Evaluation of the condenser performance 

A MATLAB® code has been developed to estimate the condenser power out of the recorded 

experimental data, the overall and the individual heat transfer coefficients of the investigated 

condenser heat exchanger for all conducted desorption-condensation processes (see Table 1). The 

achieved condenser power has been calculated according to Eq. (1), 

�̇�𝑐𝑜𝑛𝑑 = �̇�𝐻𝑇𝐹 ∙ 𝜌𝐻𝑇𝐹 ∙ 𝑐𝑝,𝐻𝑇𝐹 ∙ (𝑇𝐻𝑇𝐹,𝑖𝑛 − 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡) (1) 

Where �̇�𝑐𝑜𝑛𝑑 [W] is the condenser power, �̇�𝐻𝑇𝐹 [m3∙s-1] is the measured volume flow rate of the 

heat transfer fluid (HTF), 𝜌𝐻𝑇𝐹[kg∙m-3] is the density of the HTF, 𝑐𝑝,𝐻𝑇𝐹 [J∙kg-1∙K-1] is its specific 

heat capacity and 𝑇𝐻𝑇𝐹,𝑖𝑛[K] and 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡[K] are the measured inlet and outlet temperature of the 

HTF. The thermodynamic properties of the HTF (water) have been determined at the mean 

temperature between the inlet and outlet of the HTF passing through the condenser heat exchanger 

using the thermophysical property database CoolProp, which is coupled to MATLAB®. 

Having calculated the condenser power, the overall heat transfer coefficient 𝑈 [W∙m-2∙K-1] in the 

condenser can be estimated by the following equation.  

𝑈 =
�̇�𝑐𝑜𝑛𝑑

𝐴𝑡𝑜𝑡𝑎𝑙  𝐿𝑀𝑇𝐷
 

(2) 

Where 𝐴𝑡𝑜𝑡𝑎𝑙 [m
2] is the heat transfer area of the condenser and 𝐿𝑀𝑇𝐷 [K] is the logarithmic 

mean temperature difference, which is defined by Eq. (3). 

𝐿𝑀𝑇𝐷 =
𝑇𝐻𝑇𝐹,𝑖𝑛 − 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡

ln
𝑇𝐻𝑇𝐹,𝑖𝑛 − 𝑇𝑟𝑒𝑓

𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓

. 
(3) 

 𝑇𝑟𝑒𝑓 is the saturation temperature of the refrigerant (water) inside the condenser heat exchanger. 

𝑇𝑟𝑒𝑓 is measured implicitly during the conducted desorption-condensation processes by means of 

measuring the temporal vapour pressure in the condenser (𝑃𝑐𝑜𝑛𝑑). Tetens equation is used to 

estimate   the temporal 𝑇𝑟𝑒𝑓 out of the measured pressure inside the condenser [38] as presented 

in Eq. (4). 

𝑇𝑟𝑒𝑓(𝑡) = 𝑇𝑠𝑎𝑡(𝑃𝑐𝑜𝑛𝑑(𝑡)) = −237.3(
𝑙𝑛(𝑃𝑐𝑜𝑛𝑑(𝑡)/6.1078)

𝑙𝑛(𝑃𝑐𝑜𝑛𝑑(𝑡)/6.1078) − 17.27
) 

 

(4) 

In Eq. (4),  𝑃𝑐𝑜𝑛𝑑 is in [mbar] and the obtained 𝑇𝑟𝑒𝑓 is in [°C].  
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The total thermal resistance of the condenser heat exchanger can be represented as a series 

connection of three resistances as shown in Fig. 4. Accordingly, the overall thermal resistance 

𝑅𝑡𝑜𝑡𝑎𝑙[K∙W-1] can be expressed as: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐𝑜𝑛𝑑 + 𝑅𝑝𝑙𝑎𝑡𝑒 + 𝑅𝐻𝑇𝐹 (5) 

Where 𝑅𝑟𝑒𝑓 [K∙W-1] is the thermal resistance of the condensed water from the channel’s wall, 

𝑅𝐻𝑇𝐹 [K∙W-1] is the convective heat transfer resistance between the HTF and the channel’s wall 

and 𝑅𝑝𝑙𝑎𝑡𝑒[K∙W-1] is the conductive thermal resistance through the channel’s wall. 

 

Figure 4: Thermal resistances of the condenser HEx 

Based on the basic heat transfer relationship (Eq. (6)), between the overall heat transfer coefficient 

and the total thermal resistance, the unknown condensation heat transfer coefficient on the 

refrigerant (water) side ℎ𝑐𝑜𝑛𝑑 [W∙m-2∙K-1] can be determined by Eq. (7).  

𝑈 ∙ 𝐴𝑡𝑜𝑡𝑎𝑙 =
1

𝑅𝑡𝑜𝑡𝑎𝑙
            (6) 

ℎ𝑐𝑜𝑛𝑑 = (
1

𝑈
−

1

ℎ𝐻𝑇𝐹
−

1

ℎ𝑝𝑙𝑎𝑡𝑒
)

−1

 
(7) 

where the heat transfer coefficient ℎ𝑝𝑙𝑎𝑡𝑒 [W∙m-2∙K-1] represents the conduction through the wall 

(see Eq. (8)) and ℎ𝐻𝑇𝐹 [W∙m-2∙K-1] is the convective heat transfer coefficient between the wall and 

the HTF (cf. Eqs. (9) and (10)). 

ℎ𝑝𝑙𝑎𝑡𝑒 =
𝑘𝑝𝑙𝑎𝑡𝑒

𝐿𝑝𝑙𝑎𝑡𝑒
 

(8) 

Where 𝑘𝑝𝑙𝑎𝑡𝑒 is the thermal conductivity of the plate, amounts 15 [W∙m-1∙K-1] and 𝐿𝑝𝑙𝑎𝑡𝑒 [m] is 

the plate thickness, amounts to 0.35 [mm].  

The heat transfer coefficient ℎ𝐻𝑇𝐹 between the wall and the HTF is determined using the 

correlation proposed by Gnielinski [39]. 

 

𝑁𝑢 = 0.664 ∙ 𝑅𝑒𝐻𝑇𝐹
1/2

∙ 𝑃𝑟1/3 (9) 

ℎ𝐻𝑇𝐹 = 1.5 ∙ 𝑁𝑢 ∙
𝑘𝐻𝑇𝐹

𝑑ℎ,𝐻𝑇𝐹
 

(10) 

Where 𝑁𝑢 is the Nusselt number, 𝑅𝑒 is the Reynolds number of the HTF and 𝑃𝑟 its Prandtl 

number. 𝑘𝐻𝑇𝐹[W.m-1K-1] is the thermal conductivity of the HTF and 𝑑ℎ,𝐻𝑇𝐹[m] the hydraulic 

diameter of the HTF channel. 𝑑ℎ,𝐻𝑇𝐹 is estimated using the 3D drawings of the ”GL50” plates and 

equals 7.5E-3 [m]. The factor 1.5 is to account for the effect of the dimples on the ℎ𝐻𝑇𝐹 [40-42]. 
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Results 

Condenser power and the condensation heat transfer coeffcient 

The measured temporal condenser powers of all conducted desorption-condensation processes are 

depicted in Fig. 5. The condenser power obtained from the desorption-condensation process 

conducted at 15/30/90[°C] is nearly twice as high as that conducted at 10/35/90 [°C], whereas the 

condenser power obtained at 15/35/90 [°C] is almost equal that obtained at 10/30/90 [°C].  This 

implies that the time rate of change of the refrigerant discharge from the desorber at operating 

conditions 15/30/90 [°C] is almost twice as high as that at 10/35/90 [°C]. The time integral of the 

condenser power is directly proportional to the differential water uptake 𝛥𝑤 [kg.kg-1] of the 

desorber. Strictly speaking, 𝛥𝑤 equals 0.182 [kg.kg-1] at 15/30/90 [°C], and 0.093 [kg.kg-1] at 

10/35/90 [°C] [37]. At the operating conditions 15/35/90[°C] and 10/30/90[°C], almost the same 

differential water uptakes (𝛥𝑤) have been obtained; namely, 0.131 [kg.kg-1] and 0.138 [kg.kg-1], 

respectively. The measured condenser power curves at both boundary conditions (green and blue 

curves in Fig. 5) are almost identical, which implies similar temporal course of variation of their 

respective 
𝑑𝑤

𝑑𝑡
. 

 

Figure 5: Calculated condenser power for all applied operating conditions. 

To estimate the total heat transfer coefficient (𝑈) and then the condensation heat transfer 

coefficient (ℎ𝑐𝑜𝑛𝑑) for all conducted experiments, the 𝐿𝑀𝑇𝐷 has been calculated according to Eq. 

(3). Fig. 6 shows the time variation of the refrigerant temperature in the condenser heat exchanger 

(𝑇𝑟𝑒𝑓) and the inlet and outlet temperatures of the heat transfer fluid (HTF) flowing through the 

condenser heat exchanger (𝑇𝐻𝑇𝐹,𝑖𝑛𝑙𝑒𝑡 and 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡𝑙𝑒𝑡  ) for one of the conducted experiments, 

namely the one conducted under the operating conditions 15/30/90 [°C]. The time variation of  

𝐿𝑀𝑇𝐷 at 15/30/90 °C is also shown in Fig. 6.  Fig 6b clearly depicts the variation in the values of 

𝑇𝑟𝑒𝑓, 𝑇𝐻𝑇𝐹,𝑖𝑛𝑙𝑒𝑡 , 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡𝑙𝑒𝑡   and 𝐿𝑀𝑇𝐷, in the first 20 [s] after the start of condensation at 

15/30/90 [°C]. 

For all other operating conditions, the time variation of 𝐿𝑀𝑇𝐷 has been computed. Fig. 7 

compares between the temporal 𝐿𝑀𝑇𝐷 values obtained for the different operating conditions. As 

shown in Fig. 7, for each operating condition, the 𝐿𝑀𝑇𝐷 reaches its highest absolute value in the 

first few seconds after the start of the condensation. The highest values exist between 1.4 (at 

10/35/90) to 2.5 [°C] (at 15/30/90). Then, the 𝐿𝑀𝑇𝐷 value decreases continually till the end of 

the condensation process. Although, for all applied operating conditions, the condenser power 

reaches almost zero after less than 780 [s] from the start of the desorption-condensation (Fig. 5), 
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the 𝐿𝑀𝑇𝐷 does not reach zero even after 1200 [s], as depicted in Fig. 7.  This implies that the zero 

power of the investigated condenser is due to the approximately zero 𝑈-values obtained after 780 

[s] from the start of the condensation for all applied operating conditions. 

 

 

 

(a) (b) 

Figure 6: Experimentally obtained temporal variation of 𝑇𝐻𝑇𝐹,𝑖𝑛𝑙𝑒𝑡, 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡𝑙𝑒𝑡 ,𝑇𝑟𝑒𝑓 and  

𝐿𝑀𝑇𝐷 of the investigated condenser at set of operating conditions 15/30/90 [°C], (a) during 

1200 [s], (b) during the first 20 [s] from the beginning of the desorption-condensation process 

 

 

Figure 7: Experimentally obtained temporal variation of the 𝐿𝑀𝑇𝐷 of the investigated 

condenser at all applied operating conditions. 

 

253 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

 

Figure 8: Contributions to the overall heat transfer coefficient. 

 

 

 

(a) 

 

(b) 

 

Figure 9: Experimentally obtained 𝑈 and ℎ𝑐𝑜𝑛𝑑 of the investigated condenser, (a) 𝑈, 
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(b) ℎ𝑐𝑜𝑛𝑑 

By applying Eq. (1) to (10), the contribution of each individual heat transfer coefficient to the 

overall heat transfer coefficient can be estimated at each set of operating conditions. Since the 

experimental data of �̇�𝑐𝑜𝑛𝑑 and the 𝐿𝑀𝑇𝐷 obtained at the beginning of the desorption-

condensation processes are close to zero, the calculated 𝑈-values at the first a few seconds from 

the beginning of each process are characterized by fluctuations with a higher level of uncertainty. 

The same is valid after long time from the beginning of each process, where the equilibrium 

condition is approached and, consequently, the temperature difference becomes so low that the 

uncertainty in measuring that temperature difference and, accordingly, the 𝑈-value does 

remarkably increase. Therefore, we fixed the analysis of the experimental results to the period 

between 7 [s] and 1200 [s].  

Fig. 8 depicts the contribution of each individual heat transfer coefficient to the overall heat 

transfer coefficient of the process conducted at 15/30/90 [°C]. It is a basic heat transfer knowledge 

that the overall heat transfer coefficient (𝑈) shall be less than the least heat transfer coefficient in 

the serial connection according to Fig. 4, for which the total heat transfer resistance is expressed 

by Eq. (5).  

It is clearly visible that the condensation heat transfer coefficient on the refrigerant side ℎ𝑐𝑜𝑛𝑑 is 
the one with the major influence on 𝑈, followed by the heat transfer coefficient on the HTF side 

(ℎ𝐻𝑇𝐹 ) and the heat transfer coefficient due to conduction through the plate’s wall ℎ𝑝𝑙𝑎𝑡𝑒 .  

Figs. 9a and 9b show the estimated total condenser heat transfer coefficient (𝑈) and condensation 

heat transfer coefficient (ℎ𝑐𝑜𝑛𝑑), respectively, for all conducted desorption-condensation 

processes. As can be seen in Fig. 9, the values of 𝑈 and ℎ𝑐𝑜𝑛𝑑 are close to zero at the beginning 

of each conducted process. During the first few seconds (𝑡 <90 [s]), 𝑈 and ℎ𝑐𝑜𝑛𝑑 increase until 

they reach peak values, then they decrease until reaching almost zero at 𝑡<780 [s]. As shown in 

the figure, the highest 𝑈 and ℎ𝑐𝑜𝑛𝑑 values are obtained at 15/35/90 [°C], amounting to 1500 2500 

[W∙m-2∙K-1] and 2500 [W∙m-2∙K-1], respectively. 

Visualized investigation on the condensation mechanism 

The visualization of the water condensation on the surface of one of the refrigerant channels and 

one of the two refrigerant vapour manifolds inside the investigated condenser plate heat exchanger 

is utilized to determine the condensation mechanism prevailing during the conducted desorption-

condensation processes. A number of screenshots taken from the video film recorded by 

endoscope (1) during the desorption-condensation process under the operating condition of 

15/30/90[°C] are presented in Fig. 10, showing the vision of endoscope (1) between two 

successive HTF channels. Six inclined surfaces of different dimples and the flat horizontal 

surfaces connecting them can be distinguished [43]. The dimples appearing in the vision of 

endoscope (1) are categorized into (i) two opposite, deep and concave dimples, (ii) two opposite, 

shallow and concave dimples, and (iii) two opposite and convex dimples brazed together at their 

interfacial surface.  

It is observable that the refrigerant channel was initially dry (Fig. 10a). At the beginning of the 

condensation process, small droplets formed in the upper and lower deep concave dimples as well 

as on the two convex dimples brazed together (Fig. 10b). With ongoing time, the droplets 

coalesced to bigger ones (Fig. 10c), until they formed a liquid film at the end of the condensation 

process. Based on the visual investigation, it can be concluded that dropwise condensation is the 

condensation mechanism taking place in the investigated asymmetric plate heat exchanger acting 

as a horizontally placed, stagnant condenser for the adsorption chilling unit presented in Fig. 1.   
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Fig. 11 depicts three screenshots taken from a video film of endoscope (2), which has been 

recorded simultaneously with the video film of endoscope (1). The visualization of endoscope (2) 

presented in Fig.11a illustrates that at the beginning of the condensation process, there was a thin 

liquid film at the edge of the manifold bottom (Fig. 11a). With ongoing time, droplets condensed 

at the bottom of the manifold as depicted in Fig. 11b. With further condensation, more refrigerant 

condensed at the bottom of the manifold (Fig. 11c) until finally a large area of the manifold bottom 

is covered with a liquid film, see Fig. 11c. Similar results were received in the repetition tests and 

the tests with the other boundary conditions. However, the intensity of the forming of the droplets 

during the condensation was not always the same.  

.  

 

(a) 

 

(b) 

 

(c) 

Figure 10: Screenshots from endoscope (1) 

between the plates. (a) at the start of the 

condensation, (b) formation of small droplets, 

(c) at the end of the condensation. 

 

(a) 

 

(b) 

 

(c) 

Figure 11: Screenshots from endoscope (2) 

in the manifold (a) at the start of the 

condensation, (b) formation of small droplets, 

(c) formation of liquid film at the circular 

edge of the bottom. 

 

Conclusion 

This communication presents the first experimental study on the application of an asymmetric 

plate heat exchanger, with a closed structure and a horizontal orientation, to act as a stagnant water 

256 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

condenser under typical operating conditions of an adsorption chiller. The main outcomes of this 

study can be summarized as follows:  

• Dropwise condensation was identified as the condensation mechanism inside the 

investigated plate heat exchanger. 

• The thermal resistance related to the condensation heat transfer coefficient (𝑅𝑐𝑜𝑛𝑑) 

dominates the total heat transfer resistance and, consequently, the overall heat transfer 

coefficient of the investigated condenser. 

• The condensation heat transfer coefficient (ℎ𝑐𝑜𝑛𝑑) of the investigated condenser varies 

between zero and 2500 [W∙m-2∙K-1] over the investigated desorption-condensation time 

and boundary conditions. 

The introduced plate heat exchanger as a condenser of an adsorption system is associated with 

several advantages in terms of system compactness and, accordingly, the specific power density 

of the adsorption chiller. Besides, the construction cost of the adsorption appliance can be 

considerably reduced if closed structure PHEs are adopted for use, as there is no need to place the 

evaporator/condenser inside a vacuum tight chamber, which is quite bulky and costly. The 

extremely durable operation because of the no corrosion potential is a special added value of the 

introduced technology (Nickel brazing of Stainless-Steel sheets). More investigations are needed, 

however, to develop appropriate heat transfer correlations and to develop the design rules of such 

special plate heat exchangers for application in different adsorption heat transformation 

appliances.   
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Abstract 

This study advances our recently published CO2-water co-adsorption model [1] using 

new experimental isotherm data from two amine-functionalized polymeric adsorbents 

(sorbents A and B).  It presents new isotherm data for water, CO2, and water-CO2 co-

adsorption, as well as heat capacities and other adsorbent properties key to process modelling. 

 Today’s atmospheric concentrations of greenhouse gases such as carbon dioxide, 

nitrous oxide, and methane pose a threat to Earth’s climate system, demanding action from all 

sides to combat the effects [2].  With current Paris agreement pledges, limiting warming to 2°C 

will require the implementation of carbon dioxide removal (CDR) strategies in addition to deep 

decarbonization [2].  It is therefore necessary for technologies that pull carbon dioxide directly 

from the air – CDR technologies – to be developed and deployed.  Direct Air Capture (DAC) 

using amine-functionalized adsorbents is one such technology that employs solid adsorbents to 

chemically bind to the carbon dioxide in the air.  Current theory suggests that in this process, 

CO2 chemically reacts with the amine-functionalized adsorbents to form carbamates, 

bicarbonates, or (stabilized) carbamic acid depending on local surface chemistry, temperature, 

and critically, humidity [1, 3].  Stoichiometrically, the amine efficiency of producing carbamate 

is 0.5, whereas for bicarbonate it is 1, leading previous authors to suggest that we can obtain 

double the carbon dioxide adsorbed per available amine group in the presence of water [1].  

However, in our previous work on a different amine-functionalized adsorbent, Lewatit® VP 

OC 1065, we have shown that the maximum increase of CO2 uptake is larger than 2 at low CO2 

partial pressures, while it is much smaller, or even decreasing at partial pressures of 0.1 bar 

and above, also subject to temperature and humidity [1].  Stoichiometric enhancement alone 

cannot explain these results. Instead, we postulated a CO2-water co-adsorption model that 

accounts for blocking of amine sites by water molecules, stoichiometric enhancement, and 

changes in the CO2 heat of adsorption in the presence of water. 

Here, we add new isotherm data to the existing body of literature and adjust our 

published co-adsorption model to the new insights generated. The isotherms for water, CO2 

and water-CO2 co-adsorption were measured for two proprietary polymeric resins that may be 

suitable for DAC. All isotherms were measured in a DVS Vacuum system, supplied by Surface 

Measurement Systems. In addition, we measured heat capacity data, nitrogen isotherms at 77K, 

and sorbent stability. 

An example of our results presented in Figure 1 shows water isotherms for the two new 

sorbents tested.  Hysteresis can be seen between the adsorption and desorption steps for both 

sorbents, which is typical for water’s monolayer-multilayer adsorption [1, 4].  The shape of 

both isotherms is very similar, while sorbent A shows more water adsorption over the whole 

relative humidity range. Both are expected given the two sorbents differ in the amount of amine 

included in the polymer matrix. 
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With our results we add new data to update our co-adsorption model, allowing future 

research to improve process modelling and optimize DAC for location and sorbent based on 

the effects of humidity and ambient temperature.
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ABSTRACT 

Calgary Framework-20 (CALF-20) is a zinc-based metal organic framework (MOF) with high 

water stability and excellent CO2 adsorption properties. Several studies have proven CALF-20 to 

reach optimal performance in CO2 capture from air with several N2/CO2 compositions. Currently, 

the European Project “SOLDAC” tests and implements different morphologies of CALF-20 for 

the Direct Air Capture unit of its breakthrough CO2-to-ethylene solar conversion technology. In 

an effort to maintain the implementation of CALF-20 for CO2 capture as environmentally 

responsible as possible, a Life Cycle Assessment (LCA) is performed. The aim of the LCA is to 

determine the overall environmental impacts associated with the synthesis of CALF-20, tracking 

them from the extraction of raw materials, through the synthesis of precursors, to the final synthesis 

of the MOF. Implementing this environmental screening approach allows for comprehensive and 

environmentally aware decision-making when developing CALF-20-enabled technologies. 

KEYWORDS: Metal-organic framework CALF-20; Life cycle assessment; Direct air capture.  
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1. INTRODUCTION 

Calgary Framework 20 (CALF-20) is a metal-organic framework (MOF) comprised of a 

crystallographic arrangement of two-dimensional zinc(II) triazolate grids pillared by oxalate 

anions perpendicular to the layers, creating a three-dimensional porous structure with no open 

coordination sites.  

CALF-20 has shown the ability to take up 4.07 mmol/g at conditions of 1.2 bar and 20ºC with a 

CO2/N2 selectivity of 230, by ideal adsorbed solution theory, for a 10:90 CO2/N2 mixture. 

Additionally, it showed low water-affinity and sustained CO2 capacity up to and above a relative 

humidity of 40%, making it favorable for direct air capture applications (Lin et al., 2021). 

Studies on the binding sites of CALF-20 for guest molecules show that CO2 has its most probable 

binding in the middle of the framework’s pores, with interatomic distances between consistent 

with physisorption. Furthermore, analysis of the binding energy proved attractive dispersion 

interactions to contribute in 85% to the CO2-CALF20 interaction, with electrostatics providing the 

balance. 

However, implementing the use of CALF-20 for said application requires a prior screening of the 

environmental impacts associated to its synthesis, as doing so allows for a better understanding of 

the actual alleviation on CO2 emissions that it enables.  

As a response, a life cycle assessment (LCA) on the traditional synthesis of CALF-20 – as reported 

by Lin et al., 2021 – is presented in this study, aiming to assess its implementation in the European 

Project “SolDAC: Solar Direct Air Capture and Conversion” (G.A. 101069359).  

The principal aim of the SolDAC project is to produce sustainable ethylene and ethanol from the 

electrochemical conversion of atmospheric CO2 by means a novel technology that supposes the 

integration of three unit operations – a direct air capture (DAC) unit for the capture, purification, 
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and compression of the atmospheric CO2; a photoelectrochemical (PEC) stack for the conversion 

into ethylene and ethanol; and a full-spectrum solar (FSS) collector to provide the energy and heat 

duties of the prior two units. 

CALF-20 is currently being studied as a potential candidate for the material composition of the 

nanoporous adsorption beds of SolDAC’s direct air capture unit. Consequently, the development 

of this study is motivated by the need to ensure the environmental responsibility of the project. 

2. GOAL AND SCOPE 

The intended application of the LCA – and general objective of the study – is to report the 

environmental impacts of the synthesis of CALF-20 across the complete range of impact categories 

provided by the employed assessment method, providing a baseline for future environmental 

screenings on CALF-20-enabled technologies, including the SolDAC project. The target audience 

for this study is the general scientific community working in the topic. 

The system that is being assessed in this study is the manufacturing process of CALF-20 powder 

for its application as CO2 adsorbent. The functional unit (FU) of the system is one kilogram of 

synthesized CALF-20, meaning that all environmental impacts will be determined per unit mass 

of the assessed material.  

Additionally, the boundaries of the system follow a cradle-to-gate approach, meaning that the 

environmental impacts are determined from the extraction of raw materials (cradle) to the final 

manufacture of the MOF (gate). This system boundary is fit for the application of the assessment, 

providing an environmental baseline for CALF-20, because the next phases of its life cycle (i.e., 

use phase, end-of-life, disposal) are defined by the specific technology where it is to be 

implemented. 
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Following the European Commission’s recommendation on “methods to measure and 

communicate the life cycle environmental performance of products and organizations” (The 

European Commission, 2021), the impact assessment method employed in this assessment is 

Environmental Footprint (EF) 3.0, along with its characterization, weighting, and normalization 

standards.  

Both the modelling of inventories and the impact assessment are performed with the SimaPro 9.2 

software. The building of inventories into SimaPro is made using the materials available in the 

Ecoinvent 3.6 database. 

3. LIFE CYCLE INVENTORY (LCI) ANALYSIS 

The life cycle inventory (LCI) for the synthesis of one kilogram of CALF-20 was built according 

to the procedure reported by Lin et al., 2021 and peer-reviewed by partners from the University of 

St. Andrews. The resulting inventory is presented ahead, in Table 1. 

Table 1. LCI for the synthesis of one kilogram of CALF-20 powder 

Type of input Input Quantity Units 

Synthesis precursor Zinc oxalate dihydrate 950.00 g 

Synthesis precursor 1,2,4-triazole 1,404.70 g 

Solvent Methanol 19,782.50 g 

Solvent Water 16,616.67 g 

Energy Heating 20.44 kWh 

Type of output Output Quantity Units 

Product CALF-20 powder 1,000.00 g 

Waste Wastewater 37,753.33 g 

 

The data regarding required mass of synthesis precursors and solvents, as well as of obtained 

product were directly disclosed by the team at University of St. Andrews, while the energy input 

and wastewater output had to be calculated from the procedure reported by them. 
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3.1 Calculation of energy input 

The energy input was obtained by modelling the consumption of the reported heating needs for 

the procedure: two sets of heating in a conventional laboratory oven, one at 100 ºC for 84h and 

another at 60ºC overnight. The energy consumption of each set was calculated by considering the 

use of a commercially available laboratory oven with the technical specifications presented in 

Table 2. 

Table 2. Modelled oven specifications. 

Concept Quantity Unit 

Max. Temp. 204 ºC 

Max. Power 1.2 kW 

Max. Load 91 kg 

(ITW EAE, 2020)  

 

A linear trend is assumed to determine the power (P) of the oven as a function of its temperature 

(T) setting, where a power of 0 kW is needed for a 20ºC setting and 1.2 kW are needed for a 204ºC 

setting. The resulting function – illustrated in Figure 1 – is obtained as follows, using the definition 

of a slope: 

 

𝑷 = 𝑚𝑻 + 𝑏 

𝑚 =
𝑃2 − 𝑃1

𝑇2 − 𝑇1
=

1.2 − 0

204 − 20
=

3

460
 

𝑷 =
3

460
𝑻 −

3

23
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Figure 1. Function for power determination from oven’s temperature setting. 

 

Applying the obtained function, the power for both heating sets were calculated and then 

multiplied by their corresponding heating times to obtain the energy of each set. However, because 

these sets are considered to be made at the oven’s full load, the resulting energy values were 

divided by its load capacity to obtain a “mass-specific” energy consumption value per set. Finally, 

said value is multiplied by the actual load of the oven, according to the mass inputs of the 

inventory. All values are presented in Table 3.  

The sum of the actual energy consumption for both heating sets results in a total energy input of 

20.44 kWh, as reported in Table 1. 
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Table 3. Energy consumption data per heating set 

Concept Set 1 Set 2 

Temp. setting [ºC] 100 60 

Estimated power [kW] 0.522 0.261 

Heating time [h (s)] 84 (302,400) 16 (57,600) 

Estimated energy [kJ] 157,773.913 15,026.087 

Full load capacity [g] 91,000 91,000 

Mass-specific consumption [kJ/g] 1.734 0.165 

Actual load [g] 38,753.33 38,753.33 

Actual energy consumption [kJ] 67,189.726 6,399.022 

 

3.2 Calculation of wastewater 

The mass of generated wastewater was calculated by a mass balance, subtracting the mass of 

produced CALF-20 powder from the total mass of material inputs, resulting in 37,753 g; as 

reported in Table 1. 

3.3 Modelling of precursors 

Both synthesis precursors – 1,2,4-triazole and zinc oxalate dihydrate – are not readily available in 

the Ecoinvent database for direct input when modelling the LCI for the synthesis of CALF-20 in 

SimaPro. Consequently, both precursors must be previously modelled from their respective 

synthesis procedures, enabling their later input into the final LCI of the CALF-20 synthesis. 

1,2,4-triazole was modelled from the synthesis procedure reported in patent US4267347A, issued 

to Petree et al., 1981. This patent claims a method for its direct preparation from hydrazine and 

formamide, precursors that are readily available in the Ecoinvent database.  

A process flow diagram (PFD) of the synthesis procedure – presented in Figure 2 – was built from 

the claims of the patent, adjusted to the production of 1 kg of 1,2,4-triazole. The material inputs 

and outputs of the process were calculated according to the stoichiometry and the yields of reaction 

and purification reported in the patent. 
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Figure 2. PFD for the synthesis of 1,2,4-triazole according to pat. USA4267347A. 

Meanwhile, the energy inputs were determined considering the requirements of the process related 

to: (1) the energy duty of the reactor, and (2) the energy required for the separation and isolation 

of 1,2,4-triazole from the reactor’s output solution.  

These were calculated with the temperatures reported by the patent for each stage of the synthesis, 

as well as with the specific properties of the different materials involved. 

Firstly, the energy duty of the reactor was determined by calculating the heat of reaction associated 

with the synthesis of triazole, following equation 1.  

 

Mass balances:

 Stream # 1 2 3 4 5 6 7 8 9 2,9,3 node

 Temperature [ºC] 25 25 25 170 130 107.5 107.5 117.5 117.5 INPUTS 2.798 kg

 Vapor fraction 0 0 0 0 0 1 0 1 0 OUTPUTS 2.788 kg

 Mass flowrate [kg] 0.77 2.14 2.79 3.55 1.06 1.89 1.89 0.66 0.66 Reactor

 Flowrates [mol] INPUTS 3.562 kg

   1,2,4-triazole 14.95 14.49275 0.31 0.31 0.149512 0.149512 OUTPUTS 3.553 kg

   Water 15.48783 29.90 29.90 29.90 0 0 Distillator

   Ammonia 29.90 29.90 29.90 0 0 INPUTS 3.553 kg

   Formic Acid 14.95 14.95 14.95 0 0 OUTPUTS 3.616 kg

   Hydrazine 15.48783 0.54 0.54 0.54 0 0 Overall balance

   Formamide 47.49 61.95 17.10 2.63 2.63 14.46284 14.46284 INPUTS 2.911 kg

 Flowrates [kg] OUTPUTS 2.955 kg

   1,2,4-triazole 0 0 0 1.031635 1 0.021318 0.021318 0.010316 0.010316

   Water 0.278781 0 0 0.538244 0 0.538244 0.538244 0 0 M.W.

   Ammonia 0 0 0 0.508342 0 0.508342 0.508342 0 0    1,2,4-triazole 69

   Formic Acid 0 0 0 0.687756 0 0.687756 0.687756 0 0    Water 18

   Hydrazine 0.495611 0 0 0.017171 0 0.017171 0.017171 0 0    Ammonia 17

   Formamide 0 2.136982 2.787809 0.769394 0 0.118566 0.118566 0.650828 0.650828    Formic Acid 46

 Unit R-101 T-101 E-101 E-102    Hydrazine 32

 Energy duty [kWh] 0.96 0.87 3.22 2.95    Formamide 45

Substance
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∆𝐻𝑟𝑥𝑛 = ∑ 𝑛𝑗 · [∆�̂�𝑓
𝑜

𝑗
+ 𝐶𝑝𝑗

· (𝑇𝑜𝑢𝑡 − 298𝐾)] − ∑ 𝑛𝑖 · [∆�̂�𝑓
𝑜

𝑖
+ 𝐶𝑝𝑖

· (𝑇𝑖𝑛 − 298𝐾)]      (Eq. 1) 

 

Symbol Meaning Units 

𝑖 ; 𝑗 Input species; output species - 

∆𝐻𝑟𝑥𝑛 Heat of reaction kJ 

𝑛 Moles Mol 

∆�̂�𝑓
𝑜 Standard heat of formation kJ · mol -1 

𝐶𝑝 Specific heat capacity kJ · mol -1 · K -1 

𝑇𝑜𝑢𝑡  ; 𝑇𝑖𝑛 Outflow reaction temperature; feedstock temperature K 

 

On the other hand, the energy for purification was calculated in two parts: the heating requirement 

for the distillation of the reactor’s output solution, following equation 2; and the refrigeration 

requirement for the condensation of the obtained distillate, according to equation 3. 

                              ∆𝐻𝑑𝑖𝑠𝑡. =  𝑛 · [𝐶�̅� · (𝑇𝑜𝑣ℎ. − 𝑇𝑖𝑛) + ∆�̅�𝑣𝑎𝑝 ]    (Eq. 2) 

 

∆𝐻𝑐𝑜𝑛𝑑. =  𝑛 · ∆�̅�𝑣𝑎𝑝     (Eq. 3) 

 

 

Symbol Meaning Units 

∆𝐻𝑑𝑖𝑠𝑡. Heat requirement for distillation kJ 

∆𝐻𝑐𝑜𝑛𝑑. Refrigeration to condensate distillates   kJ 

𝑛 Moles of output reaction solution Mol 

𝐶�̅� Average specific heat of reaction solution kJ · mol -1 · K -1 

𝑇𝑜𝑣ℎ. ; 𝑇𝑖𝑛 Overhead distillation temp.; initial solution temp. K 

∆�̅�𝑣𝑎𝑝  Average latent heat of reaction solution kJ · mol -1 

 

All calculated energy demands were adjusted to account for the scaling-up to an industrial process 

by applying the correction factors used by (Cuéllar-Franca et al., 2016), who performed a similar 

model of the same synthesis procedure based on patent US4267347A as well. The correction 
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factors have values of 4.2 for heating (assuming the use of natural gas) and 3.2 for cooling 

(assuming the use of electricity for refrigeration equipment). 

The resulting inventory, presented in Table 4, enabled modeling 1,2,4-triazole as a new material 

in SimaPro. The outputs correspond to the mass of produced 1,2,4-triazole and the “average 

wastewater treatment” item available in Ecoinvent. The wastewater volume was obtained by 

calculating an average density of stream 7 in the PFD and multiplying it times the total mass of 

the stream. 

 

Table 4. Inventory for the production of 1 kg of 1,2,4-triazole. 

Type of input Input Quantity Units 

Synthesis precursor Hydrazine 495.61 g 

Synthesis precursor Formamide 2,136.98 g 

Solvent Water 278.78 g 

Energy Reaction heat  0.96 kWh 

Energy Purification energy  7.05 kWh 

Type of output Output Quantity Units 

Product 1,2,4-triazole 1,000.00 g 

Waste Wastewater 2,114.59 mL 

 

On the other hand, the inventory for the synthesis of the second precursor of CALF-20, zinc 

oxalate dihydrate, was built based on the experimental procedure reported by Qi et al., 2014.  

The procedure described in the study states that equimolar parts of zinc oxide and oxalic acid 

dihydrate are mixed, milled, and then aged for 7 days, obtaining a molar equivalent of zinc oxalate. 

All the procedure is carried out in solid phase, with no solvents, and a 100% reaction yield is 

assumed for the sake of this study. 
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To calculate the energy demand of the milling process, the technical specifications of an industrial 

batch ball mill were consulted. The selected mill, from HengXing Engineering, reported a nominal 

power of 2.2 kW with a nominal load capacity of 200 kg (HengXing Engineering, n.d.).  

In order to scale the power demand per unit mass, a specific power was calculated by dividing the 

nominal power over the nominal load capacity, giving a value of 0.011 kW/kg. This value was 

then used to calculate the adjusted electricity demand for an assumed milling time of 3 hours and 

a load of one kilogram. 

The resulting inventory is presented in Table 5. Both reaction precursors are available in the 

Ecoinvent database, making it possible to model zinc oxalate in SimaPro using this inventory. 

 

Table 5. Inventory for the production of 1 kg of zinc oxalate. 

Type of input Input Quantity Units 

Synthesis precursor Zinc oxide 429.54 g 

Synthesis precursor Oxalic acid dihydrate 665.42 g 

Energy Mill electric consumption 0.03 kWh 

Type of output Output Quantity Units 

Product Zinc oxalate dihydrate 1,000.00 g 

 

However, when looking into the model prepared by Ecoinvent of the zinc oxide precursor, it came 

up that no elemental flow of zinc was considered for its composition; meaning that virtually, there 

is no actual zinc in the Ecoinvent model of zinc oxide. This is relevant and non-neglectable for the 

scope of the study as zinc accounts for the metallic part of the CALF-20 metal-organic framework, 

which is fundamental to its characterization; this is especially true for any future work that takes 

on the reported impacts from this study to compare CALF-20 with other MOFs for similar 

applications. 
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To account for this situation, the “elemental zinc” item from the Ecoinvent database was 

implemented as a substitute (proxy) for zinc oxalate in the LCI for the synthesis of CALF-20. To 

determine the mass of elemental Zn to be considered in the inventory, the mass fraction of 

elemental zinc within zinc oxalate dihydrate was determined by dividing the mass of one mole of 

Zn over the mass of on mole of Zinc oxalate dihydrate (as there is one atom of Zn per molecule of 

Zn oxalate). The obtained fraction – 0.3453 – was then multiplied by the total mass of zinc oxalate 

in the inventory for the standard synthesis of one kilogram of CALF-20, which has a value of  

950.00 g, as reported in Table 1. The resulting inventory after implementing these changes is 

presented in Table 6. 

Table 6. Corrected LCI for the synthesis of one kilogram of CALF-20 powder 

Type of input Input Quantity Units 

Synthesis precursor Zinc oxalate dihydrate 328.04 g 

Synthesis precursor 1,2,4-triazole 1,404.70 g 

Solvent Methanol 19,782.50 g 

Solvent Water 16,616.67 g 

Energy Heating 20.44 kWh 

Type of output Output Quantity Units 

Product CALF-20 powder 1,000.00 g 

Waste Wastewater 37,753.33 g 

 

4. LIFE CYCLE IMPACT ASSESSMENT 

Based on its LCI, the impacts for the synthesis of CALF-20 across all categories offered by the 

EF3.0 methodology were assessed. Table 7 presents the calculated impacts disaggregated by the 

contribution of each input/output of the inventory to the total impact. These values are shaded with 

a color scale per category, where red represents the highest value, and green the lowest. Impact 

categories have been abbreviated as indicated int the table footer. 
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Table 7. Impact reporting for the synthesis of CALF-20. 

Impact 

category 
Unit 

Share of impact per input/output 
Total 

impact 1,2,4-

triazole 

Zinc 

oxalate 
Methanol 

Deionised 

water 
Electricity Wastewater 

CC kg CO2,eq 22.87 0.86 13.36 4.2E-03 7.68 0.01 44.78 

OD kg CFC11eq 5.5E-06 6.1E-08 4.4E-06 1.1E-09 4.7E-07 4.8E-10 1.0E-05 

IR kBq U-235eq 1.04 0.09 0.16 1.9E-04 1.52 7.0E-04 2.82 

Ph kg NMVOCeq 0.04 0.01 0.04 1.1E-05 0.02 4.3E-05 0.10 

PM disease inc. 6.2E-07 4.0E-08 1.8E-07 3.0E-10 9.7E-08 8.1E-10 9.5E-07 

HT-NC CTUh 3.9E-07 1.5E-07 7.6E-08 1.6E-10 6.3E-08 3.8E-09 6.9E-07 

HT-C CTUh 4.0E-09 5.0E-09 2.2E-09 1.7E-12 1.5E-09 6.2E-11 1.3E-08 

Ac mol H+
eq 0.08 0.01 0.05 4.0E-05 0.04 1.7E-04 0.18 

EuF kg Peq 6.4E-04 9.1E-05 3.0E-04 1.5E-07 8.5E-04 3.9E-05 1.9E-03 

EuM kg Neq 0.03 1.9E-03 0.01 3.2E-06 0.01 8.4E-04 0.04 

EuT mol Neq 0.16 0.02 0.10 3.4E-05 0.06 5.0E-04 0.33 

ET CTUe 3342.24 195.20 213.65 17.65 82.41 16.44 3867.60 

LU Pt 29.73 5.14 2.85 0.00 24.42 0.01 62.15 

WU m3 depriv. 27.26 0.91 3.04 0.50 2.44 -1.61 32.53 

RU-F MJ 303.49 12.73 616.90 0.05 168.12 0.08 1101.38 

RU-MM kg Sbeq 1.6E-05 5.0E-04 3.6E-05 2.0E-09 2.8E-06 3.1E-09 5.5E-04 

 

 

CC = Climate change 

OD = Ozone depletion  

IR = Ionizing radiation 

PhOF = Photochemical ozone formation 

PM_=_Particulate matter 

HT-NC = Human toxicity, non-cancer 

HT-C = Human toxicity, cancer 

Ac = Acidification 

EuF_=_Eutrophication, freshwater 

EuM = Eutrophication, marine 

EuT = Eutrophication, terrestrial 

ET = Ecotoxicity 

LU =_Land use 

WU = Water use 

RU-F = Resource use, fossils 

RU-MM = Resource use, minerals and meta
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5. INTERPRETATION OF RESULTS 

To further improve the visibility of the share of impact that each input/output of the CALF-20 

synthesis procedure has on its overall impacts, Figure 3 presents the resulting data in a stacked 

bar chart, using the same abbreviations key as Table 7. 

From the chart is clear to see that 1,2,4-triazole supposes the largest share of impact in most 

categories, even accounting for more than half of the total impact in seven out of sixteen categories. 

A clear exception on this trend is the category corresponding to the use of mineral and metallic 

resources; this is expected, as the component that supposes the largest share in this category is the 

zinc oxalate precursor, as it comprises the metallic part of the CALF-20 MOF. 

 

Figure 3. Contribution per input/output component to impacts of the CALF-20 synthesis. 
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Another element to be noted from the chart is that the wastewater output supposes a “negative” 

impact in the water use category. This is because the “wastewater treatment” item in the Ecoinvent 

database accounts for avoided impacts in the deprivation of water from natural sources, as it 

considers the potential reutilization of a fraction of the treated wastewater. 

To further visualize the contribution of 1,2,4-triazole as an environmental hotspot to the synthesis 

of CALF-20, Figure 4 illustrates the impact network for the process. The network is presented as 

a Sankey diagram, where the arrows indicate the connection between substances and their 

precursors, while the widths of the arrows are proportional to the share that the precursor has on 

the overall impacts of the material that it synthesizes.  

 

Figure 4. Impact network for the synthesis of one kilogram of CALF-20. 
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The network is generated by SimaPro, where an overall single-score environmental impact is 

calculated for every element within it. This single-score impact is calculated by the software using 

the characterization, weighting, and normalization factors of the Environmental Footprint method, 

making a weighted aggregate of the normalized impacts of every element across all impact 

categories. 

When analyzing the network, it becomes evident that 1,2,4-triazole is the primary contributor to 

the overall impact of the synthesis procedure – accounting for 57.5% of the overall single-score 

impact. This suggests that optimizing the consumption of 1,2,4-triazole when synthesizing CALF-

20 becomes mandatory to optimize the magnitude of the environmental impacts of the process. 

6. CONCLUSIONS 

The insights presented in the interpretation of results suppose relevant information that satisfies 

the general objective of the study, which is to report the environmental impacts of the synthesis of 

CALF-20, simultaneously providing a baseline for future environmental screenings of CALF-20-

enabled technologies, including the SolDAC project.  

It is especially important to highlight that when assessing the calculated impacts, 1,2,4-triazole 

came up as an environmental hotspot, accounting for more than half of the overall impacts of the 

CALF-20 synthesis procedure. Within the framework of the SolDAC project – and of any other 

future technology  that seeks to implement CALF-20 for CO2 capture purposes – this information 

supposes an alert to optimize the use of 1,2,4-triazole when synthetizing the MOF. It then becomes 

relevant to study intensification techniques on the use of organic synthesis precursors to achieve 

this optimization at its highest potential. 

 

278 / 710



Future work 

It is imperative to thoroughly evaluate the functionality of CALF-20 with respect to its ability for 

CO2 uptake. This is key to enable the future development of a future LCA that considers CO2 

uptake as its functional unit, rather than the mass of CALF-20. 
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Abstract  

Adsorption Heat Conversion (AHC) is considered an energy and environment saving 

alternative to conventional compression chillers and heat pumps. The growth of the Specific 

Power (SP) of AHC systems is prerequisite for wider spreading of this technology. The SP of 

AHC systems is mainly affected by ad/desorption dynamics in an Adsorber - Heat Exchanger 

(Ad-HEx) unit, which is governed by coupled heat and mass transfer in the adsorbent bed and 

between the bed and HEx. Two basic Ad-HEx configurations are loose adsorbent grains 

loaded between the HEx fins, and compact adsorbent coating on the fins. The main goal of 

this work was a comprehensive comparative study of the water vapour adsorption dynamics 

on loose grains and coatings of a composite sorbent LiCl/silica, intently developed for AHC. 

Thin coatings of the adsorbent on an aluminum foil were prepared with different binders of 

both organic and inorganic nature, and the water vapour adsorption dynamics on these 

coatings was and compared with that for loose adsorbent grains. The effect of the binder 

nature was studied. The effective heat transfer coefficients were evaluated under typical 

conditions of adsorption cooling cycles. The main findings are: (a) the effective heat transfer 

coefficient is increased when heat conductive compound CPTD, bentonite, and aluminium 

oxynitrate were used as binders; (b) organic binders, polyvinyl alcohol and 

polyvinylpyrrolidone, do not affect heat transfer; (c) intensification of heat transfer results in 

acceleration of the initial stage of the ad/desorption process; (d) on the contrary, at longer 

time, sorption deceleration is observed, probably due to hindered mass transfer. 

Recommendations for designing the optimal adsorbent bed configuration are formulated. 

Keywords: Adsorption heat conversion, composite LiCl/silica, water adsorption dynamics, 

adsorbent coating vs. loose grains. 

Introduction/Background 

In recent years, the growing energy demand and environment pollution caused by the 

extensive use of fossil fuels have inspired considerable research interest to adsorptive heat 

conversion (AHC) [1]. This technology offers effective utilization of low-grade solar or 

waste thermal energy, which is available in abundance, to produce cooling and heating. Due 

to utilization of environmentally benign working fluids (water, methanol, ammonia, etc.) and 

low consumption of electric power, the AHC is characterised by a weak environment impact 

and represents a promising alternative to compression chillers and heat pumps. However, 

despite a noteworthy potential of AHC to fulfil the growing demands for cooling and heating, 

there are some research gaps hindering the practical implementation of these systems. 

Accordingly, till now the share of AHC systems in the market is small as compared to 

absorption chillers and particularly to common compression ones [2]. Therefore, there is a 

big room for improving the AHC systems performance.  

Low specific power (SP) and, as a result, large size of AHC systems, are the main drawbacks 

which severely limit the commercialization and wider dissemination of AHC systems. The 

SP is mainly affected by adsorption dynamics of a working fluid, and its acceleration is a 
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key-stone for increasing the competitiveness of AHC systems [3]. The sorption dynamics in 

AHC systems depends on coupled heat and mass transfer in an Adsorber – Heat Exchanger 

(Ad-HEx) unit, and optimization of its configuration is a subject of numerous researches. A 

common and very usable Ad-HEx configuration is finned HEx loaded with loose adsorbent 

grains. Such a HEx configuration is generally considered to provide fast mass transfer due to 

large porosity of the bed (voids between grains), but the heat transfer is slow due to a high 

contact resistance between the grains and the HEx surface. Indeed, the "grain size insensitive" 

mode was detected for water and methanol vapour adsorption on thin granulated beds of 

silica [4], FAM-Z02 [5], activated carbon [6], composite LiCl/MWCNT [7], metal-organic 

frameworks NH2-MIL-125 [8], MOF-801 [9], etc. For this mode, the adsorption dynamics is 

invariant with respect to the ratio S/mad = <heat transfer surface area>/<adsorbent mass> 

regardless the grain size; and the initial adsorption rate is proportional to this ratio. This 

indicates sufficiently fast intra- and intergrain mass transport and control of adsorption rate 

by heat transfer. 

To reduce the contact resistance and enhance the heat transfer, thin adsorbent layers (coating) 

consolidated with the HEx surface with or without a binder were suggested [10]. Coating 

offer a high heat transfer between the adsorbent and HEx due to large contact surface. 

However, mass transfer can be slower because of a high density and low porosity of the 

consolidated layer, which can become a new factor limiting the sorption dynamics [11].  

To date, several methods for the coating synthesis have been suggested, including dip-

coating, drop-coating, spray-coating, electrospinning, binderless in-situ coating [Erro! 

Indicador não definido., 12], etc. These techniques were applied to prepare thin 

consolidated layers based on zeolites [13], aluminophosphates [14], composite sorbents [15], 

MOFs [16, 17], etc. Furthermore, several lab-scale AHC units employing coated HExs were 

built and tested [18, 19, 20]. Freni et al. studied a chiller with HEx coated by commercial 

SAPO-34 with a uniform thickness of 0.1 mm, prepared with a silane binder. The chiller 

delivered a high SP of 675 W/kg_adsorbent, which exceeds SP = 498 W/kg obtained for the 

fixed bed of the SAPO-34 granules of 0.6-0.7 mm size loaded to the same HEx [21]. 

However, the volumetric specific power VSP = 93 W/dm
3
_HEx and the Coefficient Of 

Performance COP = 0.24 were lower than those for the granulated adsorbent bed (VSP = 212 

W/dm
3
 and COP = 0.4). McCague et al. [22] compared a chiller based on a commercial 

fined-tube HEx with FAM-Z02 coating supplied by Mitsubishi Plastic Ltd. of 0.33 mm 

thickness with the same HEx loaded with FAM-Z02 pellets of 1.2-2.4 mm size. The SP equal 

to 300-456 W/kg and VSP of 60-90 kW/m
3
 were obtained for the coated HEx. For fixed bed, 

the SCP was significantly lower (50-60 kW/kg), whereas, the VSP was higher (100-150 

W/m
3
). Thus, for thin adsorbent coatings of 0.1-0.3 mm, high SP-values related to the unit 

mass of the adsorbent can be achieved. However, a small amount of adsorbent loaded in such 

coated HExs increases the ratio mHEx/mad of HEx to the adsorbent masses, and lowers both 

VSP and COP. At increasing coating thickness, the reduction of vapour transport occurs, 

which can become the process limiting the adsorption rate [23, 24].  

Thus, a smart compromise between the heat and mass transfer is needed for the optimization 

of Ad-HEx configuration. A deeper understanding of the relative contribution of the heat and 

mass transfer resistances, and their affects on the adsorption kinetics is prerequisite to achieve 

such a compromise and enhance the SP of AHT units. Furthermore, the heat and mass 

transfers are inevitably coupled in the adsorption process, since faster adsorption releases 

larger amount of heat. Therefore, their differentiation and clarification of which transport 

mechanism is limiting, are welcome. Meanwhile, to the best of our knowledge, there is a 

scarcity of reports on detailed and accurate comparative study of the adsorption kinetics on 

the consolidated and granulated beds [7, 25, 26]. Particularly, the S/mad - ratio is key factor 
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affecting the adsorption dynamics. Accordingly, to reveal the effect of adsorbent 

consolidation with the HEx surface on the AHC dynamics the correct comparison has to be 

performed at the same S/mad values. 

In this paper, we report the results on the dynamics of water vapour adsorption on a sorbent 

specifically developed for AHC, namely the composite “LiCl inside silica gel pores” [27, 28]. 

Coatings were prepared with various binders of both inorganic and organic nature and 

characterized by microscopy and low-temperature nitrogen adsorption. The dynamics was 

studied under conditions of a typical adsorption cooling cycle. To distinguish the effect of the 

binder and the adsorbent consolidation from other factors affecting the dynamics, we fixed 

the S/mad-ratio for all adsorbent bed configurations. The effects of the binder nature and 

content as well as the coating thickness were studied. The effective heat transfer coefficient 

was measured in the air and calculated from an initial part of the kinetic curves. Based on the 

obtained results, factors controlling the kinetics were determined and recommendations on 

the adsorbent bed configuration were formulated.  

Discussion and Results 

The adsorbent coatings characterization 

Lithium Chloride and silica gel Davisil Gr. 646 (specific surface area Ssp = 267 m
2
/g, pore 

volume Vp=1.1 cm
3
/g, average pore size dav = 15.9 nm) were used for the composite 

synthesis. The composite was prepared by a dry impregnation method [27]. Two adsorbent 

configurations were studied: the loose grains of 0.4-0.5 size, placed as monolayer on the 

surface of aluminium foil and the grains “glued” to the aluminum foil with a binder. Common 

binders of both inorganic (bentonite, pseudoboehmite AlOOH, aluminum oxynitrate 

AlONO3, ceramic-polymer heat-conducting compound CPTD 1/3T) and organic natures 

(polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP)), often used for the coating synthesis, 

were selected. To avoid blocking of the salt particles inside pores by the binder, we first 

prepared the silica gel coatings, then impregnated them with the salt solution and finally dried 

them. 

The microscopic images of the coatings presented in Fig. 1 showed that the morphology of 

LiCl/silica grains remains unchanged after gluing to the foil. Small bentonite particles deposited 

on the surface of LiCl/silica grains are observed for the coating with bentonite (Fig. 1 b). Some 

filamentous particles are also detected on the surface of LiCl/silica/CPTD, which can be CPTD 

or LiCl, partially removed from the silica pores on the external surface of the grains during the 

coating preparation. PVA, PVP, and aluminum oxynitrate form films on the foil surface and are 

not observed on the grain surface.  

According to data of nitrogen porosimetry, the aluminum oxynitrate, pseudoboehmite, and 

PVP only slightly alter the porous structure of the adsorbents (Table 1). The pore blocking 

degree calculated as  

 = [Vp.ads - Vp.coating] 100% /Vp.ads      (1) 

(here Vp.ads and Vp.coat are the specific pore volumes of the adsorbent and the coating, related 

to the adsorbent mass) does not exceed 12%. CPTD reduces both pore volume and surface 

area of the composite due to partial pore blockage (  = 20%), which is in accordance with 

the microscopy images. The texture characteristics of silica gel grains glued on the foil by 

PVP and PVA are similar to those of the pristine silica. However, pore volume and surface 

area are reduced strongly after impregnation the salt, giving the pore blockage  = 29%. The 

increase in pore volume and surface area is observed for the coatings prepared with bentonite 

( = -38%) due to internal porosity of the binder. Indeed, an additional pick is observed on 
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the pore size distribution at d = 3-4 nm along with the pick at d = 10-20 nm corresponding to 

mesopores of the silica gel. Thus, CPTD leads to significant blockage of the coating’s pores. 

PVA, PVP and aluminum oxynitrate slightly affect the porous structure of the coatings. 

Coating with bentonite is characterized by formal negative pore blockage due to internal 

porosity of the binder.  

 

Fig. 1. Microscopic images of coatings LiCl/silica/binder.  

Table 1. Composition and texture characteristics of the coatings: salt and binder contents 

CLiCl and Сb, average pore size dav, specific pore volume Vp and surface area Ssp, pore 

blockage degree  . 

Sample СLiCl, wt.% Сb, 

wt.% 

dav, nm Vp
*
, 

см
3
/г 

Ssp
*
, 

м
2
/г 

, % 

SiO2 - - 15.9 1.1 267 0 

LiCl/SiO2 32 - 12.7 0.66 155 0 

LiCl/SiO2/AlONO3 34 31 12.4 0.62 163 6 

LiCl/SiO2/CPTD 32 51 12.6 0.53 112 20 

LiCl/SiO2/bentonite 27 33 12.6 0.91 284 -38 

LiCl/SiO2/pseudoboehmite 34 46 15.9 0.58 160 12 

SiO2/PVA - 14 19.2 1.1 267 0 

LiCl/SiO2/PVA 34 9 12.5 0.47 126 29 

SiO2/PVP - 30 19.1 1.1 266 0 

LiCl/SiO2/PVP 33 18 12.3 0.47 141 29 

   
*
 for the coatings with the binders

 
the data are related to the unit mass of the composite. 

Water vapour adsorption kinetics 

Water vapour sorption kinetics was studied under conditions of a typical cooling cycle (water 

vapour pressure P = 12.4 and 42.8 for adsorption and desorption stages, respectively, which 

correspond to the temperature of the evaporator Tev = 10C and condenser Tcon = 30C; the 

temperature of adsorption Tad = 30, 35, 40C and desorption Tdes = 80, 90, 100C.  The S/mad 

- ratio was equal to 5.9 m
2
/kg for all Ad-Hex configurations, which corresponds to monolayer 

of 0.4-0.5 mm grains. The kinetics was studied by a volumetric temperature jump method 

under quasi-isobaric conditions [29].  

The loose grains of LiCl/silica exchange w = 0.47±0.01 g/g under conditions of the cooling 

cycle at Tad = 35C and Tdes = 100C. The binders CPTD, bentonite, pseudoboehmite, PVA 

does not affect the adsorption capacity, the water uptake related to the composite mass  w = 

0.46 ± 0.01 g/g. It is worth noting that despite pore blockage by CPTD and pseudoboehmite, 

the uptake on the coatings does not decreases, because LiCl as introduced into the coatings is 
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available for water vapour. Aluminum oxynitrate reduces the uptake to w = 0.42 ± 0.01 g/g, 

probably due to a chemical interaction with the salt.  

An initial parts of the kinetic curves (Fig. 2) obey the first order-kinetic equation  

w(t) = wt(1 - exp(-t/)),    (2) 

where wt is the final uptake variation, t is time, and  is the characteristic time. For the 

loose grains bed, the characteristic time  equal 63 and 34 s for adsorption at Tad = 35C and 

desorption at Tdes = 100C, respectively (Table 2).  

 

Fig. 2. Kinetic curves of water adsorption at Тad = 35 C (a) and desorption at Тdes = 100 C, 

for loose grains () and coatings of the composite LiCl/silica, prepared by gluing with CPTD 

(), pseudoboehmite (), bentonite (), AlONO3 (), PVP (), and PVA (). 

The gluing of the grains with inorganic binders CPTD, pseudoboehmite, bentonite,  

AlONO3 results in some acceleration of ad/desorption at initial times (Fig. 2 inserts). The 

strongest effect was observed for CPTD, the characteristic times  reduces to 44 and 22 s for 

adsorption and desorption, respectively. The accelerating effect for bentonite, and AlONO3 is 

smaller, the characteristic time ad = 48 – 53 s and des = 23-24 s. The acceleration is probably 

caused by the reduction of the contact thermal resistance between the grains and the 

aluminium surface due to the binder presence. The organic binders PVA and PVP do not 

accelerate ad/desorption, probably due to their low thermal conductivity or poor adhesion to 

the adsorbent grains. 

Table 2. Characteristic times τ and t0.8, the maximum specific power Wmax and the specific 

power W0.8, released/consumed in the cycle restricted by the conversion q = 0.8 in the beds of 

the LiCl/silica loose grains and coatings. 

Adsorption 

T, С τ, c Wmax., Вт/г t0.8, c W0.8, Вт/г Δw, г/г 

Loose grains LiCl/silica 

40 67 20.7 102 10.7 0.42 

35 63 24.9 97 12.6 0.47 

30 60 29.8 96 14.6 0.53 

LiCl/silica /CPTD 

40 45 29.4 79 13.1 0.39 

35 44 34.3 80 16.8 0.46 

30 40 45.4 79 18.0 0.54 

LiCl/silica/AlONO3 

40 47 23.4 90 9.5 0.33 

35 50 28.3 96 11.7 0.42 

30 52 34.1 100 13.8 0.53 

LiCl/silica/pseudoboehmite 
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40 49  25.4 120 7.7 0.35 

35 53 30.1 140 8.5 0.45 

30 53 34.1 135 10.2 0.53 

LiCl/silica/bentonite 

40 49  25.4 90 11.1 0.38 

35 48 31.3 95 12.5 0.45 

30 50 35.0 110 12.7 0.53 

LiCl/silica/PVA 

40 72 18.2 113   9.3 0.39 

35 68 22.2 106 11.4 0.46 

30 63 27.8 94 14.9 0.53 

LiCl/silica/PVP 

40 77 16.6 195 5.3  0.39 

35 68 22.1 170 7.0 0.46 

30 62 28.3 150 9.3 0.53 

Desorption  

Loose grains LiCl/silica 

80 25 27.8 59 9.5 0.23 

90 25 36.7 72 10.4 0.31 

100 34 43.6 123 9.5 0.49 

LiCl/silica /CPTD 

80 17 40.7 120 4.7 0.22 

90 19 55.0 290 2.7 0.33 

100 22 63.4 185 6.0 0.46 

LiCl/silica/AlONO3 

80 21 37.2 49 12.1 0.26 

90 22 48.5 71 11.9 0.35 

100 23 55.5 89 10.4 0.41 

LiCl/silica/pseudoboehmite 

80 31 25.3 140 4.5 0.26 

90 33 33.6 250 3.5 0.37 

100 39 39.2 320 3.8 0.51 

LiCl/silica/bentonite 

80 21 30.8 50 10.9 0.21 

90 21 46.7 80 9.8 0.32 

100 24 55.2 170 6.3 0.44 

LiCl/silica/PVA 

80 18 32.3 30 15.2 0.19 

90 22 38.6 70 9.6 0.28 

100 35 43.5 440 2.8 0.51 

LiCl/silica/PVP 

80 26 26.7 115 4.9 0.23 

90 29 34.7 200 4.1 0.33 

100 35 40.3 380 3.0 0.47 

 

At high dimensionless conversion q = w(t)/wt > 0.5-0.8 the ad/desorption for the coatings 

becomes slower than for the loose grains. To describe the kinetics at high conversion, the time 

t0.8 corresponding to conversion q = 0.8 was determined, which equals 97 s for adsorption at 

Tad = 35C and 123 s for desorption at Tdes = 100C (Table 2) for the loose grains. The 

adsorption deceleration is strongest for pseudoboehmite and PVP as binders, resulting in the 

increase in time t0.8ads to 140 and 170 s, respectively. For desorption runs the deceleration is 

even more pronounced, for the coatings with PVP, PVA, and pseudoboehmite the time t0.8des 

= 320-440 s at Tdes = 100C. 

Heat transfer coefficients 
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The analysis of the initial part of the kinetic curves measured on the loose grains (Fig. 3) at 

different temperatures Tad = 30, 35, and 40C and Tdes = 80, 90, and 100C showed that the 

initial adsorption rate R0 and, consequently, the specific maximum power Wmax, 

released/consumed at t = 0  are proportional to the driving temperature difference Т = Tad - 

Tin: 

R0 =  
      

  
 
   

= wt/ = A(Ts - Tin), and    (3) 

Wmax =  R0Hs = AHs (Ts - Tin),     (4) 

where Hs is the adsorption heat, Ts and Tin are the ad/desorption temperatures and the initial 

adsorbent temperature. This indicates that at t = 0, the heat transfer between the foil and the 

adsorbent bed controls the adsorption rate. A similar linear dependence is detected for the 

coatings LiCl/silica/binder.  
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Fig. 3. Maximum specific power Wmax released during adsorption (a) and consumed during 

desorption (b) for the bed of loose LiCl/silica grains vs the driving temperature difference 

Т. 

The heat balance in the bed at t = 0 can be expressed as 

    
 

   
                             (5) 

where    is the effective heat transfer coefficient, and Cp is the specific heat capacity of the 

adsorbent and adsorbed water. Then, the effective heat transfer coefficient c between the 

metal support and the adsorbent bed under conditions of the adsorption cycles can be 

estimated from eqs. (2) and (3) assuming that the second summand on the right can be 

neglected. The effective heat transfer coefficient in the bed of LiCl/silica loose grains (Table 

3) equals 155 and 140 ± 15 W/(m
2
K) for adsorption and desorption runs, respectively. 

LiCl/silica/binder coatings with CPTD, bentonite, and aluminum oxynitrate show the higher 

coefficients c = 170-260 and 160-210 ± 15 W/(m
2
K) for adsorption and desorption, 

respectively. The effect of PVA, PVP and pseudoboehmite the effective heat transfer 

coefficients is minor.  

Table 3. Effective heat transfer coefficients for LiCl/silica loose grains and LiCl/silica/binder 

coatings of under conditions of the adsorption cycle.   

Sample αc, W/(m
2
· K) 

Adsorption Desorption 
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Loose grains LiCl/silica 155 140 

LiCl/silica/CPTD 260 180 

LiCl/silica/bentonite 170 210 

LiCl/silica/AlONO3 180 160 

LiCl/silica/pseudoboehmite 160 120 

LiCl/silica/PVP 190 110 

LiCl/silica/PVA 160 100 

 

These data are in accordance with the data on the thermal resistance R and coefficient αair of 

the silica gel loose grains and coatings measured by a thermal probe method in atmospheric 

air (Table 4). The heat transfer resistance of the silica/binder coatings prepared with CPTD, 

bentonite, pseudoboehmite, and aluminum oxynitrate, varies in the range R = 0.015-0.022 

m
2
K/W, which is lesser that for the loose grains, R = 0.027 m

2
K/W. Again, the effect of PVP 

and PVS as binders is minor (R = 0.027-0.032 m
2
K/W). Thus, using inorganic binders (CPTD, 

bentonite, pseudoboehmite, and aluminum oxynitrate) affords to reduce the thermal 

resistance of the adsorbent coatings. 

Table 4. Thermal resistance R and the heat transfer coefficients of the thin bed of loose silica 

grains and coatings. 

Sample R, m
2
·K/W αair, W/(m

2
K) 

Loose silica grains 0.027 74 

silica/CPTD 0.015 138 

silica/bentonite 0.015 133 

silica/pseudoboehmite 0.020 100 

silica/AlONO3 0.022 91 

silica/PVA 0.032 63 

silica/PVP 0.027 74 

Specific power estimation  

The data on the water vapour sorption kinetics were used to evaluate the specific power, which 

can be realized in a typical adsorption cooling cycle for the studied adsorbent beds. The 

maximum specific power released/consumed at the beginning of ad/desorption stages is 

calculated according to the expression  

Wmax =  R0Hs = wtHs/ .    (6) 

The average power W0.8 released and consumed during adsorption and desorption is 

calculated for the cycle restricted by the conversion q = 0.8 as 

W0.8 =  wtHs/t0.8,        (7) 

where t0.8 is the time corresponding to q = 0.8.  
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Fig. 4. Maximum Wmax (a) and average W0.8 (b) specific powers, released during adsorption 

at Tad = 35C (█) and consumed during desorption Tdes = 100C (█) on thin beds of 

LiCl/silica loose grains and coatings. 

Very high maximum specific power Wmax equal to 21 - 30 kW/kg is released during 

adsorption for bed of LiCl/silica loose grains (Table 2, Fig. 4a). Even larger is the power 

consumed during desorption Wmax = 28-44 kW/kg. It can be further increased by using 

LiCl/silica/binder coatings. Thus, coatings prepared with CPTD and bentonite show higher 

initial powers Wmax = 25-45 and 30-63 kW/kg during adsorption and desorption stage, 

respectively. For the coatings with pseudoboehmite and aluminium oxynitrate, the power 

enhancement is smaller (Fig. 4a) according to their lower accelerating effect (see above). 

The average power W0.8 released and consumed on the loose grains during adsorption and 

desorption is also high and varies in the range 11-15 and 10-11 kW/kg (Table 2, Fig. 3b), 

respectively. Contrary to the initial power Wmax, the consolidation of LiCl/silica grains with 

the surface of the aluminum support by the binders does not increase the average power W0.8 

(Fig. 4b). This is because the acceleration of the sorption at short times is completely 

compensated by the deceleration of adsorption and, particularly, desorption at longer times 

(Fig. 3).  As the result, no increase in the average power W0.8 is observed.  

In sum, the consolidation of LiCl/silica with CPTD, bentonite, and aluminium oxynitrate 

allows essential increase in the effective heat transfer coefficients (Fig. 5a,b), which accelerate 

the water vapour ad/desorption at short times. Accordingly, the maximum specific power, 

released/consumed at the beginning of ad/desorption is significantly increased. At longer times, 

corresponding to q > 0.5 – 0.7, the deceleration of adsorption and, particularly, desorption for 

coatings was observed compared to the bed composed of loose grains. The slowing down of 

ad/desorption for LiCl/silica/binder coatings can be caused by the following reasons: 

 For the coatings LiCl/silica benders the mass transfer inside the coating can be 

partially hindered by the binder. At long times, it becomes the main factor limiting 

the sorption rate, which slows down the ad/desorption for the coatings (Fig. 5b). 

 When preparing the LiCl/binder/silica coating, first, the silica grains are glued to the 

foil with the binder, and then, impregnated with the aqueous LiCl solution. The 

solution is imbibed inside the silica pores and can be, at least partially, located 

between the grains and the binder. Accordingly, during the coating drying, the salt 

can precipitate not only inside silica pores, but also form large crystals between the 

grains. The water ad/desorption for these large salt crystals can be severely hampered 

by the mass transfer inside the salt particles or chemical reaction between the salt 

and water (Fig. 5c). 
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As the result of the sorption deceleration at long times, no enhancement of the average 

specific power W0.8 was observed for coatings LiCl/silica/binder.  

 

Fig. 5. Scheme of mass and heat transfers for thin beds of loose grains (a) and coating (b) and 

finned flat-tube HEx (c). 

Taken into account the obtained results, the simple and usable Ad-HEx configuration composed 

of loose LiCl/silica grains can be recommended for AHC systems. The probable drawback of 

the granulated beds based on common commercial HExs, such as finned [22, 30] and finned 

flat-tube [31] Hex, could be an additional resistance to interparticle mass transfer in the direction 

parallel to fins (Fig 5d). For HExs with large height H, this resistance can control the adsorption 

dynamics. Indeed, it was shown for the loose grains of activated carbon [32], composite 

LiBr/silica [33], and water adsorption on AQSOA FAM-Z02 [34] loaded into finned flat-tube 

HExs that at the heights H > 20-40 mm the ad/desorption was essentially controlled by the inter-

grain mass transfer. To avoid this, the height should be restricted by a certain value, which 

depends on the adsorbent and adsorptive nature, operating vapour pressure, grain size, etc. 

Summary/conclusions 

In this paper, the results of comprehensive study of the dynamics of water vapor adsorption on 

thin beds of composite sorbent LiCl/silica are presented. Two adsorbent bed configurations are 

thoroughly compared, namely thin beds of loose grains placed on the aluminium foil and 

coatings of this sorbent with various binders. To reveal the effect of the binder, both 

configurations were prepared with the same ratio <heat transfer surface area>/ <adsorbent 

mass>. The bed of LiCl/silica loose grains demonstrates the high values of the specific power 

Wmax = 21-30 and 28-44 kW/kg kW/kg, released and consumed at the beginning of 

ad/desorption stages, respectively. The average specific power for the cycle restricted by 

conversion q = 0.8 reaches W0.8 = 11-15 and 10-11 kW/kg for adsorption and desorption. The 

consolidation of LiCl/silica grains to the aluminium foil with CPTD, bentonite, and 

aluminium oxynitrate affords to increase the effective heat transfer coefficient c from 155 to 

170-260 kW/(m
2
K) and from 140 to 180-210 W/(m

2
K), respectively. The enhanced heat 

transfer results in the acceleration of ad/desorption at initial times, and in the growth of the 

maximum specific power Wmax, realized at the beginning of ad/desorption, to 25-45 and 30-

63 kW/kg for adsorption and desorption, respectively. At longer time, the deceleration of 

water adsorption and desorption on coatings is observed, probably due to increased resistance 

to intraparticle mass transfer. For LiCl/silica/binder coatings, this deceleration completely 

compensates the growth of the ad/desorption rate at initial times, so that no increase in the 

average specific power W0.8 is observed. Given the obtained results, the adsorbent bed 

configuration composed of loose grains can be recommended.  
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Abstract 

Testing and subsequent modelling of ammonia-salt reactions in Large Temperature Jump 

(LTJ) and slow-ramp equilibrium tests has proved successful [1], and has led to the design [2] 

and manufacture [3] of a kW-scale resorption heat pump test bench (with scope for future 

development as a thermal transformer). Ammonia is selected as the refrigerant in a resorption 

cycle with manganese chloride (MnCl2) as the high temperature salt (HTS) and sodium 

bromide (NaBr) as the low temperature salt (LTS) – both salts are impregnated in a 

conductive expanded natural graphite (ENG) matrix to improve heat transfer and to eliminate 

agglomeration. Initial results from the resorption heat pump test bench are encouraging, 

showing consistent pressure and temperature cycling of the reactors in a repeatable manner. 

Analysis of the results to-date indicates that the cycle is operating as anticipated, and that 

improving the heat transfer and minimising thermal mass in the sorbent reactor is key to 

producing an effective and compact resorption system.  

Keywords: ammonia; chemisorption; heat pump; resorption; and thermochemical.  

Introduction 

Cycles using chemisorption can be applied to refrigeration, heat pumping, and thermal 

transformation, and may either use a single salt in a reactor, together with a system for 

evaporating and condensing the refrigerant, or a resorption cycle, in which the refrigerant is 

adsorbed or desorbed between two salts with the refrigerant maintained in gas form. The 

reversible reactions of ammonia with halide salts in a resorption setup may present a 

comparatively inexpensive alternative to existing sorption systems by removing the need for 

evaporator and condenser components. 

The two salts in a resorption cycle are termed a Low Temperature Salt (LTS) and High 

Temperature Salt (HTS) and are contained in separate reactors (solid-gas adsorbent heat 

exchangers). The salts are in the presence of ammonia refrigerant, either as an adsorbed phase 

with the salt, or in gas form. A block diagram and Clapeyron graph example of a resorption 

cycle are illustrated in Figure 1. Referring to Figure 1 and starting in the high-pressure 

phase (PH), the HTS is heated by a high temperature input (TH), perhaps at between 150-

180 °C, and the HTS desorbs ammonia, which at the same pressure is adsorbed by the LTS, 

yielding a useful heat output at between 40-60 °C (TM). The HTS is MnCl2, which adsorbs 4 

moles of ammonia (6-2 reaction), and the LTS is NaBr, which adsorbs 5.25 moles ammonia 

(5.25-0 reaction). The choice of salt is not discussed further, but selection methods and 

discussions can be found in [1, 4, 5]. The reaction proceeds at nominal constant pressure until 

the reaction completes and the ammonia has moved from the HTS to the LTS (completing 

both desorption and adsorption respectively). To reach the low-pressure phase, the LTS 
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reactor is cooled, while the HTS is adiabatic. For a higher COP machine, heat recovery could 

be used to recover the heat from the LTS reactor. During the low-pressure phase, the LTS is 

heated from ambient heat between -10 to +10 °C (TL), desorbing ammonia, which is then 

adsorbed by the HTS, releasing heat at a middle temperature (TM), around 40-60 °C. Again, 

the reaction completes at a nominal constant pressure.  

 

Figure 1. (Left) Clapeyron diagram LTS and HTS equilibrium lines. (Right) block diagram showing the working operation 

of a resorption cycle driven by three temperature levels and working between two pressure levels. The coloured arrows 

match across each section of the figure, with a high temperature and low temperature heat input from a gas burner and 

ambient respectively, and a middle temperature heat output, which can be used usefully for domestic hot water and space 

heating.  

Methodology 

To assess the performance of a resorption system, a kW-scale resorption heat pump test 

bench has been designed and manufactured.  The system is driven by a high temperature (TH) 

source of pressurised water at up to 170 °C (simulating a gas burner), a low temperature (TL) 

input is from water between 5 and 15 °C (simulating ambient heat) and the output (TM) is 

between 30 and 50 °C (simulating a load). In other words, the system is driven by three 

temperature levels in operation. It uses a simple cycle consisting of one low-pressure phase 

followed by a high-pressure phase, without any heat recovery, moving ammonia from the 

LTS reactor to the HTS reactor and vice versa. A practical machine would have two such sets 

of reactors and recover heat between the LTS reactors. The heat transfer fluid temperatures 

are measured using PRTs (PT100s) and the mass flow rate of the water and the ammonia are 

measured by Coriolis flow meters. 

The three temperature levels for resorption operation are provided by the thermal test facility 

at the University of Warwick – the ThermExS laboratory [6], Figure 2. 

Large Temperature Jump (LTJ) experimental work and semi-empirical modelling has 

informed the design of the composite adsorbent and reactor, providing an understanding of 

the reaction kinetics and heat transfer [1]. Interestingly, the reactions with ammonia-salts 

appear to be dominated by heat transfer between the heat transfer fluid and the salt 

composite, rather than the reaction kinetics, or mass transfer. What follows is an outline of 
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the completed resorption test bench design, incorporating the composite adsorbent and 

reactor. 

 

Figure 2. ThermExS laboratory at the University of Warwick. Huber thermostatic baths (right hand side) provide heating or 

cooling silicone oil that can be delivered directly to a test bench system, or, sent to the heat exchanger assembly (centre/left 

hand side) allowing the delivery of pressurised hot water.  

Resorption Test Bench Design 

A simple schematic layout of the kW-scale test bench is shown in Figure 3, and the 

completed system connected in front of the ThermExS facilities is shown in Figure 4. From 

the schematic, it is clear to see that the advantages of the resorption cycle are in the absence 

of any condenser, evaporator, or any refrigerant control valves. This is in addition to the wide 

range of salts available to react with ammonia, from which each reaction can be selected to 

match the required application.  

 

Figure 3. Schematic of the resorption system, illustrating the simplicity. Blue lines indicate pressurised water inlet and 

outlet to the LTS and HTS reactors, and the green line connections indicate the ammonia line between the reactors. For 

measurement: temperatures (T) measured on the water line are measured with calibrated PT100s; mass flow rates (ṁ) are 

measured with Coriolis flow meters on both the water and ammonia lines; pressure (p) on the ammonia line is measured 

with a Danfoss ammonia suitable pressure transducer; and the temperature (T) of the ammonia gas is measured with a K-

type thermocouple.  

Using techniques employed by van der Pal and Critoph [7], Hinmers et al. [2], and Atkinson 

et al. [4], the reactors have been manufactured with the ENG-salt composite held on the 
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shell-side and the heat transfer fluid flowing through the tube-side. The Expanded Natural 

Graphite (ENG) is used following findings from Karabanova et al. [8] and by researchers at 

the University of Warwick, that shows by dispersing the salts in a porous and conductive 

matrix, both agglomeration and heat transfer issues can be overcome.  

 

Figure 4. The completed resorption test bench situated in front of the ThermExS testing facility. The LTS reactor (NaBr) is 

situated on the top shelf (insulated), with the HTS reactor (MnCl2) on the middle shelf (stainless steel shell visible, 

uninsulated).  

Results and Discussion 

A sample of a 160 / 40 / 15 °C (TH / TM / TL) resorption heat pump test output is shown in 

Figure 5, illustrating the cyclic nature of the pressure between the low- and high- pressure 

phases of the resorption system. In Figure 5, the system cycles between 0.30 bar and 8.80 bar 

in a repeatable manner with a total cycle time of 3600 seconds (60 minutes), which is a cycle 

time designed to fully ammoniate and deammoniate the salt reactors in each half of the cycle. 

 

Figure 5. Pressure variation and ammonia mass flow rate between the low- and high- pressure phases during five repeated 

resorption cycles. The peak mass flow in the low-pressure phase is 1.80 g/s and in the high-pressure phase is -0.35 g/s. 

At the time of writing a limited number of test conditions have been conducted and not fully 

analysed, but the consistency of the cycles is encouraging, albeit with power and COP 
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outputs that are less than predicted. Initial analysis indicates that the lower COP can be 

attributed to the high ratio of sensible heat to reaction heat, although the reactor design has 

achieved a sorbent-to-sensible mass ratio better than previous works in this field. This is 

particularly prevalent in the LTS reactor during the high-pressure phase, where significant 

self-heating is required to bring the reactor temperature to the middle (TM) delivery 

temperature. Low power outputs are because of the long cycle times which allow the 

complete adsorption and desorption of the reactors during each half cycle. Heating power 

output can be improved with shorter cycle times at the expense of a drop in the COP.  

Conclusions 

A resorption heat pump test bench has been designed and manufactured using knowledge of 

ammonia-salt reactions gained from LTJ experiments. The solid-gas adsorbent heat 

exchangers (reactors) use an ENG-salt composite, where the salts are dispersed in the porous 

ENG structure to improve heat transfer and remove potential for salt agglomeration. LTJ 

testing on small samples was used to determine the heat transfer and reaction kinetics.  

The test bench preliminary results show consistent cycling of the two salt reactors (MnCl2-

NaBr, HTS-LTS pair), with results that are consistent and repeatable.  

Future work will test the system at a variety of temperature and cycle time conditions to 

determine overall system performance, as well as reversing the heat flows to operate the 

resorption setup as a resorption heat transformer. Additional work will also consider using 

two pairs of reactors and employing heat recovery between the LTS reactors to enhance the 

performance.  
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Extended Abstract 

The current study is aimed at evaluating the potential of Activated Carbon 208C-Nitrogen 

pair for cryocooling applications. The initial work consists of elaborating Nitrogen refrigerant 

(R728) uptakes based to a modified form of the Dubinin-Astakhov (D-A) equation [1] and a 

novel technique to estimate the relevant parameters without experimental tests [2]. This 

technique has the advantage of generating multiple isotherms, when the conventional ASAP 

2020 Porosimeter measurements provide only one isotherm at 77 K, therefore more accurate 

expression of Nitrogen uptake within a large spectrum of operating conditions. Based on 

Activated Carbon 208C–Ammonia pair characteristic, Activated Carbon 208C–Nitrogen pair 

Dubinin-Astakhov (D-A) equation is established as: 

           
 

    
   

 

      

Where: 

x is the Nitrogen concentration (kg Nitrogen/kg Carbon); xo is the Nitrogen concentration 

under saturation conditions (xo = 0.404 kg Nitrogen/kg Carbon); T is the operating 

temperature (K); Tsat is the saturation temperature corresponding to the gas pressure (K); k is 

defined as the energetic affinity characteristic of adsorbent-refrigerant pair (k = 2.2148); n is 

the characteristic of adsorbent micro-pores size distributions [3] (n=1.187). 

The Nitrogen uptake, shown in Figure 1, is elaborated with the saturation temperature (Tsat) 

ranging from 70 K to 120 K and the driving temperature (T) for 120 K to 350 K. Beyond 

(T/Tsat - 1) = 2, the uptake of Nitrogen becomes marginal. Furthermore, for any saturation 

temperature between 70 K and 80 K such as 77 K could have experimentally provided 

limited data (more likely no data below (T/Tsat - 1) = 0.5) for better characterisation of 

Activated Carbon 208C–Nitrogen pair.  

The cooling performance have been estimated with fixed condensing and evaporating 

temperatures to 100 K and 70 K respectively, and the driving temperature ranging from 150 

K to 350 K. Both Single Bed and 2-Beds (with heat recovery) are considered. With 2-Beds 

system, the two reactors operate out of phase. Both reactors are briefly linked between phases 

(Adsorption/Desorption) till the temperature difference between both beds is 5 K. The 

methodology used to estimate the cooling performance indicators is detailed in the literature 

[4]. The specific cooling is independent of bed configurations as shown in Figure 2 (a). It 

increases with the driving temperature and ranges between 5 kJ/kg Carbon to 26 kJ/kg 

Carbon. As expected, the 2-Beds system has higher COP (Coefficient of Performance) 

compared to 1-bed ones (about 30% better on average) as illustrated in Figure 2 (b). Each 

system has an optimum value of COP estimated to 0.155 at 193 K and 0.208 at 198 K for 1-

bed and 2-Beds respectively: this does not necessarily lead to optimum cooling effect (about 

18.2 kJ/kg Carbon for 1-Bed and about 18.2 kJ/kg Carbon for 2-Beds). 
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Figure 1: Nitrogen uptake with Activated Carbon 208C 

 
Figure 2: Cooling Performance Indicators – (a) Specific cooling – (b) COP 
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Abstract 

Open sorption systems based on the adsorption and desorption of water on zeolites promise 

energy savings by leveraging either the heat pump effect or the storage effect, or even both. 

The challenge consists in transferring these potential energy savings to matching applications. 

An application with high potential are industrial tumble dryers where high humidity and 

temperature requirements necessitate in-depth material characterisation and testing. It was 

investigated, if it is possible to acquire equilibrium data with an existing self-built 

hydrothermal test setup to determine the characteristic curves of zeolites CWK 13XBFK and 

CWK NaYBFK. The characteristic curve relates the adsorbed water volume to the adsorption 

potential They were determined for an adsorption potential (F) between 81 kJ kg
-1

 ≤ F ≤ 

2192 kJ kg
-1

.
 
The obtained characteristic curves are in good agreement with existing ones 

from other sources. Evaluating CWK 13XBFK and CWK NaYBFK under desorption and 

adsorption conditions identified for the industrial tumble dryer, similar binding enthalpies of 

around 180 kJ kg
-1

 and 181 kJ kg
-1

, respectively, were calculated with the experimentally 

determined equilibrium data. The equilibrium data also served as input for the method of the 

characteristic temperature difference. With this method, the driving temperature differences 

as measures for the potential sorption dynamics in adsorption and desorption under 

temperature boundary conditions of the application can be assessed. Results show that under 

the given application conditions, 13XBFK would be the superior choice. Furthermore, 

preliminary ageing tests were carried out on both zeolites with desorption conditions of 

300 °C temperature and 60 °C dew point temperature in a self-built cycling device. After 140 

cycles, a decrease of 36.5% in the water uptake of 13XBFK was determined, while the 

decrease was only 3.3% for NaYBFK. Therefore, these preliminary measurements already 

allow eliminating 13XBFK as zeolite for application in industrial tumble dryers.  

Keywords: Thermal energy storage, Characteristic curve, Characteristic temperature 

difference, Water sorption 

Introduction/Background 

Thermal energy storage based on adsorption and desorption of water on adsorbents promises 

high energy storage densities (ca. 180 kWh m
-3 

on a system level) [1]. Zeolites are well-

known adsorbents and those with high water adsorption capacities are potentially interesting 

for application in thermal energy storage systems [2]. In order to use the high energy storage 

densities, the selected zeolites have to be a good match for desorption and adsorption 

conditions of the intended application. Once a matching zeolite is identified, the storage 

container (packed bed) itself has to be designed and simulated according to the requirements 

of the application. A good example for the successful integration of a sorption heat storage 

into a matching application is the dishwasher, developed by Bosch-Siemens-Hausgeräte and 
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ZAE Bayern. The integration of a sorption heat storage into a dishwasher reduces the thermal 

energy demand by 30% [3]. Additionally, thermal energy storages become generally 

economically more viable, the higher the number of cycles [4]. From an economic position, a 

dishwasher is therefore also a good match for a sorption heat storage. 

Industrial tumble dryers with a typical size of 60 to 120 kg are another application where high 

humidity and high temperatures are a promising match for sorption heat storage with zeolites. 

Additionally, industrial tumble dryers usually run 12 hours per day with several batches. This 

makes the integration of a sorption heat storage interesting from an economic position. First 

estimates yield a reduction of the primary energy demand of around 30%. However, to 

achieve this reduction, the desorption conditions should be at a temperature of 300 °C and a 

dew point temperature of 80 °C. Especially the dew point temperature is considerably higher 

than in the case of the dishwasher. Therefore, in order to find a zeolite that can be used in 

industrial tumble dryers, extensive material characterisation and testing is needed. 

In this work, preliminary tests are carried out on two zeolites to assess them as candidates for 

the integration in a sorption system in industrial tumble dryers. To evaluate both zeolites on a 

material level, reliable equilibrium data over a large temperature and dew point temperature 

range is needed. Therefore, in this work, it is determined if it is possible to acquire the 

equilibrium data with an existing hydrothermal test setup. With the equilibrium data, it is 

possible to determine characteristic curves for each zeolite. The characteristic curve relates 

the adsorbed water volume to the adsorption potential and allows amongst other assessing the 

binding enthalpy under the boundary conditions given by a specific application. The 

equilibrium data is furthermore used to apply the method of the characteristic temperature 

difference to assess the sorption dynamics in adsorption and desorption under application 

conditions.  Additionally, preliminary ageing tests of the zeolites under cycle conditions close 

to those encountered in the specific application are performed. 

 

Materials and Methods 

Materials 

Two well-known zeolites with known characteristic curves were selected for preliminary testing 

and evaluation: 13XBFK and NaYBFK which are both from Chemiewerk Bad Köstritz GmbH 

(CWK). The two zeolites, although pelletised, are so-called “binderless” or “binder-free”, since 

the binder itself acts as active zeolite. 

Determination of the equilibrium data and characteristic curves 

At ZAE Bayern, a multiple sample setup was built to test the hydrothermal stability of 

adsorbents [5]. The setup, shown in Figure 1, has four temperature-controlled sample blocks, 

each containing four sample containers. Four sample containers of each sample block are 

connected orthogonally to each other and to one of four temperature-controlled water reservoirs. 

With this configuration, samples can be exposed to a total of 16 different conditions of 

temperature and water vapour pressure by setting four different temperatures and four different 

dew point temperatures. Thereby, the temperature range of each sample block is between 30 °C 

and 350 °C, while that of each water reservoir is between 5 °C and 70 °C. Due to the large 

temperature and dew point temperature range, the hydrothermal test setup has potential to 

acquire the equilibrium data to investigate the zeolites on a material level. 
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Figure 1. The picture on the left hand side shows the temperature-controlled cabinet of the hydrothermal 

test setup with four temperature-controlled water reservoirs (P1 to P4) and four sample blocks (T1 to T4). 

The  schematic on the right hand side shows the orthogonal interconnection of the water reservoirs and 

sample blocks, through which it is possible to subject the samples to 16 different hydrothermal conditions 

[5]. 

A measuring procedure starts with introducing around 3 g of a sample into each of the 16 sample 

containers. The samples are then placed into the sample blocks and gradually dried for around 

20 hours at temperatures up to 350 °C under constant evacuation. To determine the dry sample 

masses, the manual valve on top of each sample container is first closed. Subsequently, the 

samples are removed from the sample blocks. They are weighted manually after a cooling 

period at room temperature. The measured equilibrium data necessary for the construction of the 

characteristic curve is subsequently determined in adsorption. Technically, it is feasible to 

determine 16 data points in one measurement run. However, in practice, it has proven 

advantageous to determine eight data points in one measurement run. Thereby, each data point 

consists of the arithmetic mean value of the results obtained for two samples. Hence, the data 

points become more reliable and outliers can be identified more easily, while the downside is a 

longer measurement time. In three measurement runs, 24 data points are determined in 

adsorption. Before each measurement, the samples are dried under the aforementioned 

conditions.  

For both zeolites, dew point temperatures Tp were varied between 25 °C and 34 °C for the 

three measurement runs in adsorption. In the same three measurement runs, the temperatures, T, 

were varied between 43 °C and 315 °C. 

Each data point obtained from the measured equilibrium data consists of a temperature T, a dew 

point temperature Tp and an adsorbed water mass Xads. The necessary quantities for the 

characteristic curve are then calculated with the equations provided e.g. by Hauer [7]. The 

adsorption potential F is calculated for each data point based on the measured temperature and 

dew point temperature. The adsorbed water volume Wads for each data point is calculated based 

on the experimentally determined adsorbed water mass Xads and a temperature dependent 

function for the density [7]. Subsequently, the fit from equation (1), proposed by Fischer [2], 

was used to obtain the characteristic curves based on the 24 data points for each zeolite. 

      
                  

                  
 

(1) 
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Evaluation of the equilibrium data 

The equilibrium data collected with the hydrothermal test setup and the determined 

characteristic curves allow to evaluate both zeolites under application conditions. The heat of 

adsorption that can be expected under application conditions is composed of the binding 

enthalpy and enthalpy of evaporation/condensation. In contrast to the enthalpy of evaporation, 

the binding enthalpy is a material property, and it can be determined with the characteristic 

curve of a zeolite. 

Knowing the adsorption and desorption temperatures and dew point temperatures, the 

corresponding adsorption potentials can be calculated. On the left hand side of Figure 2, a 

schematic representation of a characteristic curve is given. Exemplary adsorption potentials 

during adsorption Fads and desorption Fdes are indicated on the characteristic curve. 

 

 

Figure 2. Left hand side: schematic characteristic curve with two exemplary adsorption potentials 

during adsorption Fads and desorption Fdes indicated on the curve. Right hand side: schematic 

representation of the adsorption potential F as a function of the adsorbed water mass Xads. The 

hatched area under the curve corresponds to the binding enthalpy encountered under application 

conditions. 

With the known characteristic curve, it is possible to determine the binding enthalpy of a zeolite 

under application conditions. Therefore, the characteristic curve has to be transformed into a 

representation of the adsorption potential as a function of the adsorbed water mass Xads. If no 

experimental data is available for Xads, Wads can be converted into Xads using a mean density of 

the water at temperatures encountered in the potential application. A schematic of F as a 

function of Xads is shown on the right hand side in Figure 2. The adsorption and desorption 

conditions of the potential application set the limits for the area under the curve on the right hand 

side in Figure 2. The integrated area under the curve corresponds to the binding enthalpy. 

A further analysis of the equilibrium data can be carried out by using the characteristic 

temperature difference Tch. The analysis of the characteristic temperature difference allows for 

a quick evaluation of loading spread and driving temperature differences for a given set of 

temperatures that are defined out of the targeted application. As an ‘easy to use’ representation 

of the equilibrium data it can help to build a bridge between material science and application 

without converting temperature and pressure into F. The characteristic temperature difference 

Tch is defined in equation (2) [8].  The characteristic temperature difference is the difference 

between the measured equilibrium temperature Teqi(X,p) and the measured dew point 

temperature Tp. 
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                  (2) 

To define the application boundary conditions in terms of characteristic temperature difference 

the temperature lift Tlft and the temperature thrust Tthr are defined in equation (3) and (4), 

respectively.  

                  (3) 

                  (4) 

Cycling stability 

In order to assess the cycling stability of solid sorbents under application conditions, a cycling 

device was constructed and built at ZAE Bayern. It basically consists of an air circuit with a 

humidifier and a suitable air heater to set the intended test conditions. The insulated column 

containing the 8 sample containers is shown in Figure 3. The dry sample masses typically range 

from around 50 g to 90 g.  

It was mentioned before, that the desorption conditions in the industrial tumble dryer setting are 

projected to be 300 °C temperature at a dew point temperature of 80 °C. These conditions, 

especially the dew point temperature, are likely to put a high hydrothermal stress on the zeolites. 

Additonally, this dew point temperature is at the upper limit of the cycling device. Therefore, a 

preliminary cycling test was designed with desorption at 300 °C and a reduced dew point 

temperature of 60 °C. The adsorption conditions were a temperature of 42.5 °C and a dew point 

temperature of 20 °C (and, thus, also lower then the projected adsorption conditions). A whole 

cycle consisting of desorption and adsorption takes around two hours. So far, 140 cycles were 

carried out on both zeolites, CWK 13XBFK and CWK NaYBFK. 

The ageing of the samples was regularly checked by running reference cycles. Therefore, a 

reference desorption with a temperature of 300 °C and a dew point temperature of 12 °C was 

performed for around 16 hours. The reference adsorption takes place at a temperature of 40 °C 

and a dew point temperature of 24.8 °C. After each reference adsorption and reference 

desorption run, the sample containers are removed from the cycling device, covered with lids, 

and weighted manually after cooling at room temperature. 
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Figure 3. View of the insulated column of the cycling device containing 8 sample containers. 

 

 

Discussion and Results 

Determination of the equilibrium data and characteristic curves 

The equilibrium data was successfully acquired for both CWK 13XBFK and CWK NaYBFK 

over the intended temperature and dew point temperature range. Based on the equilibrium data, 

the adsorption potential F and adsorbed water volume Wads were calculated for each data point 

in order to obtain the characteristic curves of the two zeolites. 

The mean adsorption volumes Wads,mean of 13XBFK as a function of the adsorption potential F 

are shown on the left hand side in Figure 4. Since the calculated standard deviations are small 

(maximum 0.002 cm
3
 g

-1
) compared to the absolute values of Wads,mean, they are not visible. The 

small standard deviations show a good agreement between the two different samples exposed to 

the same conditions.  

 

Figure 4. Left hand side: experimentally determined mean adsorption volumes, Wads,mean, for CWK 

13XBFK (black squares). The characteristic curve fitted to this data is shown as red line. The blue dotted 
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line is the characteristic curve of 13X based on experimental data from Dubinin ([2][6]). Right hand side: 

Wads,mean for CWK NaYBFK (orange circles) obtained with the setup presented here. The characteristic 

curve fitted to this data is shown as orange line. The green dotted line shows the characteristic curve of 

CWK NaYBFK based on unpublished experimental data from the Fraunhofer ISE. 

The characteristic curve of CWK 13XBFK is represented by the fit (red line) through the points 

representing the adsorption volumes in Figure 4. It is valid for an adsorption potential between 

81 kJ kg
-1

 ≤ F ≤ 2192 kJ kg
-1

 and an adsorbed water volume between 0.030 cm
3
 g

-1
 ≤ Wads ≤ 

0.336 cm
3
 g

-1
. The parameters with 4 significant digits, used to construct the characteristic curve 

of 13XBFK in Figure 4, are listed in Table 1. 

The characteristic curve of 13XBFK determined with the hydrothermal test setup is thereby in 

good agreement with the characteristic curve of 13X (blue dashed line) based on experimental 

data from Dubinin ([2][6]). It has to be noted, that the 13X measured by Dubinin was likely not 

formed into pellets, but instead in form of powder. A comparison with the CWK 13XBFK is 

thus meaningful, since the 13XBFK, as mentioned before, is a binderless zeolite. Hence, it can 

be expected, that its adsorption capacity is nearer to a 13X powder than to 13X as pellets 

containing a non-active binder. 

 

Table 1. Parameters with 4 significant digits for equation (1) to obtain the characteristic curves of 

CWK 13XBFK and CWK NaYBFK. 

Parameter CWK 13XBFK CWK NaYBFK 

a 0.3550 8.590 

b -1.467·10
-3

 1.734 

c -7.444·10
-4

 0.4093 

d 2.992·10
-7

 -2.393·10
-3

 

e 5.730·10
-7

 -5.323·10
-5

 

f 5.739·10
-10

 4.554·10
-6

 

g -1.262·10
-10

 -3.395·10
-8

 

On the right hand side of Figure 4, Wads,mean determined for CWK NaYBFK is plotted as a 

function of the adsoprtion potential. Again, the standard deviations are small (maximum 0.001 

cm
3
 g

-1
) compared to the absolute values of Wads,mean. The characteristic curve of NaYBFK is 

represented by the fit (orange line) through the adsorption volumes in Figure 4. It is valid for an 

adsorption potential between 81 kJ kg
-1

 ≤ F ≤ 2192 kJ kg
-1

 and an adsorbed water volume 

between 0.009 cm
3
 g

-1
 ≤ Wads ≤ 0.323 cm

3
 g

-1
. The parameters with 4 significant digits, used to 

construct the characteristic curve of NaYBFK in Figure 4, are listed in Table 1.The green 

dashed line in Figure 4 represents the characteristic curve of CWK NaYBFK based on 

unpublished experimental data from the Fraunhofer ISE. The agreement between both 

characteristic curves is very good. 

From the above results, it can be concluded, that the determination of the equilibrium data and 

the characteristic curves with the existing hydrothermal test setup was successful for the two 

investigated zeolites CWK 13XBFK and CWK NaYBFK. It can thus be used in the future to 
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reliably determine the characteristic curves of further zeolites and potentially of other 

adsorbents. 

Evaluation of the equilibrium data 

The heat of adsorption that can be expected under application conditions is composed of the 

binding enthalpy and enthalpy of evaporation/condensation. The binding enthalpy can be 

determined with the characteristic curve of a zeolite, if the hydrothermal operationg conditions 

are known. In the case of industrial tumble dryers, the desorption is planned to take place at a 

temperature of 300 °C and a dew point temperature of 80 °C. These temperatures correspond to 

an adsorption potential F of 1376 kJ kg
-1

. The adsorption could take place at a temperature of 

60 °C and a dew point temperature of 30 °C, corresponding to a F of 238 kJ kg
-1

. Both of these 

adsorption potentials are visualised on the characteristic curve of CWK NaYBFK on the left 

hand side of Figure 5. 

 

Figure 5. Left hand side: characteristic curve of CWK NaYBFK with the adsorption potential 

indicated for adsorption (T = 60 °C, Tp = 30 °C) and desorption conditions (T = 300 °C, Tp = 80 °C). 

Right hand side: adsorption potential F in function of the experimentally determined adsorbed water 

mass Xads, indicated in kg water per kg of adsorbent (NaYBFK). 

With the characteristic curve of NaYBFK from Figure 5 and the operation conditions during 

desorption and adsorption, the binding enthalpy can be calculated. Therefore, the adsorption 

potential is needed as a function of the adsorbed water mass Xads. Since Xads was determined 

experimentally in this work, this representation is straightforward. If, however, only a 

characteristic curve is available the adsorbed water volume has to be converted into an adsorbed 

water mass, using a mean density of the water at temperatures encountered in the potential 

application. 

The desorption and adsorption under application conditions set the limits for the area under the 

curve on the right hand side in Figure 5. The integration of this area yields a binding enthalpy of 

around 181 kJ kg
-1

 for CWK NaYBFK. The same procedure yields 180 kJ kg
-1

 for CWK 

13XBFK. The binding enthalpy of both zeolites is therefore similar, and does not allow to 

favour one zeolite over the other. 

A further comparison of both zeolites is performed with the method of the characteristic 

temperature difference. To assess the characteristic temperature differences of CWK NaYBFK 

and CWK 13XBFK, the temperature difference given by equation (2) is plotted as a function of 

the loading  for each zeolite in Figure 6.  
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Figure 6. Characteristic temperature difference Tch of CWK NaYBFK (a) and CWK 13XBFK (b). 

Temperature lift Tlft and temperature thrust Tthr (horizontal lines) define the lower and the upper 

boundary of the application window. The equilibrium loading spread Xeqi is additionally shown.  

The temperature lift and temperature thrust are represented by the two horizontal lines marked 

with Tlft and Tthr in Figure 6. At the intersection points of Tlft and Tthr with Tch two 

vertical lines are drawn resulting in the equilibrium loading spread Xeqi, similar to the bounds 

of the highlighted area on the right hand side in Figure 5. In a real-world application with finite 

mass flow rates within the packed bed and finite cycle times a loading spread X < Xeqi will be 

achieved. In the following, it is assumed that the loading in the application is in the range 

between 20 % and 80 % of the equilibrium loading spread as illustrated in Figure 6. With this 

assumption first estimates regarding the driving temperature differences in the adsorption and 

desorption half cycle can be gained. The mean characteristic temperature difference Tch,mean in 

the investigated range is slightly lower for CWK NaYBFK (90 K) than for CWK 13XBFK 

(107 K). Together with the heat and mass transfer resistances, the driving temperature 

differences determine the dynamics of the process [8][9], i.e. the higher the driving temperature 

differences, the higher the heat flow rate. In the example shown in Figure 6 (a), the mean 

driving temperature difference in the adsorption half cycle is Tdrv,ads = 90 K – 30 K = 60 K  and 

in the desorption half cycle Tdrv,des = 220 K – 90 K = 130 K. This indicates that desorption will 

be nearly two times faster than adsorption if the heat and mass transfer resistances are similar in 

both phases. 

These figures also allow to evaluate the two materials CWK NaYBFK and CWK 13XBFK as 

listed in Table 2.  

Table 2.  Evaluation of driving temperature differences Tdrv,ads, Tdrv,des and equilibrium loading 

spread Xeqi achievable in an application with Tdes = 300 °C, Tp,des = 80 °C and Tads = 60 °C, Tp,ads = 

30 °C for the two zeolites CWK NaYBFK and CWK 13XBFK. 

 CWK NaYBFK CWK 13XBFK 

Xeqi / kg kg
-1

 0.27 0.25 

Tdrv,ads / K 60 77 
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Tdrv,des / K 130 113 

 

This evaluation shows that CWK NaYBFK has a slight advantage regarding the achievable 

equilibrium loading spread. However, since the driving temperature difference of CWK 

NaYBFK in the adsorption half cycle is lower than it is for CWK 13XBFK, in case of CWK 

NaYBFK more than 20% more material and thus, a larger heat exchanger are needed to achieve 

the same thermal power output. Based on this analysis, CWK 13XBFK would be sthe uperior 

choice for the temperature boundary conditions defined in this study. 

Cycling stability 

The results obtained for the cycling stability of CWK 13XBFK and NaYBFK are visualised in 

Figure 7. 

 

Figure 7. Trend of the absorbed water mass Xads for the reference adsorption of CWK 13XBFK (black 

squares) and CWK NaYBFK (orange circles) in function of the number of cycles (# cycles). 

For 13XBFK, an initially adsorbed water mass of 0.281 g g
-1

 (with regard to the dry mass of the 

zeolite) was determined. Already after 10 cycles, the adsorbed water mass decreased by 4.6%. 

With increasing number of cycles, a steady decrease in the adsorbed water mass can be seen in 

Figure 7. After cycle 140, the decrease was 36,5%. This shows, that already with a lower dew 

point of 60 °C instead of 80 °C, CWK 13XBFK cannot be used as zeolite in industrial tumble 

dryers. 

The second zeolite, CWK NaYBFK has an initial adsorbed water mass of 0.292 g g
-1

. After ten 

cycles, the adsorbed water mass decreased by 1.1 %. The trend of the adsorbed water mass with 

the number of cycles in Figure 7 shows a decrease up to cycle 140. After 140 cycles, the 

decrease is 3.3% and thus considerably lower than in the case of CWK 13XBFK. Additionally, 

the slope of the decrease in the adsorbed water mass decreases with increasing number of cycles. 

Therefore, it remains to be seen, if after further cycles, the decrease stabilises itself, meaning that 

the ageing of NaYBFK has reached a steady state and will not go on further.The preliminary 

cycle tests on CWK NaYBFK show that it should be further tested under the higher dewpoint 

temperature of  80 °C to assess its potential use in a sorption system in industrial tumble dryers. 

 

Conclusions and Outlook 
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Open sorption systems based on the adsorption and desorption of water on zeolites promise 

energy savings by leveraging either the heat pump effect or the storage effect, or even both. 

The challenge consists in transferring these potential energy savings to matching applications. 

After the successful integration of a sorption system into commercial dishwashers, the ZAE 

Bayern is currently investigating the integration of a sorption system into industrial tumble 

dryers. Besides the high humidity and temperatures attractive for sorption heat storage, the 

high number of cycles per year make industrial tumble dryers also an economically 

interesting application. 

The two zeolites CWK 13XBFK and CWK NaYBFK were investigated to assess their 

potential use in a sorption system for industrial tumble dryers. The evaluation on a material 

level requires equilibrium data over a large temperature and dew point temperature range. 

Therefore, equilibrium measurements were performed with an existing self-built 

hydrothermal test setup to check if it can be used to reliably determine the required 

equilibrium data. Equilibrium data for both zeolites was determined over a temperature range 

from 43 °C to 315 °C and a dew point temperature range from 25 °C to 34 °C. 

With the acquired equilibrium data, characteristic curves were determined for both zeolites. 

The characteristic curve allows amongst others assessing the binding enthalpy under the 

boundary conditions given by a specific application. For the two zeolites, characteristic 

curves were determined for an adsorption potential (F) between 81 kJ kg
-1

 ≤ F ≤ 

2192 kJ kg
-1

.
 
The determined characteristic curve for 13XBFK is valid for an adsorbed water 

volume (Wads) between 0.030 cm
3
 g

-1
 ≤ Wads ≤ 0.336 cm

3
 g

-1
. For NaYBFK the validity is 

between 0.009 cm
3
 g

-1
 ≤ Wads ≤ 0.323 cm

3
 g

-1
. The obtained characteristic curves are in good 

agreement with existing ones from other sources. These results show, that the hydrothermal 

test setup can be used to reliably measure the equilibrium data to determine characteristic 

curves of zeolites. 

Evaluating CWK 13XBFK and CWK NaYBFK under desorption and adsorption conditions 

identified for industrial tumble dryers, binding enthalpies of around 180 kJ kg
-1

 and 

181 kJ kg
-1

, respectively, were calculated with the experimentally determined equilibrium 

data. These similar values for the binding enthalpies of the two zeolites do not allow to 

favour one zeolite over the other.  

The characteristic temperature difference for the investigated cycle conditions is around 107 

K for CWK 13XBFK and around 90 K for CWK NaYBFK. Further analysis shows that 

CWK NaYBFK has a slight advantage regarding the achievable equilibrium loading spread. 

However, the driving temperature difference of CWK NaYBFK in the adsorption half cycle is 

lower than for CWK 13XBFK. This means that for CWK NaYBFK more than 20% more 

material and thus, a larger packed bed are needed to achieve the same thermal power output. 

Based on this analysis, CWK 13XBFK would be the superior choice for the temperature 

boundary conditions defined in this study.  

Both, the estimation of the binding enthalpy and the evaluation of the characteristic 

temperature difference are preliminary tools to evaluate both zeolites under the boundary 

conditions of the application. Thus, a first assessment is possible using only the 

experimentally determined equilibrium data. However, the used adsorption and desorption 

conditions are static, while in the application, dynamic conditions are encountered. The 

dynamic water sorption process and the dimensioning of the sorption system will therefore be 

assessed with a packed bed simulation. The packed bed simulation uses amongst others the 

determined characteristic curves as input. The resulting time-resolved temperature 

breakthrough curves will be verified experimentally. 
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The planned desorption conditions are 300 °C and 80 °C. Preliminary ageing tests were 

carried out on both zeolites with desorption conditions of 300 °C temperature and 60 °C dew 

point temperature in a self-built cycling device. After 140 cycles, a decrease of 36.5% in the 

water uptake of 13XBFK was determined, while the decrease was only 3.3% for NaYBFK. 

Therefore, these preliminary measurements already allow eliminating 13XBFK as zeolite for 

application in industrial tumble dryers. NaYBFK, however, will be further cycled under 

harsher conditions to determine if it can be used in a sorption system for industrial tumble 

dryers. Furthermore, additional candidate zeolites will be tested. 
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Abstract

Power plant operators increasingly rely on predictive models to diagnose and monitor their
systems. Data-driven prediction models are generally simple and can have high precision,
making them superior to physics-based or knowledge-based models, especially for complex
systems like thermal power plants. However, the accuracy of data-driven predictions depends
on (1) the quality of the dataset, (2) a suitable selection of sensor signals, and (3) an appropriate
selection of the training period. In some instances, redundancies and irrelevant sensors may
even reduce the prediction quality.
We investigate ideal configurations for predicting the live steam production of a solid fuel-
burning thermal power plant in the pulp and paper industry for different modes of operation. To
this end, we benchmark four machine learning algorithms on two feature sets and two training
sets to predict steam production. Our results indicate that with the best possible configuration,
a coefficient of determination of R2 = 0.95 and a mean absolute error of MAE = 1.2 t/h with
an average steam production of 35.1 t/h is reached. On average, using a dynamic dataset for
training lowers MAE by 32 % compared to a static dataset for training. A feature set based
on expert knowledge lowers MAE by an additional 32 %, compared to a simple feature set
representing the fuel inputs. We can conclude that based on the static training set and the
basic feature set, machine learning algorithms can identify long-term changes. When using a
dynamic dataset the performance parameters of thermal power plants are predicted with high
accuracy and allow for detecting short-term problems.

Keywords: Thermal power plant, Live steam prediction, Supervised learning, Monitoring
system, Predictive maintenance

Nomenclature
Acronyms
ANN Artificial neural network
DD Data-driven
KB Knowledge-based
KNN K-nearest neighbors
ML Machine learning
MLP Multilayer perceptron
PB Physics-based
PM Predictive maintenance
RFR Random forest regressor
Symbols
α Regularization parameter (−)

ŷ Predicted value (t/h)
y Arithmetic mean of value (t/h)
n amount (−)
R2 Coefficient of determination (−)
tcalc Calculation Time (s)
y Value (t/h)
MAE Mean absolute error (t/h)
Subscripts
l Layers
max Maximum
min Minimum
n Neighbors
t Trees
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Introduction

The complexity of thermal power plants inevitably leads to downtime, which cannot be com-
pletely avoided by maintenance at predefined intervals or based on conditions. Predictive main-
tenance could be a solution and needs to be investigated more for thermal power plants [1].
The term ”predictive maintenance” (PM) consists of the two words ”predictive” and ”main-
tenance”, which implies that accurate predictions are the foundation of appropriate PM. For
thermal power plants, high-accuracy predictions of performance parameters are of particular
interest. For such predictions, appropriate models are necessary.
Three general methods to model systems like thermal power plants exists [2]: data-driven
(DD), knowledge-based (KB), and physics-based (PB). KB predictions depend on knowledge
from operational personnel, and this knowledge is usually not centralized. Shift changes and
retirements often lead to the loss of information. Physical or mathematical approaches have
limited validity for modeling complex systems, resulting in a high computational effort. On
the other hand, DD methods based on machine learning (ML) are ideal for thermal power plant
modeling. Predictions based on ML are powerful tools for the operator to detect specific issues
and identify the involved equipment in this process. In literature, DD methods are the most
used ones either as standalone or in combination with other methods [1].
Performance predictions are generally more meaningful when they are based on actual data.
We use the data of a project partner who builds thermal power plants and is interested in a
prediction model, which is efficient, accurate, and has a low computational demand. To fulfill
such a task, the dataset in use should be consistent, complete, and easy to process. Performance
parameters of thermal power plants can then be predicted by means of regression. Regression is
commonly understood as the prediction of a continuous target value using attributes or features.
It has plenty of real-world applications. However, the performance of the regression methods
strongly depends on (1) the feature set, (2) the selected training period, and (3) the algorithm
and its working principle.
Khalid et al. [3] developed an optimal sensor selection approach based on ML, however, it
just works when normal and abnormal behavior is labeled, and feature selection becomes sim-
ple. In the case of unknown labels, expert knowledge, and feature selection must be applied
based on the whole dataset. Thota and Syed [4] analyzed different data-driven feature se-
lection methods for predicting boiler efficiency and discovered that dimensionality reduction
can improve the model accuracy and that ensemble learning techniques such as random forest
classifiers are more robust than other methods. Hundi and Shahsavari [5] compared several
supervised and unsupervised learning algorithms such as linear regression, multilayer percep-
tron (MLP), support vector machine, random forest regressor (RFR), and elliptic envelope for
health monitoring of power plants. Their results represent the applicability of ML for health
monitoring. Gu et al. [6] investigated a safety assessment of thermal power plants based on
120 Management Systems Safety Assessment of Thermal Power plants records using different
ML algorithms. Ismail et al. [7] deployed an early prediction of boiler tube leak trip using an
intelligent monitoring system. In this study, two models use artificial neural networks (ANNs)
and hybrid techniques to predict tube leakage based on real value prediction. Allen et al. [8]
showed the difference between supervised, semi-supervised, and unsupervised ML algorithms
in the field of anomaly detection. Additionally, their investigations revealed the necessity of
checking training data when the model fails, checking for physical changes to the machinery
and non-standard configurations. Mohd Nistah et al. [9] investigated the implementation of an
ANN for fault detection to help operators to identify and narrow down the operational boiler
parameters that cause the fault quickly. Although, all of these papers show the use of ML tech-
niques for anomaly detection, the results are closely related to real-time value prediction.
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However, hardly any literature exists on prediction models for thermal power plants. In a com-
prehensive work, Tufekci at al. [10] investigated different ML algorithms to predict the power
output of two gas turbines and a steam turbine in a combined cycle power plant. The author
used ambient conditions and the steam turbine vacuum to show dependencies between the fea-
tures and the power output. Based on these features, the power output was predicted for the
nominal load. In contrast, our project partner has large variations in the steam output, and we
aim to predict the live steam for various loads with high accuracy. In the second paper to con-
sider here, the authors created a k-nearest neighbors (KNN) prediction model on power plant
data to predict the temperature and differential pressure of a coal mill [11]. Their model shows
good accuracy but doesn’t allow for extrapolation to unknown states.
We state that the gap in literature is generic recommendations on algorithms, feature han-
dling, and appropriate training periods for predicting performance parameters in thermal power
plants. In our research, we intend to address this lack. We benchmark several ML algorithms
on actual power plant data to (1) detect and predict short- and long-term changes in the power
plant operational behavior, and (2) investigate the sensitivity of our predictions to different set-
tings with respect to (a) the hyperparameters of the algorithms, (b) the feature set, and (c) the
training set.

Methods
Steam power plant description

A detailed schematic of the investigated thermal power plant is given in Fig. 1.

Figure 1. Scheme of the power plant with auxiliary equipment

The steam power plant investigated includes a water treatment system, a deaerator, a boiler
with superheaters, and an external superheater on the water side. The fuel side contains solid
fuel storages, transporters, feeders, and gas lines with gas burners. Finally, the air side in-
cludes heaters, ash removers, air purifiers, and a flue-gas stack. The boiler unit has several
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ash removers and collecting systems to clean the airflow from impurities. It is evident that a
steam turbine is not installed as the subsequent pulp and paper production uses the live steam
directly. Therefore, the thermal power plant produces live steam with a pressure of 73 bar and
a temperature of 460 ◦C.

Raw data and preprocessing

Our predictions are conducted using a period of half a year between January 1st and July 5th in
2022. The raw data samples have a resolution of 1 Hz. In the first step, we remove redundant,
unnecessary, and incomplete sensor signals, simplifying the dataset to 900 operational features
from more than 3500 signals. The features are then resampled to a quarter hour resolution by
aggregation or calculation of the arithmetic mean.

Prediction algorithms

Python version 3.8.5 [12] and scikit-learn package [13] version 1.1.1. are used for ML predic-
tions. We benchmark four ML algorithms for predicting the target value of live steam flow.

• K-nearest neighbors: When assigning a continuous value to a new sample, the KNN
algorithm compares the features of the sample and the training set. It then calculates a
target value by averaging the target values of the nn values that are in the closest neigh-
borhood with respect to the features. The model complexity is varied by a parameter
representing the number of neighbors nn to consider.

• Random forest regressor: RFR is an example of an ensemble learning algorithm. It
uses a group of decision trees and averages the prediction of the individual trees to
predict a continuous value. The model complexity can be varied using the number of
decision trees nt.

• Multilayer perceptron: MLP is a representer of ANNs, which utilize a supervised
learning technique called backpropagation for training. The ANN consists of at least
three layers (nl = 3), and adding additional layers increases the model complexity.

• Lasso regression: Lasso is an adaptation of a simple linear regression algorithm. It uses
an additional regularization parameter (α) to vary the model complexity. The feature
weights are reduced for large values of α, lowering the algorithm’s complexity.

Internal parameters, feature and training sets

Most ML algorithms have parameters for varying the complexity. A high complexity indicates
that the algorithm tries to extract as much information as possible from the training set, to fit
the target most accurately. This can lead to overfitting on the training set and to a specified
solution, which doesn’t generalize very well. A suitable model complexity, on the other hand,
prevents overfitting of the data and leads to a more generic solution. In Tab. 1 the complexity
parameters of the individual algorithms are listed with their respective minimum and maximum
values. Variations of these hyperparameters have an impact on the accuracy and on the time
consumption of the algorithm.

Table 1. Hyperparameters of all algorithms

Algorithm Complexity parameter Minimum Maximum
KNN nn 1 100
RFR nt 1 200
MLP nl 1 500
Lasso α 0.001 500

We investigate the impact of different training periods and how these periods affect individual
predictions by comparing two training sets: a static and a dynamic training set (Fig. 2).
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Figure 2. Different types of training sets (each square represents one day of operation)

• Static training set: The first seven days of the investigated period of 185 days are
selected as the training period. The live steam flow is then predicted for the entire
remaining dataset.

• Dynamic training set: To predict a certain day of the 185 days, the previous seven days
are used for training the algorithm. Retraining the dataset every day is computationally
extensive but allows for an adaption of the algorithm to occurring changes in the power
plant operation.

The period of seven days for training the algorithm is not chosen arbitrarily. We conducted
preliminary test runs and concluded that a training period between three and ten days gives the
best prediction results. As a power plant has weekly patterns regarding the live steam flow we
select seven days as the training period. In addition to using two training sets, the impact of the
features for training the algorithm is of interest. Two different feature sets are used:

• Basic feature set: We use the natural gas and solid fuel flows as features and consider
this the basic feature set.

• Extended feature set: For the extended feature set, 13 signals are selected based on
expert knowledge. All the selected features are related to the target value and influence
it to some extent.

Fig. 3 shows the natural gas and solid fuel flows (which comprise the basic feature set) and the
target value live steam flow for an exemplary period. The left y-axis represents the fuel flows,
while the right y-axis shows the live steam flow.

According to Fig. 3 the boiler works either on gas or solid fuel and sometimes on both to sustain
the burning stability. It is also evident that solid fuel usage results in a higher live steam flow.
When solid fuel only powers the boiler, the live steam flow is not constant and hasn’t reached
its maximum.

Fig. 4 represents the correlations between the 13 signals that are chosen based on expert knowl-
edge and the target value. Trivial features like the feed water flow are not considered for the
feature selection process. While most of the selected signals are highly correlated, some don’t
correlate at all. We still included these low-correlated signals in the extended feature set. The
reason for this is that while they are not beneficial to the accuracy of the prediction, they are
indicators of typical anomalies in thermal power plants. For example, the level in the steam
drum is usually constant but will decrease for tube leakages, resulting in a deviation between
the prediction and the actual values.
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Figure 3. Basic feature set containing natural gas (top) and solid fuel (bottom), and the target
value live steam flow with respect to time for nine days

Figure 4. Correlation between selected sensor signals and the target value live steam flow

Flow scheme and quality estimators

Fig. 5 depicts a summary of the conducted methods in a flow chart. The raw dataset consisting
of 3518 signals is first pre-processed, then resampled to a quarter hour resolution and finally
used for various predictions of the live steam flow. KNN, RFR, MLP and lasso regression
are used as ML algorithms. For each of the tested algorithms, the prediction is computed
multiple times to find optimized values for the respective hyperparameters. This is done for
two different feature sets (the basic feature set consisting of four features and the extended
feature set consisting of 13 features) and two different training sets (a static and a dynamic
training set).
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Figure 5. Flow chart of the prediction process

The coefficient of determination R2 and the mean absolute error (MAE) are calculated to es-
timate the quality of the individual predictions. R2, as given by Eq. 1, explains how well the
variance in the target variable can be explained by the variances of the features.

R2 = 1−

∑
i

(yi − ŷi)
2∑

i

(yi − ȳi)2
(1)

In addition, we compute MAE, a model evaluation metric for regression models. The mean
absolute error is computed as the arithmetic mean of the absolute prediction errors of all indi-
vidual samples in the test set. It is given in Eq. 2:

MAE =

∑
i

|ŷi − yi|

n
(2)

Although, MAE and R2 typically correlate, mean absolute error is helpful as a quality estimator,
as absolute numbers are often more intuitive and aid in interpreting the data.

Discussion and Results
Variation of algorithms

Fig. 5 shows that we use two non-extrapolative (KNN, RFR) and two extrapolative (MLP,
Lasso) algorithms. We test the general accuracy and the capability of these algorithms to ex-
trapolate by selecting a designated period of our dataset, where the test period includes values
that do not occur in the training period. In Fig. 6 the comparison between the actual and the
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predicted values are visualized for the training and the testing period. Fig. 6 shows that the abil-
ity to extrapolate has a crucial impact on the algorithm’s precision. While KNN and RFR suffer
from the lack of information in training data, MLP and lasso can still give a decent prediction
quality for values that are outside the range of the target in the training period.

Figure 6. The showcase of algorithms constraints (a) KNN (b) RFR (c) MLP (d) Lasso

Variation of training sets

Fig. 7 visualizes the impact of using a static or a dynamic dataset for training. The average live
steam flow is 35.1 t/h in the investigated period. Additionally, a planned shutdown, which is
excluded from the prediction, is shown as greyed-out area. We use daily average values to make
the figure more presentable. In general, training the algorithms on a dynamic dataset increases
the accuracy of the prediction compared to training on the static dataset. Moreover, before the
shutdown, the predictions exclusively overestimate the actual live steam flow, whereas, after the
shutdown, they underestimate it. This behavior indicates that some critical changes happened
during the shutdown period. Due to the higher prediction accuracy, the dynamic training set
can be of great use to power plant operators for detecting changes on a much shorter time scale.

Tab. 2 lists the calculation time, the coefficient of performance R2, the MAE, and the rela-
tive difference in MAE between the static and the dynamic training set for all investigated
algorithms. Calculation time does not include the time needed for the tuning of the hyper-
parameters. For the static dataset, the fastest algorithm is more than 30 times faster than the
slowest algorithm. As for the dynamic dataset, KNN (fastest) is more than 700 times faster
than MLP (slowest). Even though we predict half a year of data, it is still possible to use MLP
for daily predictions, but not on live data, because training the algorithm is linked to a high
computational effort. With the same training dataset, all algorithms perform similarly in terms
of MAE, while R2 is approximately 20% lower for KNN and RFR than for MLP and lasso. The
usage of a dynamic training set leads to a 33% improvement on average in both MAE and R2,
with small variations for the individual algorithms. Although MAE never exceeds 3.5 t/h with
a 35.1 t/h average, R2 ≤ 0.73 and must be improved.
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Figure 7. Prediction results in comparison between static and dynamic datasets (a) KNN (b) RFR
(c) MLP (d) Lasso (the grey period represents a planned shutdown which was excluded for the
prediction)

Table 2. Calculation time, coefficient of performance MAE and the relative difference in MAE
between the static and the dynamic training set for the basic feature set

Algorithm Training Set tcalc (s) R2 (−) MAE (t/h) ∆MAE (%)

KNN Static 1 0.37 3.19 35.6Dynamic 1 0.65 2.05

RFR Static 1 0.35 3.25 32.6Dynamic 8 0.61 2.19

MLP Static 22 0.46 3.06 37.6Dynamic 718 0.73 1.91

Lasso Static 11 0.46 3.06 28.4Dynamic 37 0.66 2.19

Variation of feature sets

Tab. 3 lists the calculation time, the coefficient of performance R2, and the MAE for the ex-
tended feature set. For RFR and MLP, the calculation time for the dynamic dataset with an
extended feature set is more than 90 times and more than 20 times higher than for the static
dataset. KNN and lasso did not notice such a difference. The deviation of MAE between the
algorithms among training datasets is minor, and only the results of KNN differ from the other
three. Directly comparing two training datasets, we see the major MAE improvement from
40 % in the case of KNN up to 68 % in the case of RFR, the results of MLP and lasso are in
between. In turn, R2 of algorithms increased up to three times.
If we compare Tab. 2 and Tab. 3, we see that all algorithms become more computationally
demanding, but still six out of eight combinations have calculation times less than a minute.
For the static dataset, swap from the basic to the extended feature set results in a higher MAE.
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A possible reason for this is that the additional sensors increase the complexity of the model,
resulting in overfitting. Removing some of the less correlated features might improve the pre-
diction in these instances. Meanwhile, the use of the extended feature set in combination with
the dynamic training set reduces the MAE from 2.05 t/h to 1.92 t/h in the case of KNN, from
2.19 t/h to 1.19 t/h for RFR, from 1.91 t/h to 1.33 t/h for MLP, and from 2.19 t/h to 1.18 t/h
for lasso. We also see that KNN isn’t profiting from the extended feature set. That is because of
its computational ease and the non-complex model. Ultimately, the extended feature set based
on expert knowledge increases R2 in some cases by more than 50 % from 0.61 to 0.93 (RFR).

Table 3. Calculation time, coefficient of performance and MAE for the extended feature set

Algorithm Training Set tcalc (s) R2 (−) MAE (t/h)

KNN Static 3 0.31 3.39
Dynamic 4 0.89 1.92

RFR Static 2 0.31 3.73
Dynamic 186 0.93 1.19

MLP Static 57 0.41 3.84
Dynamic 1120 0.94 1.33

Lasso Static 20 0.52 3.41
Dynamic 25 0.91 1.18

The results show that detecting long-term changes is possible using an ANN-based MLP algo-
rithm. Fig. 8 visualizes the best configurations for long-term and short-term state detection in
the thermal power plant.

Figure 8. The best results for (a) long-term prediction based on the static dataset, MLP algorithm,
and basic feature set (b) short-term prediction based on the dynamic dataset, lasso algorithm,
and extended feature set

322 / 710



3rd to 6th of September 2023
The University of Edinburgh, Scotland

Fig. 8 (a) visualizes the most appropriate setting for a long-term prediction using the MLP
algorithm and four sensors. In our specific case, we can use one week of the data, where
we know that the equipment operates in a normal state, and then predict several months. The
computational effort is not a crucial criterion, as the algorithm only needs to be computed every
couple of months. With the resulting predictions, long-term deterior ation or degradation of the
equipment is detected.

Fig. 8 (b) represents the result of the Lasso regressor using a dynamic training set and the
extended feature set. Although RFR predicts approximately 3% more accurately than Lasso, it
is time-consuming for retraining and suffers from an inability to extrapolate, as shown in Fig. 6.
Therefore, all aspects considered we see that lasso is one of the best algorithms in every quality
estimation.

Conclusion and Outlook

To predict the live steam flow of a thermal power plant with high accuracy, four different
machine-learning algorithms are compared. To detect short-term and long-term developments
in the power plant, (1) different training sets, (2) different feature sets, and (3) different hyper-
parameter settings are investigated. With this respect, the conducted study has come up with
the following findings:

• The dependency of the prediction quality is studied for different settings, and the ideal
settings result in a live steam prediction with R2 = 0.95.

• Long-term change in the power plant operation can be tracked by predicting with the
basic feature set, which includes only fuel inputs.

• A high accuracy prediction is possible by using a lasso regressor and the extended
feature set. It can be used to monitor short-term changes in the power plant operation.

Therefore, ideal configurations to monitor short-term and long-term problems in the power
plant operation are recommended in our study. To increase the prediction accuracy even further
and to detect typical anomalies in the power plant operation, unsupervised learning methods
can be of great use. Therefore, in a following study, we plan to focus on unsupervised learning
methods that help power plant operators to react effectively and on time to anomalies and state
changes.
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Abstract 

Adsorptive heat transformation (AHT) devices can be used in thermal energy storage, 

thermally driven heat pumps and chillers, and heat upgrading applications. Usually, the 

prediction of efficiency and heat flow rates requires transient numerical modelling. This 

means a high effort for preliminary evaluations of AHT devices. To accelerate the design 

process we propose a simple and robust approach by linking methods from basic heat 

exchanger theory with a characteristic temperature difference and effective heat and mass 

transfer resistances for adsorption modules. With this approach the performance of AHT 

devices can be predicted for quick evaluation of their potential. In this study we demonstrate 

the applicability to adsorption modules for thermally driven heat pumps and chillers, thermal 

energy storage, and heat upgrading. 

Keywords: Adsorptive heat transformation, heat and mass transfer resistances, characteristic 

temperature difference,  

Introduction/Background 

Adsorptive heat transformation (AHT) can be applied in thermal energy storage [1], 

thermally driven heat pumps [2–4] and chillers [5, 6] and also heat upgrading [7]. By using 

low-grade heat as driving heat source or increasing the efficiency of existing processes this 

technology can help to reduce CO2 emissions and to reduce electricity as well as primary 

energy demand [8–11]. To design the adsorption heat exchanger, the evaporator, and the 

condenser that are necessary for AHT devices, usually detailed transient models including all 

relevant heat and mass transfer processes are used [7, 10, 12–18]. With these models the 

efficiency and heat flow rates can be predicted even if design parameters of the heat 

exchangers change. Usually, these models require extensive calibration and validation with 

experimental data. Despite the power of detailed, transient numerical modelling, the main 

drawback of this method is the huge effort that has to be put into modelling and calibration. 

Moreover, these models require an equilibrium description of the working pair that describes 

the dependency between loading, temperature, and pressure. The calibration of the 

equilibrium model requires fitting of experimentally measured isotherms or isobars to rather 

complex mathematical functions [19, 20]. Thus, for a quick evaluation of the potential of 

novel materials or other applications it is desirable to have an approach that reduces this 

effort. To this end, a simple and robust approach is currently under development that is based 

on the characteristic temperature difference as proposed by Laurenz [21], the method of heat 

and mass transfer resistances [22–24], and the well-known methods of basic heat exchanger 

theory [25]. We aim to demonstrate the great potential of this simple approach in our study. 

Adsorptive heat transformation applications can be described as heat exchange between three 

temperature levels     >     >    . The application determines the connection of the 
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components to the heat sinks and sources as listed in Table 1. With the two temperature 

differences “temperature lift”       and “temperature thrust”       as defined in Table 1 the 

driving temperature differences in the adsorption or desorption half cycle can be calculated as 

illustrated in Figure 1 (a) [21, 24]. The heat upgrading application was described by 

Engelpracht et al. [7] recently. 

Table 1 – Connections of components with heat sinks and heat sources at low, medium, and high temperature levels for 
heat pump / chiller / storage application and heat upgrading application. Heat flows > 0 indicate connection with a heat 
sink, heat flows < 0 indicate the connection with a heat source. 

Connections  Heat pump / chiller / storage Heat upgrading 

Adsorption 

ADHX                                        

E                                       

Desorption 

ADHX                                       

C                                       

Temperature differences 

Temperature lift                                              

Temperature thrust                                              

 

The characteristic temperature difference is defined in equation (1) as the difference between 

equilibrium temperature     and saturation temperature of the corresponding vapor pressure 

       . Thus,      can be calculated from any equilibrium data set, resulting from any 

isothermal or isobaric measurement. As an example, the resulting curve for the TiAPSO-

water working pair is shown in Figure 1.  

                        (1) 

With       and       as horizontal lines the achievable loading spread       for a given 

working pair with its characteristic temperature difference can be obtained as shown in 

Figure 1 (b) [21, 24]. The intersection points of       and       with the characteristic 

temperature difference curve define the minimum loading      and maximum loading     . 

Since in real-world applications      and      are not reached completely, a range between 

20% and 80% of the equilibrium loading is defined for the calculation of the mean 

characteristic temperature difference       according to equation (2). For working pairs with a 

step-like characteristic temperature difference (e. g. TiAPSO, SAPO-34, CAU-10-H) this 

value will change only little if       is below the step and       is above the step. In case of a 

rather linear characteristic temperature difference (e. g. Silicagel-water)       strongly 

depends on       and      . 

                              

                     

                     

  

(2) 
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Figure 1 – Measured isotherms of TiAPSO (a), characteristic temperature difference calculated with isotherm data (b), data 
taken from Velte et al. [24] 

In Figure 2 the relationships between the temperature levels in the components and 

characteristic temperature difference are shown. With a finite mass flow rate of the heat 

transfer fluid in the components, the outlet temperature of the adsorption heat exchanger is 

larger than the inlet temperature                      and the outlet temperature of the 

evaporator is lower than the inlet temperature                     . It is obvious that lower 

mass flow rates will reduce the driving temperature differences         and         for a 

given characteristic temperature difference, resulting in a lower thermal output. Similar 

relationships apply to the desorption half cycle.  

 

Figure 2 – Relationships between heat and mass transfer resistances, heat flows, inlet- and outlet temperatures, and 
characteristic temperature difference for the adsorption half cycle. Adapted from Velte et al. [26]. 

The detailed analysis of the quasi-isobaric phase (i. e. after switching of the hydraulic valves 

and completing of the quasi-isosteric heat up or cool down of the thermal capacities) of 

adsorption module measurements as presented by Wittstadt et al. [27], or more recently Velte 

et al. [26] showed that the heat flow rates can be calculated by using simple       

relationships [25] in combination with the method of the characteristic temperature difference 
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presented here. A simple energy balance of the quasi-isobaric part of the process as shown in 

equation (3) yields the relationship between loading difference   , adsorbent mass      , 

adsorption enthalpy     , heat and mass transfer resistance   , and driving temperature 

difference        . If      ,      and    are known,         can be calculated with  -    

relationships. With an assumption about the shape of the time-dependent loading curve 

(rather linear or exponential shape) a half cycle time     can be calculated – or if the half 

cycle time is fixed, the loading spread    is obtained with equation (3). Similarly, half-cycle 

time or loading spread can be calculated with equation (4) using the heat and mass transfer 

from the evaporator-condenser    and the corresponding driving temperature difference 

       . The heat       is the heat of adsorption in the quasi-isobaric phase,       is the heat of 

evaporation or condensation in the quasi-isobaric phase. 

 

                          
           

 

(3) 

 

                         
           

 

(4) 

The four heat flow rates        ,        ,        , and         can be calculated with equation (5), 

(6), (7), and (8), respectively. In these equations the heat of the quasi-isobaric phase     is 

increased or decreased with the heat needed to heat or cool the thermal capacity of the 

components. Depending on the application and the type of the module (combined evaporator-

condenser or separate components), the thermal capacities have to be considered. In case of 

heat pump / chiller and heat upgrading application a module with combined evaporator-

condenser is considered here. Thermal energy storage needs additional separate components 

as shown in Figure 3. A further feature of thermal energy storage are the temperature 

differences           and          . These temperature differences depend on the storage 

duration -           will be the temperature difference between desired heat release 

temperature (i. e. medium temperature level    ) and ambient temperature for long-term 

storage, but it could be less if the adsorption heat exchanger does not cool down completely 

between charging and discharging the storage as detailed by Treier et al. [28] and Schreiber 

[1]. 

Table 2 – Calculation of heat flow rates in adsorption, desorption, evaporation, and condensation depending on the 
application 

 Heat pump / chiller Storage Heat upgrading Eq. 

                            

   
 

                        

   
 

                    

   
 

(5) 

                             

   
 

                         

   
 

                     

   
 

(6) 

                             

   
 

      

   
 

                     

   
 

(7) 

                            

   
 

     

   
 

                    

   
 

(8) 
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Figure 3 – Adsorption module with separate components for thermal energy storage application (a), adsorption module 
with combined evaporator-condenser  for heat pump / chiller / heat upgrading applications (b) 

With given heat and mass transfer resistances and additional component specifications such 

as effective thermal masses        and adsorbent mass       the efficiency, the thermal 

output and other performance indicators can be evaluated as shown in Figure 4 using the set 

of equations presented here. 

 

 

Figure 4 –Structure of the calculation approach with required inputs clustered as variables, parameters and outputs 

 

The calculation of efficiency and thermal output is listed in Table 3 for all cases presented 

here. Please note that the thermal output in equation (10) is calculated with the overall cycle 

time      except for the storage. Here the half cycle time         of the discharge half cycle is 

considered since adsorption (discharging) and desorption (charging) are decoupled possibly 

over a long period of time in this case. 
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Table 3 – Calculation of efficiency and thermal output for different applications 

 Heat pump Chiller Storage Heat upgrading Eq. 

COP              

       

 
      

      

 
      

       

 
      

              

 
(9) 

Thermal 

output 

             

    

 
      

    

 
      

       

 
      

    

 (10) 

 

Discussion and Results 

We provide measurement results obtained from three different adsorption modules for heat 

pump, chiller, and heat upgrading application. The main parameters that characterise the 

adsorption modules and that are needed for the simulation are listed in Table 4. 

 

Table 4 – Main parameters of different adsorption modules simulated here, all modules have a combined evaporator-
condenser. 

Parameter Unit Fibrous 

structures ‘Size 

S’ 

Fibrous 

structures ‘Size 

L’ 

Round tube-lamella 

Adsorbent - SAPO-34 SAPO-34 Silicagel 

Shape of 

isotherm 

- step-like step-like linear 

Shape of X(t) - linear linear exponential 

Application - heat pump heat pump cooling heat 

upgrading 

Literature - Velte et al. [26] Wittstadt et al. 

[27] 

new measurements 

      kg 1.5 3.3 20.3 

       K/kW 2.6 1.5 0.8 0.6 

       K/kW 1.2 1.1 0.5 0.5 

       K/kW 2.0 0.5 0.4 0.4 

       K/kW 0.5 0.2 0.2 0.2 

         kJ/K 13.7 18.2 88.8 

         kJ/K 7.0 17.5 27.0 
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The measurement conditions of the ‘Size S’ and ‘Size L’ fibrous structure modules are listed 

in Table 5. 

 

Table 5 – Measurement conditions of ‘Size S’ and ‘Size L’ fibrous structure modules 

Quantity Unit Size S Size L 

Nominal temperatures  15/35/90 °C 

       ,         s 280, 320 300, 300 

          °C 35 33 

          °C 15 15 

          °C 89 88 

          °C 35 34 

  
     ,   

      kg/s 0.16, 0.16 0.49, 0.45 

  
     ,   

      kg/s 0.16, 0.16 0.52, 0.36 

The results of the measurements and calculations with the newly developed approach of ‘Size 

S’ and ‘Size L’ fibrous structure modules are shown in Figure 5. The calculation results for 

‘Size S’ modules match the experimental results very good, whereas the ‘Size L’ simulation 

overestimates the efficiency. This can be explained mainly with the strong over- and 

undershoots of the inlet temperature due to imperfections in the test-rig control. An 

illustration of that behavior can be seen in publications of Wittstadt et al. [27] and Velte [13]. 

However, the prediction of the heat flow rate matches the experiment in both cases within ±5 

%. 
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Figure 5 – Measurement and calculation results in terms of efficiency and heat flow rate of ‘Size S’ and ‘Size L’ fibrous 
structure modules, heat pump application, working pair: SAPO-34-water 

 

The measurement conditions of the round fin-and-tube silicagel module are listed in Table 6 

for chiller application and heat upgrading application. The mass flow rate was kept constant 

throughout the experiments at 0.6 kg/s in both the adsorption heat exchanger and the 

evaporator-condenser. 

 

Table 6 – Measurement conditions of round tube-lamella Silicagel module operating in chiller application and heat 
upgrading application 

Quantity Unit Chiller application Heat upgrading application 

Nominal 

temperatures 

 15/28/65 °C 20/55/70 °C 10/50/70 °C 

       ,         s 325 600 600 

          °C 28 70 70 

          °C 15 55 50 

          °C 65 55 50 

          °C 28 20 10 

  
     ,   

      kg/s 

0.6 

  
     ,   

      kg/s 
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The results of the measurements and calculations of the chiller application are shown in Figure 

6. The calculated efficiency and heat flow rate is lower in the experiment with short half cycle 

time (325 s) and higher in the experiment with long half cycle time (600 s). However, the 

deviation is around 15% in both cases, which is quite good, keeping in mind the simplicity of the 

calculation. It is an interesting point that a longer half cycle time leads to a higher efficiency and 

equal heat flow rate in the experiment. In the simulation the longer half cycle time even leads to 

a higher efficiency and a higher heat flow rate. This can be explained with the fact that the half 

cycle time of both experiments is not sufficient to get close to the equilibrium loading. Thus, a 

longer half cycle time leads to higher loading spread that is sufficient to keep or even increase 

the heat flow rate. It was observed for experiments with half cycle time > 1000 s that the heat 

flow rate decreases as soon as the actual loading spread gets closer to the equilibrium loading 

spread. 

 

Figure 6 – Measurement and calculation results in terms of efficiency and heat flow rate of round tube-lamella module, 
chiller application, working pair: Silicagel-water 

For the heat upgrading application of the round tube-lamella module the results are shown in 

Figure 7. The calculation overestimates the efficiency in both experimentally measured points, 

whereas the simulated heat flow rate is within ±10% of the experimental results. A deeper 

analysis of the experimentally measured heats reveals that this discrepancy in terms of efficiency 

can be explained with condensation and evaporation on the metal surface of the housing of the 

module. At evaporator temperatures of 50…55 °C the water vapour condenses on the metal 

parts of the housing until the thermal capacity of these parts is heated up to an equilibrium 

temperature which depends on loading and temperature of the adsorption heat exchanger. 

Consequently, the heat supplied to the evaporator increases due to heating up the dead thermal 

capacity of the housing. This dead thermal capacity is until now not part of the calculation 

approach. As a result, the efficiency in the calculation is overestimated. 
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Figure 7 – Measurement and calculation results in terms of efficiency and heat flow rate of round tube-lamella module, 
heat upgrading application, working pair: Silicagel-water 

Summary/Conclusions  

In our study we have shown the applicability of a simple and robust approach to predict 

efficiency and heat flow rate of adsorption modules for AHT applications such as thermally 

driven heat pumps and chillers and heat upgrading. The simulated heat flow rates match the 

experimentally measured results within a range of ±15%, which is quite a good basis for the 

preliminary evaluation of the potential of AHT devices. The measured efficiency of 

adsorption modules for thermally driven heat pumps and chillers is matched with the 

simulation results with a reasonable accuracy (±10%, except for an outlier of ‘Size L’ 

module). However, the efficiency of the heat upgrading application is overestimated with the 

calculation approach. The in depth-analysis of the experimental data pointed to evaporation 

and condensation happening on metal parts of the housing that are not part of the approach 

yet. In a follow-up publication we aim to overcome this limitation by improving the approach 

to handle high evaporation temperatures (> 30 °C) necessary for heat upgrading applications. 
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Nomenclature 

Symbol Unit Description 

        J/K effective thermal capacity 

     1 coefficient of performance 

      J/kg adsorption enthalpy 

     J/kg evaporation / condensation enthalpy 

    kg/s mass flow rate 

       kg adsorbent mass 

     1 number of transfer units 

   Pa pressure 

   J heat 

    W heat flow rate 

SCP, VSCP W/kg, 

W/dm³ 

(volume) specific cooling power 

SHP, VSHP W/kg, 

W/dm³ 

(volume) specific heating power 

   s time 

   K temperature 

    K temperature difference 

   kg/kg loading 

   1 temperature effectiveness 

 

 
Index Description 

ads adsorption half cycle 

ch characteristic 

cool cooling application 

cyc cycle 

des desorption half cycle 

drv driving 

e evaporation, evaporator-condenser 

eqi equilibrium 

hc half cycle 

heat heating application 

HT high temperature 

ib quasi-isobaric 

in inlet 

lft lift 

LT low temperature 

max maximum 

min minimum 

MT medium temperature 

nom nominal 

out outlet 

rel relative 

s sorption, adsorption heat exchanger 

sat saturation 

str storage 

thr thrust 
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Extended Abstract 

According to the Intergovernmental Panel on Climate Change (IPCC), we will need to 

remove around 1.3–29 GtCO2 from the atmosphere annually by 2050 to limit global warming 

to 1.5°C above pre-industrial levels [1]. Direct air carbon capture and storage (DACCS) is a 

technological solution that has the potential to remove significant amounts of CO2 from the 

atmosphere and concentrate it to a stream required for long-term storage. Given the early 

stage of technical research and development for DACCS, the challenges faced in reducing 

costs and energy requirements, as well as the uncertainty regarding how both energy and 

DACCS systems evolution, it is critical that developments and improvements for a range of 

direct air capture (DAC) technologies are rapidly expedited this decade. This advancement 

will require a greater understanding of the current state of DACCS and the identification of 

existing knowledge gaps and obstacles to scaling. 

Building on previous literature and with the aim to surface the set of DACCS systems that 

merit accelerated research, testing, development, and deployment, and to help prioritize 

activities to support these ends, this work provides: (i) an overview and classification of 

DACCS systems, (ii) a harmonization of technical and economic performance of DAC 

technologies, based on publicly available data, (iii) a comprehensive list of technical- and 

infrastructure-based knowledge gaps and obstacles to scaling DACCS systems, (iv) and a list 

of priority initiatives for unlocking research, development, demonstration and deployment of 

DACCS. Our intent is to drive progress against high-impact priority actions, with a focus on 

accelerating research, development, and deployment of safe, scalable, and lower cost DACCS 

as a component of the broader carbon dioxide removal portfolio. 

To meet these objectives, we firstly classify DAC technologies according to four main CO2 

capture mechanisms: physical and/or chemical binding to either (i) a liquid or (ii) a solid 

material; (iii) separation based on differences in gas diffusivities; and (iv) separation by 

freezing point (see Figure 1). We then categorise DAC technologies based on their respective 

CO2 release driver (i.e., use of heat, electricity, and/or water/steam/humidity), resulting in 11 

DAC technologies. For instance, technologies that bind CO2 to a liquid can be further 

categorized as regeneration by high-grade heat, low-grade heat crystallization, low-grate heat 

stripping, and electricity. Within each of the 11 technologies, multiple configurations can 

exist, which can differ by material, equipment, process layout, and used energy vector. 

Configurations reflect the different process implementations, realized either by different 

DAC companies (or research organizations) pursuing a similar technology, e.g., Climeworks 

[2] and Global Thermostat [3] both pursuing adsorption with a temperature vacuum swing 

process, or by a portfolio approach within one company, e.g., Carbon Engineering [4] looking 

at both natural gas-fired and electric calciners. This analysis resulted in 14 DAC 
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configurations for which we then looked at their technology performance for selecting the 

promising ones for achieving a large-scale CO2 removal. 

 

Figure 1. The four primary separation mechanisms of DACCS: absorption, adsorption, membrane, 

and cryogenic. The CO2 produced from the main separation processes is directed for further 

conditioning and storage. 

We then performed a harmonized techno-economic evaluation of their performance to 

identify the specific cost drivers and properly quantify them. For this analysis, we firstly 

screened the available literature on DACCS techno-economics. For the technologies where 

only process performance evaluation was available, we looked at energy-related costs and 

extracted lessons from these. For the technologies where capital and operational costs have 

been published, we compared the cost drivers for each technology on a like-for-like basis by 

harmonizing the available capital and operational expenditure data. 

Given the uncertainty around how energy systems will evolve, how the rate of cost and 

energy requirements of DACCS will progress, and which DAC technological solutions will 

have the potential to deliver negative emissions safely and cost-effectively at scale, it is 

expected that a portfolio of DAC technologies should be advanced up the technology 

readiness level during the next decade. This is necessary to de-risk technology lock-in and 

provide first benchmark costs for different DAC technologies which are a prerequisite for 

realistic cost predictions and cost reduction pathways for DAC technologies. To accelerate 

unlocking and de-risking DACCS’s potential at scale, we identified a comprehensive list of 

existing knowledge gaps and obstacles and priority initiatives across five categories: (i) 

materials, (ii) process design, (iii) equipment, (iv) system integration, and (v) infrastructure. 

Here, we focus on research, development, demonstration, and deployment obstacles and 

initiatives only, as obstacles related to other supporting elements of a high-functioning carbon 

dioxide removal (CDR) ecosystem such as demand, human capital, and social acceptance [5] 

339 / 710



are expected to apply to CDR solutions more generally and not to DACCS systems 

specifically. 

Considering the predicted installed capacity of DACCS in the next coming decades and our 

comprehensive list of priority initiatives, we proposed a DACCS Roadmap to 2050. In this 

roadmap we indicated whether priority initiatives are “very relevant” or “less relevant” in the 

short (2030), medium (2040) and long term (2050). We also highlighted whether industry, 

academia or both have currently the skills to address these initiatives or whether no skills are 

currently existing/accessible and need to be developed. 

In conclusion, this study introduced a novel hierarchy for classifying DAC technologies that 

supports enhanced understanding of the key DAC performance indicators and the quality of 

the underlying data, on which claims on energy requirements and future cost can be built. A 

harmonized techno-economic framework was developed based on available energy and cost 

data to allow for a fair comparison between DAC technologies. For most DAC technologies, 

plant-level data is unavailable, presenting a major obstacle to cost and energy use reduction 

efforts. For the technologies where plant-level data exist, future cost ranges of USD100–

300/tCO2 seem attainable. Nevertheless, the lower and upper range are extremely ambitious 

targets. In addition, one-size-fits-all DAC solutions do not appear to exist. Different DAC 

technologies favour different geographies, pre-existing infrastructure, equipment, and 

materials, which makes having a portfolio of ready-to-be deployed DAC technologies a 

necessary precondition for global Gt-scale deployment. For overcoming these barriers, this 

study proposed a list of critical priority initiatives. As deployment-led innovation alone is 

unlikely to make DACCS economically feasible, simultaneous investments into research, 

development, and deployment and the buildout of supporting infrastructure are expected to be 

crucial. Further research is needed to better quantify the cost of proposed priority initiatives 

and their attendant research projects. 
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Abstract  

Modern heat engines for valorisation of ultra low grade heat are too capital intensive 

especially with a low temperature of heat source (< 100°C). To resolve the technical 

problems of the current heat conversion technologies a concept of “isobaric expansion” (IE) 

engine is proposed [1]. This paper presents an IE engine operating as an electric generator, 

the results of experiments obtained with this engine, as well as a comparison of the 

experimental results with a thermodynamic model. Experiments were carried out at heat 

source temperature in the range 30 – 80 oC and heat sink temperature around 12 oC; 

refrigerant R134a was used as the engine working fluid. Depending on the temperature of the 

heat source the obtained efficiency was 3.5 – 6 %. The relative difference between the 

experimental and thermodynamic efficiency is less than 4 %, which indicates low mechanical 

and thermal losses. The results obtained extend upon the previously reported application of 

the engine as a pump [2]. The IE engine can deliver any pressure of the pumped liquid or gas 

and convert the hydraulic output to shaft power/electricity, furthermore the IE engines can be 

integrated to cooling systems of for example: LT-PEM hydrogen fuel cells or internal 

combustion engines.  

Keywords: Heat-driven pump, renewable energy, isobaric expansion, low-grade heat, shaft 

power, electricity generation. 

Introduction 

The IE process is an alternative to conventional polytropic gas/vapour expansion 

accompanied by a pressure decrease typical of all state-of-the-art heat engines.  

IE engines are the oldest type of heat engines [3], dating back to the early industrial 

revolution. The current status of the IE technology and important modifications to make IE 

machines competitive and cost-effective alternatives to state-of-the-art heat conversion 

technologies are presented in [1]. The technology is a simple and low-cost alternative to ORC 

systems as well as other state-of-the-art energy conversion systems. The engine is very 

versatile; it can be used wherever heat of any grade is available [1].  

IE engines present a compelling proposition as vapor-driven pumps and compressors, owing 

to their simplicity in kinematic structure and reduced energy conversion intricacies. In this 

way heat can be effectively harnessed for direct pumping and compression, without the need 

for intervening stages involving the generation of shaft power or electricity, transmissions 

and re-conversion into conventional mechanical energy—a departure from prevalent 

practices in modern industry.  

Using a differential piston arrangement (a combination of two pistons with different 

diameters), the IE engine-pump can deliver any pressure of the pumped liquid or gas. This 

allows the engine-pump to be used for high-pressure applications such as heat-driven water 

desalination, oil hydraulic power units, cheap compression of hydrogen or other gasses. 
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The energy from the pumped liquid flows can be converted to shaft power (rotary motion) or 

electricity using off-the-shelf hydraulic motors. Another option is the so-called pump as 

turbine (PAT) technology, which uses mass-market centrifugal pumps that operate in reverse 

mode i.e., as turbines. In this case, the installation is turned into a heat-to-power converter. 

The IE engine was studied as a high-pressure pump [2, 3]. Significant advantages of IE 

engines over similar existing systems were obtained in terms of efficiency and power output. 

In order to understand and demonstrate the capabilities of the system, the engine was 

combined with a hydraulic motor producing shaft power that could be used to generate 

electricity and/or drive centrifugal pumps. 

The purpose of this paper is to present an IE engine operating as an electric generator, to 

show general feasibility for low temperature waste heat recovery and specifically in LT-PEM 

hydrogen fuel cell systems or cooling systems of internal combustion engines (ICE). 

 

Modified engine and experimental set up 

The IE engine-pump presented previously [2] was modified for shaft power generation. 

Figure 1 shows a scheme of such the new experimental setup. It is similar to the engine 

operating as a water pump, which was explained in ref. [2]. 

Figure 1. Scheme of the IE engine for production of shaft power. 

A difference is that a hydraulic motor HM serves as an engine load and the hydraulic circuit 

is filled with hydraulic oil instead of water. Also, the inlet and discharge valves were 

improved.  

The engine consists of two power or driving cylinders, pumping cylinder, three pistons, two 

connecting rods, two driving valve covers, two pumping valve covers, and two pneumatic 

cylinders. The pneumatic cylinders were used to actuate the inlet and outlet valves in the 

covers. Each cover of the pumping cylinder is equipped with a non-return (check) suction and 

discharge valve. 

The pistons divide the internal volumes of the cylinders into six chambers: two driving 

chambers, shown in light brown, two pumping chambers (light green), and two auxiliary 
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chambers (colourless). The auxiliary chambers can be used for lubricating the pistons and for 

collecting leaks from the pumping and driving chambers in case of failure of the piston seals. 

They are connected by a manifold through which the leaks are routed to ventilation. 

During operation, the reciprocating movement of the pistons (in two power chambers and in 

the pumping chamber) under the action of the working fluid (light brown) leads to the 

pumping of oil (light green) through the hydraulic motor. An important feature of this process 

is that the pressure of the working fluid in the power cylinders does not change (isobaric 

expansion) during the entire piston stroke. 

The use of oil permits using a wider range of commercially available hydraulic motors. To 

provide pulseless flow of the hydraulic oil and smooth rotation of the hydraulic motor, a 

hydraulic accumulator is imbedded into the hydraulic circuit. 

As a hydraulic motor MI02 Var-Spe radial pistons hydraulic motor (speed 70-2000 rpm, 

pressure up to 150 bar; efficiency 96 %) was used. Since this hydraulic motor, as well as 

other hydraulic motors, is most efficient at a rather high pressure drop of about 80 bar, the 

original engine-pump was modified to feature smaller pumping chambers as seen in Figure 2. 

Figure 2. Modified IE engine-pump for increased pumping pressure. 

The modified engine, Figure 2, is in fact a differential piston reciprocating inside a 

differential cylinder, which has a simple design with no mechanical transmission or crank 

gear etc. The engine dimensions: length without the pneumatic cylinders – 550 mm, length 

with the pneumatic cylinders – 576 mm, inner diameter of the power cylinders 80 mm, outer 

diameter – 90 mm, inner diameter of the pumping cylinder – 40 mm, diameter of the 

connecting rods – 16 mm, length of the piston stroke – 96 mm. Volumes of each driving and 

pumping chambers of the engine are 0.482 L and 0.101 L respectively. 

Reducing the diameter of the pumping cylinder from 80 mm to 40 mm made it possible to 

increase the pressure of the pumped liquid by about 4 times or up to 80 bar. 

Sealing of the power and pumping cylinders and pistons were provided by seals based on 

materials with high resistance to all refrigerant classes as well as potentially possible 

ammonia-water mixtures, oxygenates, carbon dioxide, and hydrocarbon-based working 

fluids. The mating cylinder surfaces were treated by plasma nitriding up to 1100HV on the 

nitride layer. To extend the lifetime of the dynamic seals Fomblin Compressor Oil YL VAC 

16/6 was used. 

The experimental set-up (so-called Worthington type IE engine-pump [1]) is shown in 

Figures 3 and 4. It includes a double acting IE engine-pump E-P, working fluid feed pump 

FP actuated by a pneumatic actuator PA, hydraulic accumulator HA, heater (evaporator) H, 

regenerator R, cooler (condenser) C, water heater WH, pressure indicators PI, pressure and 

temperature transmitters PT and TT. The operation of such engine-pumps is described 

elsewhere [1, 2]. 

To supply low-pressure cold working fluid after the cooler to the heat exchanger at high cycle 

pressure, a specially designed variable-flow piston feed pump FP was used (Figure 3). It was 
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driven by a pneumatic actuator PA (double-acting pneumatic cylinder) with a maximum 

stroke of 100 mm. 

The maximum working volume of the feed pump per cycle was 0.232 L. In the operating 

mode, the working volume of the feed pump was regulated by adjusting the stroke of the 

pneumatic cylinder depending on the required engine power. 

The pneumatic actuator of the feed pump and pneumatic actuators of the engine valves used 

compressed air at 7 - 9 bar pressure from the laboratory net. 

Figure 3. Scheme of the experimental setup 
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Figure 4. Engine-pump set-up 
 

To generate electricity the hydraulic motor was connected to a 3-phase electric generator 

(Low Speed 600 W, 12V Gearless Permanent Magnet Generator AC Alternator Wind 

Turbine DIY). A DC electric load was connected via a full bridge rectifier. Electric power 

was measured through a digital volt-ammeter.  

In experiments without electricity generation, engine power was measured by oil pressure 

drop and oil flow rate, which is proportional to the rotational speed of the hydraulic motor. 

The pressures at the inlet and outlet of the engine and feed pump as well as the pressure of 

the pumped oil were measured by pressure transmitters PT (Sendo SS302 model, with 0.5% 

accuracy and 4 ms response time). Independently, the pressures were controlled by Empeo 

manometers with 1.6% accuracy installed in parallel with the pressure transmitters. The same 

manometer type was used to indicate the gas pressure in the hydraulic accumulator.  

The working fluid temperature was measured using 1 mm shielded K-types thermocouples 

TT (accuracy ± 1.5 oC), pre-calibrated in the range of 0 – 100 °C, and installed at the inlet 

and outlet ports of the heat exchangers and the inlet and outlet of the engine. The inlet and 

outlet temperature of heating and cooling water was measured with the same thermocouple 

type. All pressure transmitters have 4 – 20 mA output to avoid any influence of cable lengths. 

The signal from the transmitters was processed and displayed using a 12 bits PicoLog 1012 

data acquisition system with a 10 ms sampling interval. The temperatures were measured 

using a TC-08 DataLogger with a 100 ms sampling interval. 

Refrigerant R134a (Tcrit = 101.08 °C, pcrit = 40.6 bar) was used as working fluid of the engine. 

This working fluid is not optimal for achieving the highest efficiency. It is also not attractive 

as it is a greenhouse gas (Global Warming Potential 1430). It was selected from several other 
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potentially applicable working fluids for safety reasons (low flammability, chemically stable) 

for the first engine testing only. The total amount of working fluid (R134a) filled into the 

system was 1.5 – 2.5 kg. There was no noticeable effect of the amount of working fluid on 

the operation of the engine in this range. Hot water, heated by a 24 kW electric heater, was 

pumped through the heat exchanger H, providing the heat supply. Cold tap water with 

temperature of 12 °C was supplied to the cooler C. The flow rate of the hot water pumped 

through the heater was 30 L/min and the flow rate of the cold water flowing through the 

cooler was 20 L/min. From multiple heat exchangers available on the market, three brazed 

plate heat exchangers (heater H, recuperator R, and cooler C, Figure 3) produced by 

company SWEP were selected. The main characteristics of the heat exchangers are presented 

in Table 1. All these units are certified to meet 45 bar maximum pressure at 135 °C 

temperature. The heat loads and flow rates indicated in the table were used when selecting 

heat exchangers. In experiments, these parameters varied over a wide range. 

Table 1. Specifications of the heat exchanger 

Heat exchanger 
Heat transfer 

surface, m2 

Number of 

plates 

Number of 

channels per 

pass  

Total volume, L 

Heater: 

B25THx30/1P 
1.76 30 

14 (R134a)  

15 (water) 

1.55 (R134a) 

1.66 (water) 

Recuperator: 

B10THx20/1P 
0.558 20 

9 (low p) 

10 (high p) 

0.55 (low p) 

0.61 (high p) 

Cooler: 

B25THx40/1P 
2.39 40 

19 (R134a)  

20 (water) 

2.11 (R134a) 

2.22 (water) 

 

The main variables were: temperature of the hot water (30 to 80°C), frequency of the operation 

(0.1 – 1.0 Hz), pressure drop of the pumped oil (low and high cycle pressures) controlled by the 

engine load. 

Discussion and Results 

For testing and adjustment of the test setup components some preliminary, non-thermal 

measurements were made at room temperature. Mechanical functionality of the engine-pump 

was tested using compressed air in the range of 7 - 9 barg pressure as the driving agent for the 

pistons. These experiments helped to evaluate and reduce friction losses in seals and fluid-

mechanical losses in pipes and valves. 

The following figures show examples of pressure and temperature changes in different 

engine-pump parts in the case of low frequency operation of 0.30 – 0.35 Hz. In these 

examples the pumped oil flow rate was 3.5 – 4.0 L/min at a pressure drop of 6 - 60 bar. 
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Figure 5. Pressure (left) and temperature (right) changes in the engine-pump parts for heat 

source temperatures of 80 oC. 

 

Figure 6. Pressure (left) and temperature (right) changes in the engine-pump parts for heat 

source temperatures of 60 oC. 
 

347 / 710



3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

 

Figure 7. Operation of the setup at extremely low temperature difference. 

The hydraulic accumulator, Figure 1, was not adjusted for the lowest temperature operation 

meaning oil pressure could not be maintained between strokes. However stable operation of 

the setup is shown to be possible at a temperature difference as low as 18 °C. Increasing 

engine speed to 1 Hz would constitute a power output of 200 W. 

The pressure differences generated by the engine-pump were in the range of 6 – 60 bar, and 

generated electric power of 35 – 410 W at an operating frequency of 0.3 – 0.35 Hz.  

The differential piston principle used in the engine-pump is shown to be able to generate any 

pressure of the liquid to be pumped. The hydraulic output can be also converted to shaft 

power/electricity turning the pump into a heat-to-power converter. 

Summary/Conclusions  

The preliminary outcomes from the experiment are encouraging, reaffirming the anticipated 

benefits of the IE engine-pumps. This innovative engine showcases remarkable efficiency at 

low temperature differences, demonstrating its potential applications in electricity generation 

and powering various rotational equipment. Particularly noteworthy is its ability to effectively 

harness abundant low-grade heat sources with temperatures below 100°C, a feature that can 

significantly broaden its usability. A robust and economic integration with hydrogen LT-PEM 

fuel cells or electrolyser technology is possible. Internal combustion engines also present an 

opportunity for increasing their thermal efficiency by using IE engines in their waste heat 

streams. 

The engine's efficiency remains high even at extremely low heat source temperatures. In this 

temperature range conventional heat conversion technologies prove impractical. This 

characteristic underscores the robustness and adaptability of these uncomplicated yet highly 

efficient machines, making them a promising avenue for maximizing energy utilization from 

prevalent low-temperature heat sources. 
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Abstract 

Due to its high demand for resources and energy, the building sector accounts for almost 40% 

of the global carbon dioxide emissions. Therefore, in order to achieve the ambitious climate 

protection goals, it is essential to reduce the required amount of building material in the 

construction of future buildings as well as to operate these lightweight buildings more energy 

efficiently or, if possible, energy self-sufficiently. Against this background, a novel, façade-

integrated adsorption system for solar cooling of lightweight buildings is being developed and 

experimentally investigated within the Collaborative Research Centre 1244 "Adaptive skins 

and structures for the built environment of tomorrow" at the University of Stuttgart. The 

proposed adsorption system combines the functionality of energy storage and cold production, 

with minimum occupation of inner building space. 

 

Figure 1: Design scheme and operating principle of the façade-integrated adsorption chiller 

The adsorption system consists of the three components adsorber, condenser and evaporator, 

refer to Figure 1. The adsorber and the condenser are integrated as panel-shaped elements into 

the building façade. The particular challenge lies in the efficient absorption of solar irradiation 

by the adsorber during the regeneration phase and the sufficiently high heat release to the 

ambient during cooling operation. The evaporator is installed as a cooling ceiling in the 

building. For cooling, the evaporator is connected to the adsorber, whereby the cooling power 

can be controlled by throttling the vapor mass flow. 

For the computational development of the system, detailed component models are created for 

the three main components, which are coupled by the vapor flow. Simulations of the 
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components are carried out under realistic boundary condition. The component models 

describe the internal heat and mass transfer processes as well as the adsorption and 

condensation/evaporation processes. The simulation of a reference case confirms the general 

functionality of the proposed cooling system and a broad parameter study provides information 

about possible optimization to increase the cooling rate and cooling capacity. The compass 

orientation of the adsorber façade elements, the surface area ratios of the components and the 

design of the adsorber are identified as promising optimization parameters. Based on these 

results, a best-case configuration is identified that reveals cooling rates up to 150 W/m².  

In order to achieve continuous cooling power throughout the day, an additional adsorber is 

integrated into a façade with different compass orientation. An alternating operating mode with 

one adsorber being regenerated while to other supplies cooling power is successfully deployed. 

Furthermore, it is shown that a realistic cooling demand can be covered for most of the day 

applying this alternating operation mode as it is shown in Figure 2. Finally, active shading of 

the adsorbers is studied in order to achieve more flexible cooling power.  

 

Figure 2: Simulation results of the alternating operation mode for a realistic cooling demand 

This work introduces the working principle, describes the alternating operation mode and 

presents the simulation results of the alternating operating mode for continuous cooling as well 

as for a realistic cooling demand. 
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Abstract  

Aim of this work is to apply a protocol of different characterization techniques to evaluate the 

stability of novel silica gel/polymer- based coatings developed for open-cycle air 

dehumidification. Specifically, the following aging conditions have been applied: i) repeated 

ad/desorption under real operating conditions (open cycles); ii) post-curing at 30, 40 and 60 

°C; iii) immersion in water for 30 days; iv) aging in salt-fog chamber for 30 days, v) 

accelerated aging by wet/dry cycles. Characterisation of fresh and aged samples has been 

carried out by X-Ray diffraction, Scanning Electron Microscopy (SEM) and Fourier-

Transform Infrared spectroscopic analyses. Additionally, mechanical strength has been 

verified by tensile test. 

Keywords: Adsorbent coatings, open-cycle adsorption process, stability verification. 

Introduction/Background 

Currently, relevant research activities have been focused to develop coated adsorbent heat 

exchangers for sorption systems. However, for practical utilization of this technology, strict 

reliability requirements are necessary: i) high hydrothermal stability against repeated cycling 

over the expected lifetime; ii) high mechanical stability during operation and transport 

phases; iii) no corrosion issues; no release of inert gases upon repeated ad–desorption 

cycling, especially for coatings based on polymers. Accordingly, verification of mechanical 

and hydrothermal stabilities is a key-issue [1-2]. Indeed, the adsorbent coating is normally 

subjected during its lifetime to repeated ad/desorption processes as well as thermal cycling, 

which could in principle cause degradation of mechanical and adsorption properties, thus 

limiting the reliability of the technology. Moreover, the adsorbent material could incidentally 

be subjected to unexpected conditions such as exposure to liquid (salt) water, 

mechanical/thermal shock etc. Accordingly, in this work we propose a protocol of different 

characterization techniques to evaluate the stability of novel silica gel/polymer- based 

coatings developed for open-cycle air dehumidification and subjected to various aging 

conditions. Details on the adsorbent coatings preparation procedure and its preliminary 

testing in a lab-scale prototype are reported in [3]. Specifically, the adsorbent coatings have 

been subjected to the following aging conditions: i) repeated ad/desorption under real 

operating conditions (open cycles); ii) post-curing at 30, 40 and 60 °C under dry conditions; 

immersion in water for 30 days; aging in salt-fog chamber for 30 days, aging with Wet/Dry 

cycles. Structural characterisation of fresh and aged samples has been carried out by X-Ray 

diffraction, Scanning Electron Microscopy (SEM) and Fourier-Transform Infrared 

spectroscopic analyses. Mechanical strength has been verified by tensile test. 

Discussion and Results 
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Repeated ad/desorption tests have been carried out by a thermo-gravimetric adsorption 

apparatus (Aquadyne DVS analyzer) available at POLIMI lab. The instrument allows the 

measurement of adsorption isotherms by supplying a dry/wet carrier gas. The aging process 

consisted of 100 repeated ad/desorption cycles. For each cycle, the sample was kept 30 

minutes at T=45°C and RH=80 % and 30 minutes at T=45°C and RH=5%, which allowed to 

apply on the sample a large water uptake variation (w~30 wt.). Next Fig.1 refers to a sample 

currently under test and shows the water content and relative humidity profiles during several 

ad/desorption cycles. It is evident that, for this specific sample water adsorption capacity is 

unchanged after many cycles, so there is no evidence of performance degradation. 

 

Fig. 1. Water content and relative humidity profiles during repeated ad/desorption aging 

cycles. 

The post-curing aging treatment was carried out at 30 °- 60°C under dry conditions. Fig. 2 

shows the mechanical strength of aged samples measured by tensile test. The results obtained 

indicate that, despite the quite large error bar due to the not homogeneous adsorbent layer 

composition, the strength increases at increasing curing temperature. This effect is probably 

due to polymerization of the organic component of the binder. 

353 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

 

Fig. 2. Tensile strength of samples subjected to post-curing at different temperatures. 

 

Accelerated aging by wet/dry cycles was carried out by a self-made apparatus subjecting each 

sample to a spraying of liquid water (15 min) and a subsequent drying by a thermoelectric 

cell (15min at 40°C and 60°C). Tensile strength measurements indicate that the coupled wet-

dry cycles at 40°C have a soft degradative effect, compared to post-cured one. On the 

contrary, the coupled wet-dry cycles at 60°C degrade significantly the material. Immersion 

tests were carried out by keeping the samples in distilled water for 30 days at ambient 

temperature and then drying for long time (up to 1000 hours). Tensile strength measurements 

were carried at different drying times putting in evidence a relevant collapse of mechanical 

performance. Finally, samples were subjected to a 1-month long continuous spray of salt-fog 

at controlled temperature (37°C) and very high humidity (RH=98%) by a salt-fog chamber 

available at UNIME. Mechanical characterization of aged samples indicated a slight 

degradation effect for low drying time and a mechanical strength similar to post-cured 

samples for long times.. 

Summary/Conclusions  

In this work we proposed a protocol of different characterization techniques to evaluate the 

stability of novel silica gel/polymer- based coatings developed for open-cycle air 

dehumidification. Preliminary characterization results indicate that the combination of the 

proposed techniques can be effectively employed to verify the occurrence of degradation 

processes due to aging. 
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Abstract 

While the Stirling cycle is a simple thermodynamic cycle, energy dense machines are 

expensive and complex due to the complicated heat exchangers. Heat exchangers are 

essential to increase the heat transfer but they increase the dead volume, cost and pumping 

losses. In this contribution, a simple and novel isothermaliser is proposed that improves the 

cooling power density of the Stirling-cycle refrigerator without adding to the dead volume.  

Simulations based on the second order polytropic model show that the cooling power and 

efficiency can be enhanced and the regenerator losses can be significantly reduced. The novel 

isothermaliser leads to better performance than the conventional Stirling refrigerator at 

temperatures of 27/7
o
 C achieving higher cooling density per swept volume of 2.5 folds. The 

increased power density enables the Stirling refrigerator to compete with the vapour 

compression cycle in both high-lift and near-ambient refrigeration. 

 

Keywords: Stirling cycle, Near-ambient refrigeration, Isothermalisers. 
 

 

Introduction 

The Vapour compression cycle (VCC) is the most widely used refrigeration technology for 

the near ambient market because it has the highest COP among other cooling technologies 

[1][2][3]. However, the refrigerants used with the VCC are often non-environmental-friendly 

since they are considered toxic, flammable, have ozone depletion potency and can participate 

in global warming. An alternative is the Stirling cycle refrigerator which is simple, has safe 

and quiet operation, low maintenance requirement, high theoretical efficiency and uses 

benign gases. It is a good competitor to the VCC in high-lift refrigeration where it achieves 

better performance and is also cheaper. The performance reaches a peak for an absolute 

temperature ratio around two in only one stage of refrigeration [4] for which, the performance 

of the VCC deteriorates [5]. Although, the ideal Stirling cycle has higher COP than the 

inverse Rankine cycle [66] the Stirling cycle refrigerator has not been successful at low lift 

refrigeration. The practical Stirling refrigerator lags behind the VCC as its cooling capacity 

decreases with the COP [6]. The Stirling refrigerator can achieve the efficiency of the VCC at 

a given cooling load but it is not cost-competitive [7]. Walker et al. doubted that the Stirling 

cycle refrigerator can compete economically with the VCC refrigerator due to the large 

number of VCC units produced every year [8]. In contrast, only few Stirling refrigerators are 

available for limited applications due to their initial and running costs [9]. Berchowitz et al. 

developed a free piston refrigerator for domestic refrigeration [10] and portable coolers 

[11][12]. The refrigerator showed a total efficiency of 35% of Carnot efficiency, which is 

                                                           
*Corresponding author: j.daoud@ptuk.edu.ps 

355 / 710

mailto:j.daoud@ptuk.edu.ps
mailto:j.daoud@ptuk.edu.ps


 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

comparable to the VCC. The portable coolers are powered by a PV collector and have a COP 

of three while the Carnot COP is 9.1. Oguz and Ozkadi [13] tested the free piston Stirling 

refrigerator for domestic refrigeration and showed that the main challenge is using 

complicated heat exchangers. Thus, the Stirling cooler can be an alternative to the VCC if the 

cost and complexity of the heat exchangers is reduced while maintaining the performance. 

The Stirling cycle is an external combustion cycle that needs to convey heat from the 

working gas to the heat source via heat exchangers. Efficient heat exchangers enhance the 

heat transfer to achieve high refrigeration rates but at the cost of increasing the complexity, 

dead volume, power losses and machine price [14][15]. The expansion and compression 

volumes are usually unheated and their operation tends to be adiabatic. Walker [16] reported 

that the actual COP ratio of the Stirling cycle refrigerator due to the adiabatic cycles has a 

maximum absolute temperature between 100-150K. Bauwens [4] showed numerically that 

the adiabatic losses play the major role in decreasing the COP ratio at low-lift refrigeration 

which is hard to improve without decreasing the refrigeration load. Carlson et al. [17] showed 

the adiabatic cycle efficiency at low-lift refrigeration tends to less than 50% of the isothermal 

efficiency and the cooling power decreases for non-ideal adiabatic processes. Walker [16] 

suggested isothermalising the freezers and coolers as they are designed to maximise the heat 

transfer. Orlowska [18] suggested adding the isothermaliser in particular to the compression 

space to improve the COP of a refrigerator. The isothermalisers differ from the external heat 

exchangers in that they are within the expansion and compression spaces and not in series 

with them. Accordingly, the expansion and compression processes are neither isothermal nor 

adiabatic, but polytropic. The polytropic cycle cannot achieve Carnot efficiency for both the 

Stirling power cycle and heat pump. For example, at the maximum power point, the engine 

efficiency cannot exceed the Curzon and Ahlborn limit [19] where the working gas 

temperature is not equal to source temperature. The temperature difference causes 

irreversibility but helps to increase the heat transfer and hence reduce the gas friction losses. 

On the other hand, Stirling cycle refrigerators have no maximum cooling power due to the 

monotonic response of the cooling power to the COP [20][21][22]. Leff and Teeters [23] 

attributed the monotonic response to possible unbounded temperatures in contrast to the 

engine that works between two limits. Thus, the Carnot efficiency can be ideally approached 

when the cooling power is zero and the COP approaches zero for the highest cooling power. 

However, due to the potential Stirling refrigerator losses, the maximum COP and maximum 

cooling power might be reached [5][24].   

Daoud and Friedrich [25] proposed a novel machine geometry for conveying the heat by the 

cylinder wall instead of only the end plates. Thus, the Stirling cycle machine benefits from 

the whole surface of the cylinders and the temperature difference between gas and containing 

cylinders to transfer heat. In the Franchot arrangement, the conduction and shuttle losses, 

which are the major thermal loss in the Stirling cycle machine [5][26], are eliminated and the 

hysteresis losses can be ignored. In a later publication [27], the same authors innovated a new 

isothermaliser specially tailored for the direct heating and cooling purpose without any 

intermediate heat exchanger. The isothermalisers resulted in power improvements and 

reduction in volumetric flow rate. This work is an extension of our previous studies to 

Stirling refrigeration. It is a theoretical study based on the second-order polytropic model [25] 

which aims to obtain the performance curves of the isothermalised Franchot refrigerator by 

varying the phase angle, dead volume, cylinder diameters and the speed. Both, the bare 

cylinder and isothermalised cylinder are considered and the performance is evaluated for a 

speed range of 100-500 RPM.  
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Methodology 

 

The proposed isothermaliser for the Franchot machine is shown in Figure 1. The Franchot 

machine was invented in 1885. It comprises two opposite alpha Stirling machines each with a 

distinct gas circuit but both share the same cylinders. The Franchot machine has no shuttle 

and axial heat conduction losses and the phase angle is controllable. The connecting rod can 

work as an adiabatic or isothermal fin causing the hydraulic diameter to decrease which 

increases the heat transfer and decreases the swept volume. The adiabatic fin refers to 

unheated or uncooled connecting rod whilst the isothermal fin refers to the rod having the 

same cylinder temperature. The isothermal fins have potential in air conditioning since the 

expansion cylinder can be directly exposed to the refrigerated space and the compression 

cylinder can be directly exposed to the ambient. The rod itself can be hollow to reduce its 

weight and heat capacity. 
 

Adiabatic finsPiston

Direct heating

Direct cooling  
Figure 1: The proposed adiabatic fins inside the Franchot engine cylinders [27]. 

The heat addition and removal is calculated from Newton’s law of cooling 

 

 
  
       1 

The in cylinder heat transfer coefficient   is given by the correlations [28] 

 

 
                                  

                                    2 

where   and   are the diameters of the cylinder and rod,   and   are expansion and 

compression, respectively. According to the definition, the adiabatic fin, which is externally 

insulated, has a total heat flow equal to zero 

 

 
   

                3 

where                 are the coefficient of heat transfer, fin area, fin temperature and gas 

temperature, respectively. The fluctuation in the connecting rod temperature is ignored 

because of the higher heat capacity of the stainless-steel rod in comparison to air. Hence, the 

fin temperature is supposed to be constant during a cycle. So, the average temperature of the 

adiabatic fin can be calculated as 

 

    
      

    

 4 

The Franchot engine consists of two alpha engines with two separate gas circuits. The 

pressure variation in each gas circuit is [25] 
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Regenerator end temperatures are calculated from  
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where the parameters   and   are given by  
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The average regenerator temperature is 

 

 
   

       

  
   
   

 
8 

The average engine power for the Franchot engine is calculated as  

 

 
                 9 

where f is the frequency. The pressure loss in the expansion and compression cylinders is 

calculated separately from the Zhao correlation for oscillatory turbulent pipe flow [29]: 

 

 

 
    

      
  

  
 

    

 
        

  
    

          10 

 

The power loss in each cylinder is calculated from 

 

 
         11 

where    is the volumetric flow rate of the working gas. 

The polytropic model is applied to the alpha type engine with annular heat exchanger made 

by Karabulut [30]. The annular heat exchanger has the cylinder walls heated and the piston 

dome is of adiabatic fin type as shown in Figure 2. 
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Figure 2: Karabulut alpha engine with annular heat exchangers: schematic diagram [30]. 

In the Karabulut engine, the heat exchanging area and volume are constant for the annulus 

and dynamic for the swept space. These conditions are replicated in our model for validation 

purpose. The technical specification of the engine is shown in Table 1. 

Table 1: Technical specifications and operating conditions of the Karabulut engine [30]. 

Name value/unit 

Stroke length 6 cm 

Bore diameter 5.24 cm 

Piston dome diameter 4.74 cm 

Hot annulus length 13.5 cm 

Cold annulus length 11 cm 

Connecting pipe length 30 cm 

Connecting pipe diameter 0.5cm 

Regenerator matrix Woven wire 

Wire diameter  100 micron 

Regenerator porosity 0.7 

Regenerator volume 12 cm
3
 

Out-of-Phase angle 90
o
 

Hot, cold temperatures 1100
o
C ,20

o
C 

Working gas Air 

Average gas pressure 1 bar, 2 bar 

To increase the accuracy of the model the reheat and pressure losses of the regenerator are 

considered. The effect of imperfect regeneration is considered by modifying the regenerator 

gas stream temperatures as [31][32] 

                     
                    

12 

where,                  are the hot outlet gas temperature, cold outlet gas temperature and 

regenerator effectiveness, respectively. The enthalpy loss can be quantified by 

                 13 

The effectiveness is calculated according to Tanaka [33] by 

 
   

   

     
 14 

where     is the number of transfer units and calculated from 

 
     

         

    
     

 15 
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where             
           are the average Nusselt number, Prandtl number, average Reynolds 

number and regenerator hydraulic diameter, respectively. Nusselt number is correlated 

according to Tanaka as follows  

              
        16 

The pressure loss due to the gas friction with the regenerator material is calculated from 

 
         

         
 
   

  
 17 

where        is the pressure loss and    is the friction factor calculated according to Tanaka 

from 

 
       

   

     
 18 

The pressure loss due to the connecting pipe is calculated as  

 
         

          

  
 19 

where     is calculated by [34] 

 
      

                                                                  
                                     
                                                         

  20 

   

The mathematical model is applied to the Karabulut engine at a range of speeds and two 

pressures. The comparison between the polytropic model and experimental study is shown in 

Figure 3. The polytropic model has good agreement with the experimental results especially 

in predicting the trend of engine performance and location of the maximum brake power. The 

max relative error was calculated as +22% and +30% for the 1 and 2 bar data sets, 

respectively. Those errors can be attributed to the roughness of the experimental data, lack of 

data about gas leakage and mechanical friction.  
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Figure 3: Comparison between the 3 control volume polytropic model with regenerator losses and experimental data of 
Karabulut alpha type engine [30]. 

The model is implemented in MATLAB/Simulink and solved using the Runge-Kutta method 

with a time step of 10
-4

s. Since the refrigerator has a monotonic response, the parameters are 

taken from the optimised machine working as a prime mover [27]. The prime mover and the 

refrigerator have similar phase angle, speed, dead volume, stroke and geometry. All results 

use the reference machine parameters listed in Table 2 unless otherwise stated. 
Table 2: Parameters of the reference machine 

Name symbol value/unit 

Stroke length       50 cm 

Bore diameter       5 cm 

Charge gas density   1.225 kg/m
3
 

Clearance length       0.01 cm 

Regenerator volume    0 cm
3
 

Out of Phase angle   90 degree 

Hot, cold temperatures       450K/280 K,300 K 

Working gas Air  

Gas constant   287 J/kg.K 

 

Discussion and Results 

The isothermalised Franchot engine has its optimal performance at the maximum power point 

at which it reaches Curzon efficiency. On the other hand, the cooling power of the Franchot 

refrigerator depends on the COP. Hence, the performance of the refrigerator is given with 

reference to the engine. Figure 4 shows the optimised response of the system at the maximum 

power point for three different design parameters: phase angle for plain cylinder and diameter 
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for both adiabatic and isothermal fin. The optimisation was performed manually until the 

maximum power is reached for the speed range 100-500rpm. Every single speed, phase angle 

and connecting rod diameter were changed manually with a step size of 50rpm, 1 degree and 

1mm, respectively. The step sizes are believed to be responsible for the roughness in the 

generated figures. 

 
Figure 4: Optimised response based on the maximum power for the Franchot engine using adiabatic and isothermal fins 
and bare Franchot engine controlled by the phase angle [27]. 

It is shown that both the isothermal and adiabatic fins are superior to the phase angle control 

method in terms of power and efficiency. The engine with fins works closer to the Curzon 

efficiency at the maximum power than the phase angle method. In addition to that, the power 

obtained is higher for the isothermalised engine than the bare engine optimised by varying the 

phase angle since the fins increase the heat transfer and heat transfer area. In contrast, the 

adjustment of the phase angle only optimises the power for a given heat transfer. 

It is also shown that optimal cylindrical fin size increases with speed. This is due to the 

nonlinear increase of the heat transfer in comparison to the swept volume. The fin diameter 

increases to compensate the increase in the heat required at higher speed by decreasing the 

hydraulic diameter. It is interesting that the diameter of the isothermal rod is smaller than that 

of the adiabatic rod, which eases sealing and reduces gas leakage. Most importantly, the bare 

engine produces much lower power to mass flow rate than the isothermalised engine, which 

increases regenerator losses. The power to mass flow rate of the isothermalised engine is 

fixed to a constant value by decreasing the swept volume with increasing speed. 
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The response of the novel refrigerator is shown in Figure 5 for three different design 

parameters: phase angle for plain cylinder and diameter for both adiabatic and isothermal fin. 

The response of the ideal isothermaliser that has ideal expansion and compression processes 

and the ideal adiabatic engine in which the heaters and coolers are isothermal and the 

expansion and compression are adiabatic is shown for comparison. Both the ideal isothermal 

and adiabatic refrigerators have the same swept volume as the isothermal finned design. The 

isothermal cycle refrigerator presents the maximum possible performance, which gives the 

Carnot COP. 
 

 
Figure 5: Response of the Franchot cycle refrigerator using adiabatic and isothermal fins and the bare Franchot refrigerator 
controlled by the phase angle. The response of the ideal refrigerator with isothermal expansion and with adiabatic 
expansion is shown for comparison. 

Finned refrigerators are superior to the phase angle optimised refrigerators as they can 

achieve higher cooling power at a given efficiency. However, the input power consumed by 

the refrigerator is higher for the isothermal fin than the bare and adiabatic finned refrigerator. 

That is expected since the fins increase the heat transfer area and thus the heat transfer. 

 

In comparison to the ideal isothermalisers, which have a COP of 14, the refrigerator with 

isothermal fins has slightly lower cooling power but has much lower COP. However, the 

ideal COP is unachievable. In this regard, the ideal adiabatic refrigerator has lower cooling 

power and efficiency than both the isothermal and adiabatic finned refrigerator at nearly the 

same COP. On average, the isothermal and adiabatic finned refrigerators have 2.5 and 1.9 

times the cooling power of the ideal adiabatic refrigerator at COP of 3.25 and 3.29, 

respectively. The isothermal and adiabatic finned refrigerator can have an average cooling 

power of 94% and 72% of the ideal refrigerator. Interestingly, the refrigerators consumed 

power is comparable to the generated power by the prime mover of the same geometry. 
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Hence, a duplex engine configuration where the prime mover powers the refrigerator would 

be suggested for near ambient cooling and medium temperature heat activation. 

 

For near ambient refrigeration, the isothermal finned engine has a COP range comparable to 

that of the VCC as shown in Figure 6. Thus, the polytropic cycle has greater potential 

compared to the adiabatic cycle for near ambient cold production. Increasing temperature 

ratio (ratio of ambient to load temperature) causes the prime mover to speed up hence 

eventually will reach a steady operation point. On the other hand, decreasing the load 

temperature increases the required power and hence the engine is anticipated to decelerate. 

The COP ratio which is the actual COP to Carnot COP reaches zero at load temperature equal 

to the ambient temperature although the COP is at the maximum. The reason for this is that 

the gas temperature in the polytropic engine needs to be different from the wall temperature 

for the heat transfer to take place while the temperature difference in the ideal machine is 

zero. The improvement in the power density of the polytropic cycle with simple 

isothermalisers can lead to price reduction and hence can make the Stirling cycle cooler more 

competitive with the VCC. 
 

 
Figure 6: Effect of increasing the temperature ratio of the load to ambient on the COP, COP ratio, input power and cooling 
power of the isothermal finned cooler at               rpm and             . 

Conclusion 

The machine with isothermalisers resulted in a higher power to mass flow rate in comparison 

to the bare cylinders for both the engine and refrigerator, which decreases regenerator losses, 

namely the adiabatic loss that depends on the mass flow rate and the pressure loss that 

depends on the volumetric flow rate. The simulations show that the Franchot engine can 

achieve the Curzon efficiency and has the potential to enhance the performance of Stirling 

engines without using costly and complex heat exchangers. Thus, the performance of the 

Stirling cycle refrigerators can be improved to be comparable to the conventional VCC in terms 

of the COP. The isothermalised refrigerator has higher power density than the adiabatic cycle 
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refrigerator. The isothermal and adiabatic fins achieve an average of 2.5 and 1.9 higher power 

density than the adiabatic engine, respectively. 

 

Larger than 90
o
 phase angle can be used with some attention to the regenerator losses due to the 

mass flow rate. However, the finned machine is superior to the adiabatic engine in terms of the 

power density and hence the regenerator losses. 
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Abstract 

An original tri-thermal hybrid thermochemical multifunctional cycle is proposed in this study: 

a sorption cycle based on a reversible endothermic/exothermic solid-gas reaction, whose 

originality lies in the integration of an expander on the gas line to provide mechanical work. 

This discontinuous cycle is able to recover medium grade waste heat between 150 and 250 °C 

during a charging phase, store energy in its intermediate phase, produce cold by the evaporation 

of the gas working fluid, and produce mechanical power by its expansion during its flow in the 

production phase. For this purpose, an experimental prototype with MnCl2(6/2) NH3 (solid-gas 

reactants) and a 1 kWe scroll expander, is developed at the laboratory. Primary results of this 

experimental prototype showed a validation of the hybrid thermochemical cycle concept, 

where cold and mechanical production are achieved continuously during the production phase. 

The dynamic behaviours of the components and their couplings are analysed in several 

thermodynamic conditions (thermodynamic equilibrium deviations (T-P) at the reactor, 

expander rotational speed and volumetric ratio, mechanical and cold productions…), and such 

experimental results lead to the validation of a numerical dynamic model to go further in the 

energetic, exergetic, and global performance optimization studies of the cycle (internal heat 

recovery of the exothermic reaction, cold temperature at the expander’s outlet, control on the 

coupling between the expander and the electrical generator…).  

Keywords: Hybrid thermochemical cycle, Heat waste recovery, Cogeneration, Cold and work 

production. 

Introduction 

Energy policies include important issues such as the use of low-temperature heat sources 

(renewable, industrial waste heat), the management of variabilities in both sources and 

demands, and a particular attention to the growing demand of electricity and cooling. In order 

to respond to this, thermochemical processes called 'hybrid' combining energy multigeneration 

and storage functions are being developed [1, 2]. As with any thermochemical cycle, it’s based 

on a reversible chemical reaction where one of its phases is endothermic and the second is 

exothermic: 

𝑆′ +  ∆ℎ𝑟 ⇄  𝑆 +  𝐺. 
In the forward direction of the reaction, known as the charging or decomposition phase, heat is 

supplied to the solid-gas compound S’ to decompose it into another poor solid-gas compound 

S. The desorbed gas, G, is condensed and stored at ambient conditions. In the backward 

direction of the reaction, the discharging or synthesis phase, the condensed reactive fluid 

evaporates to flow, react with S, and reform again S’ releasing the heat of the synthesis reaction. 

The endo or exothermic effects generated in these processes can be used to produce useful 

thermal effects: storage, cold and/or heat productions. The hybridization of such a cycle with 

a vapour power cycle by the integration of an expander between the reactor and the condenser 

or the evaporator of the thermochemical cycle allows adding to the thermal effects a mechanical 
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production effect (fig.1). Thus, this hybrid thermochemical cycle is a multifunctional cycle that 

valorises, beside the thermal energy, the mass flow of the reactive gas between the components. 

 
Figure 1- Simultaneous hybrid thermochemical cycle scheme 

The thermochemical solid/gas reaction as well as the liquid/vapour phase change process are 

mono-variant thermodynamic equilibria described by equilibrium lines in the Clausius 

Clapeyron diagram. In the diagrams, figures 2-4, the high temperature equilibrium (HTE) refers 

to the solid/gas reaction equilibrium, while the low temperature equilibrium (LTE) refers to the 

liquid/vapor equilibrium of the reactive fluid.  

Hybrid thermochemical cycles can be adapted to a wide range of heat sources temperatures, 

depending on the chosen reactants and their equilibria with respect to the operating conditions 

[3]. Several cycle modes that differ in the phase of production of useful effects are defined for 

this process: 

• The separate mode (fig.2), where mechanical production occurs during the charging 

phase and cold effect is produced during the discharging phase. In this mode, there is 

no storage of the mechanical work production.  

•  The simultaneous mode (fig.3), where mechanical and cold productions occur 

simultaneously during the discharging phase after being stored. 

• The combined mode (fig.4) combines the two previous modes and thus mechanical 

power is produced in both phases of the cycle. 

 

 
Figure 2- Separate mode of the cycle 

described in Clausius Clapeyron 
diagram 

 
Figure 3- Simultaneous mode of the 

cycle described in Clausius Clapeyron 
diagram 

 

 
Figure 4- Combined mode of the cycle 

described in Clausius Clapeyron 
diagram 

 

The application of the concept of hybridization to the solid/gas sorption cycle has only been in 

use since the 2010s. Despite being a relatively new area of study, the bibliography on these 

cycles is limited. An analysis of the available information reveals the following key points: 

• Previous studies on this topic have primarily focused on static thermodynamic analyses. 

They have shown the feasibility of using these cycles to recover heat at low 

temperatures, below 200°C [1, 4]. 

• The dynamic behaviour has been investigated in only one study. It highlighted the 

significant impact of the coupling between the expander and the reactor [5]. 
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• The proposed cycle architectures integrate two thermochemical reactors. Such 

processes avoid the management of liquid ammonia, but they imply delicate control of 

the process [6]. 

• The functionality of these systems in regards to storage has only been addressed in one 

study, which investigated the use of phase change material in a heat storage system 

combined with a thermochemical hybrid process [7]. 

• Only one experimental study has been conducted, but the hybridization concept was 

not achieved. The failure was attributed to an underestimate of the impact of heat 

transfer resistances, resulting in an undersized reactor [8].  

The main objectives of the research work on these hybrid cycles conducted at CNRS-PROMES 

since 2016 are to numerically and experimentally analyse the behaviour and performance of 

single-reactor hybrid thermochemical processes, which seem simpler to control.  

This paper provides a summary of the work conducted on the simultaneous mode. The main 

results of a thermodynamic analysis conducted in a static regime are presented, which was 

aimed at determining the potential of these cycles. Then, it summarizes the numerical dynamic 

analysis of the coupling between the expansion device and the thermochemical reactor. Finally, 

the paper describes the experimental prototype that has been designed to demonstrate the proof 

of concept, and presents the first results of its experimentation. 

Numerical analysis 

1- Steady state thermodynamic analysis 

The aim of this thermodynamic study, based on equilibrium conditions and energy calculations, 

is to explore the potential of hybrid thermochemical cycles with different reactive salts and to 

retrieve the most promising ones.  

This study is based on usual assumptions (steady-state process, heat losses and pressure drop 

inside components are neglected), detailed in a previous work [3]. Several temperature pinches 

are set for heat exchanges and for the deviation from chemical reaction equilibrium in the 

reactors. The cold source and ambient sink temperatures are set at Tcold = 0 °C, Tamb = 20 °C 

respectively, and a maximal hot source temperature is set at Thot,max = 250 °C, while the required 

heat source temperature Thot depends on the reactive salt. 

A review of 103 reactive ammoniated salts from a database by Touzain and from CNRS-

PROMES expertise has been carried out. For given operating conditions (Tamb and Tcold), the 

salts selected for the analysis are those that can be decomposed with a hot source temperature 

< Thot,max and that can be synthesized at a pressure lower than the evaporation pressure of the 

reactive fluid. For each of these salts, the required heat source temperature, the energy and 

exergy efficiencies of the cycle, and the mechanical work production ratio are calculated as 

follows: 

▪ energy efficiency: 

 

𝜂𝐼 =
|𝑊𝑚𝑒𝑐| + 𝑄𝑐𝑜𝑙𝑑

𝑄ℎ𝑜𝑡
 

 

where 𝑊𝑚𝑒𝑐 is the produced mechanical work, 𝑄𝑐𝑜𝑙𝑑 is the cold production and 𝑄ℎ𝑜𝑡 is the heat 

supplied by the hot source.  

▪ exergy efficiency: 

 

𝜂𝑒𝑥 =
|𝑊𝑚𝑒𝑐| + 𝐸𝑥𝑐𝑜𝑙𝑑

𝐸𝑥ℎ𝑜𝑡
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where 

𝐸𝑥𝑐𝑜𝑙𝑑 = 𝑄𝑐𝑜𝑙𝑑. (
𝑇𝑎𝑚𝑏

𝑇𝑐𝑜𝑙𝑑
− 1) 

and 

𝐸𝑥ℎ𝑜𝑡 = 𝑄ℎ𝑜𝑡. (1 −
𝑇𝑎𝑚𝑏

𝑇ℎ𝑜𝑡
) 

▪ ratio of mechanical power production: 

 

𝜏𝑤 =
|𝑊𝑚𝑒𝑐|

|𝑊𝑚𝑒𝑐| + 𝑄𝑐𝑜𝑙𝑑
 

 

Figure 5 presents the results for the most common salts. It shows that the required hot source 

temperature is always higher than 100 °C and that the energetic and exergetic efficiencies of 

the cycle are weakly dependent on the reactive salts, 𝜂𝐼  between 40 and 50 % and 𝜂𝑒𝑥 between 

20 and 30%. However, the ratio of mechanical production (w) is strongly dependent on the 

salt: this ratio increases with the requested hot source temperature of the cycle. This increase 

in the ratio of mechanical production is directly related to the equilibrium of the salt: each salt 

imposes its synthesis reaction pressure at the outlet of the expander leading to variable 

mechanical productions and thus variable mechanical production ratios. 

 
Figure 5- Energetic and exergetic analysis of the cycle as function of several salts and temperatures 

Among this set, two salts, CaCl2 and MnCl2, are particularly interesting for the first 

experimental investigations. Indeed, they are well known (used in commercial thermochemical 

processes) and stable; they have interesting thermodynamic performances; and their 

decomposition temperatures are reasonable for experimental developments in a research 

laboratory. 

2- Analysis of the coupling between the expander and the reactor 

In order to analyse the dynamic behaviour of hybrid thermochemical processes, numerical 

models were developed for each component (reactor, condenser, evaporator, and expander). In 

each component, internal variables (thermodynamic state of the reactive fluid, wall 

temperature, reaction advancement …) were considered uniform (nodal approach). The model 

of the reactor, the condenser and the evaporator are based on the 1st law of thermodynamics 

and mass balances, solid/gas reaction or liquid/vapour phase change kinetics, and the ideal gas 

assumption. As a first approach, the expander is supposed to operate in steady-state and its 

global performance is described by two parameters: the isentropic efficiency ηis and the 

volumetric efficiency ηv. Moreover, its exhaust pressure is fixed to simulate user control. The 

reactant pair of CaCl2.8/4NH3 is chosen and standard heat transfer coefficients have been 
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employed, with 100 W.m-2.K-1 for the heat exchange between the reactive bed and the wall, 

and 1000 W.m-2.K-1 for the heat exchange between the wall and heat transfer fluid. The hybrid 

cycle, composed of these models, was coded and simulated using the Python programming 

language (in an object-oriented method). 

The coupling between the expander and the reactor involves antagonistic behaviours of these 

components, and it is a key issue in the operation of thermochemical hybrid cycles [9]. In the 

discharging phase of the simultaneous mode, the generation of mechanical power by the 

expander (�̇�𝑚𝑒𝑐) is dependent on the pressure levels of admission (𝑃𝑒𝑥
𝑖𝑛) and exhaust (𝑃𝑒𝑥

𝑜𝑢𝑡), as 

well as the mass flow rate of ammonia (�̇�𝑔), expressed as: 

�̇�𝑚𝑒𝑐 = �̇�𝑔. 𝑔(𝑃𝑒𝑥
𝑖𝑛, 𝑷𝒆𝒙

𝒐𝒖𝒕) 

 

In the reactor, the advancement of the synthesis reaction (X) is a function of the exhaust 

pressure of the expander, and expressed as: 
𝑑𝑋(𝑡)

𝑑𝑡
= 𝐾𝑠. (1 − 𝑋(𝑡)). 𝑓(𝑇𝑅 − 𝑇𝑒𝑞(𝑷𝒆𝒙

𝒐𝒖𝒕(𝑡))) 

where, 𝑋(𝑡) is the advancement of the chemical reaction defined as the ratio of the number of 

moles of the synthetized salt (S’) to the total mole number of the salt at an instant t, expressed 

as: 

𝑋(𝑡) =
𝑛𝑠′(𝑡)

𝑛𝑠(𝑡) + 𝑛𝑠′(𝑡)
 

𝐾𝑠 is the kinetics constant coefficient of the synthesis reaction, TR is the reactive solid 

temperature and 𝑇𝑒𝑞 is the equilibrium temperature of the reactant at the pressure of the 

synthesis reaction i.e. the exhaust pressure of the expander. The numerical analysis of the 

discharging phase, for a fixed cold source temperature at 0 °C (evaporation pressure 𝑃𝑒𝑣𝑎𝑝 =

4.26 bar), shows a variation of the mean mechanical power as the outlet pressure at the 

expander varies (fig. 6). While having low pressure differences at the expander’s extremities, 

the mechanical work production is unfavourable. With varying the outlet pressure at the 

expander in this dynamic study between 0.5 and 3 bars, the mean mechanical power increases 

as the outlet pressure at the expander decreases below 3 bars until reaching an optimum of 

production at 1.5 bar. On the other side, while the pressure decreases more below 1.5 bars, the 

mean mechanical power decreases due to low mass flow rates of ammonia gas caused by a 

slow chemical reaction rate while getting closer to the equilibrium of the reaction (the pressure 

at the outlet of the expander approaches the equilibrium pressure of the synthesis reaction at 

the imposed temperature). From an energy point of view, as the exhaust pressure decreases, 

the mechanical energy increases even though the reaction's advancement slows down. This 

antagonistic behaviour between the expander and the reactor, leads to the definition of the 

optimum operating conditions for the discharging phase.  
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Figure 6- Evolution of the mean mechanical power as function of the exhaust expander’s pressure for fixed evaporating 
conditions 

Experimental analysis 

1- Prototype description 

A prototype of the simultaneous mode has been developed. This prototype schematized in 

figure 7 includes five main parts: the reactor, the expander coupled to an electric generator, an 

evaporator, a condenser and a throttling valve.  

 

Figure 7- Schematic description of the thermochemical hybrid prototype 

7 reactor tubes connected together and placed inside a cylindrical shell with baffle plates 

consist the whole thermochemical reactor. As noted in the static thermodynamic analysis, 

MnCl2 salt was selected for this prototype because it shows high thermodynamic performance, 

and is a well-known salt with good stability. Each reactor tube contains the reactive material 

composed of 0.69 kg of Expanded Natural Graphite (to enhance conductive transfer), 4.15 kg 

of MnCl2 charged with 3.35 kg of NH3. Mineral oil is used as a heat transfer fluid in the reactor 

shell. A thermo-regulator with a heat power of 14 kW operating between 20 and 180 °C is used 

to heat the reactor during the decomposition phase and to cool it during the synthesis one. The 

reversible thermochemical reaction that takes place in the reactor tubes is: 

𝑀𝑛𝐶𝑙2. 6𝑁𝐻3 + ∆ℎ𝑟 ⇄  𝑀𝑛𝐶𝑙2. 2𝑁𝐻3 +  4𝑁𝐻3   

The expander is a scroll type with a nominal mechanical power of 1 kW, volumetric expansion 

ratio of 3.5, a displacement of 14.5 cm3/Rev, maximum working pressure of 13.8 bars and a 
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nominal rotating speed of 3600 rpm bought from Airsquared. The expander is coupled through 

a magnetic coupling to a DC electrical generator which is electrically coupled to a rheostat (0 

≤ Relec ≤ 100 Ohm) to vary the electrical load of the electrical circuit.  

The evaporator is a stainless-steel plates heat exchanger with a total heat transfer area of 0.414 

m². The evaporation heat is supplied by glycolic water loop, between 0 °C and 25 °C. An 

electrical flow heater of 0.6 kW is connected to the outlet of the evaporator to control the 

superheating of the NH3 flow. 

The condenser is also a stainless-steel plates heat exchanger with a total heat transfer area of 

0.276 m². The condensation heat is evacuated by a pressurized water circuit circulating between 

10 °C and 30 °C. The throttling valve is an electronic one, coupled to a regulator in order to 

control the NH3 flow rate and maintain the superheating condition at the outlet of the evaporator 

for a fixed value. 

After a tuning phase (tightness control at high pressure and vacuum, evacuation of non-

condensable gases...), classical thermochemical cycles (bypassing the expander) are carried out 

to test and validate the thermochemical part of the prototype before integrating the expander. 

The hybrid cycle is then exploited. A first discharging phase was done in an open circuit 

electrical condition (at the generator), to validate the concept of the hybrid thermochemical 

cycle. Once validated, experiments with different electrical charges were done. The purpose of 

such electrical variations is to study the effect of the variation of the electrical charge on the 

behaviour of the expander and thus the whole performance of the cycle: cold production, 

mechanical power, and reaction kinetics. 

2- Charging phase: reproducibility and kinetics 

The first decomposition was done under the following operating conditions: the inlet 

temperature of the reactor heat transfer fluid was set at 180 °C and that of the condenser heat 

transfer fluid at 12 °C imposing a condensation pressure of 7 bars. This experiment was 

repeated twice under the same conditions for reproducibility tests. Then, the decomposition 

operating conditions were changed (by decreasing the reactor’s inlet temperature) to analyse 

the evolution of the reaction kinetics at different deviations from the thermodynamic 

equilibrium conditions. Figure 8 presents the advancement of the reaction for these 6 

decomposition phases. It is noteworthy that X equals 1 in the event of complete synthesis of 

the salt (MnCl2.6NH3), and X equals 0 in the event of total decomposition of the salt 

(MnCl2.2NH3). 

 

Figure 8- Evolution of the advancement of the decomposition reaction for different deviations from equilibrium  
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The first three decomposition reactions, carried out in the same conditions, leading to a 

temperature deviation from the equilibrium of the salt of 43 °C (∆𝑇𝑒𝑞 =  𝑇ℎ𝑡𝑓,𝑅,𝑖𝑛 − 𝑇𝑒𝑞(𝑃𝑅)), 

have identical evolution of the advancement demonstrating the reproducibility of the 

decomposition phase. For the three other decomposition reactions where the inlet temperature 

of the condenser heat transfer fluid remains at 12 °C and the deviation from the salt’s 

equilibrium decreases to ∆Teq,4 = 33 °C, ∆Teq,5 = 23 °C and ∆Teq,6 = 13 °C: as expected, the 

reaction’s rate becomes slower when the deviation from equilibrium decreases. For instance, 

at the time when the first three decompositions were finished (X→ 0 i.e., at 350 min), the 

reaction’s advancement was still at X = 0.1, X = 0.3 and X = 0.43 for the 4th, 5th and 6th 

reactions, respectively.  

3- Discharging phase with an open circuit electrical generator 

The heat transfer fluid inlet temperature at the evaporator is fixed at 10 °C, the reactor’s 

temperature setpoint is 35 °C and the expander freely rotates with no electrical load. The 

reaction’s advancement and cold production profiles of this experiment are shown in figure 9, 

and the expander’s rotational speed, pressure ratio, and mechanical production are shown in 

figure 10.  

Before the start of the synthesis phase, the solid reactant is kept at low temperature (35 °C) and 

therefore the pressure in the reactor is low. At the beginning of the synthesis phase (when the 

reactor is connected to the evaporator through the expander) the reactor sorbs a high flow of 

ammonia by maintaining a high-pressure difference with the evaporator which results in a peak 

of cold and mechanical power. Due to the exothermic synthesis reaction, the solid reactant rises 

in temperature and pressure, reducing the pressure difference across the expander and the 

sorbed ammonia flow rate is modulated so that the heat of reaction can be dissipated by the 

coolant. A change in the slope of the advancement and an increase in the cold production are 

noted after 50 minutes. The cold power production increased from 1.5 kW to 2.5 kW (as 

average values) and the saturation temperature of ammonia decreased to -5 °C. During the 

whole discharging phase, the expander is rotating and performing mechanical work (figure 10). 

In the first 50 mins, the expander rotates freely at 450 rpm producing around 4 W of mechanical 

work. After, the expander accelerates to around 800 rpm and produces around 10 W of 

mechanical power. This acceleration in the reaction that favours the production at the second 

period of the synthesis reaction is referred, as a first hypothesis, to a variable thermal exchange 

at the level of the reactor where the heat transfer fluid evacuates weakly – but increasingly – 

the heat of the synthesis reaction. 

 

Figure 9- Cold power, cold temperature and advancement of the chemical reaction over time during the discharging phase 
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Figure 10- Expander's rotational speed, mechanical power and pressure ratio over time during the whole synthesis phase 

4- Discharging phase experiments with fixed evaporating pressure and variable electrical 

charges 

For these experiments, the evaporator’s heat transfer fluid inlet temperature is fixed at 10 °C, 

and the reactor’s setpoint is 35 °C. During the first experiment, the expander was blocked 

mechanically. An electrical resistor of 7 Ω is coupled to the electrical generator in the second 

experiment, 57 Ω in the third, 100 Ω in the fourth, and an infinity resistor (open circuit) in the 

fifth experiment. The advancement of the synthesis reaction for each experiment is plotted in 

figure 11. An inflection point in the curves of advancement is noted where the slope of the 

advancement profiles increases after 50 minutes. Behind this inflection point, all the 

advancement curves are bounded by the curves of the blocked and the open circuit conditions, 

where the faster advancement corresponds to an open circuit condition and the lowest to a 

blocked expander. This acceleration appears also in the production of cold at the level of the 

evaporator, where the similar profiles of cold production increase from 1.5 kW to 2.5 kW as 

shown in figure 12, and no significant effect of the electrical charge is shown by these 

experiments on the cold production for a maximum difference of 0.5 kW between the 

boundaries of the cold powers. 

 
Figure 11- Advancement of the reactions 

 

 
Figure 12- Cold production during the discharging phase 

At the level of the expander, during the second period of the discharging phase, the volumetric 

flowrate of ammonia scores the highest value of V5 = 2.75 m3/hr for the experiment done in 

open circuit electrical conditions at the generator (figure 13). While the resistance value 
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decreases, the volumetric flowrate decreases where a maximum of 2.5, 2.3, 2.25 m3/hr are 

achieved for experiments with electrical resistance of 100, 57 and 7 Ω respectively. The 

blocked expander experiment achieved a maximum of 1.8 m3/hr during the second period of 

the discharging phase. This high-volume flow rate of ammonia that circulates in the expander 

when it is blocked reveals a strong internal leakage flow in the expander which limits 

significantly the performance of the latter in the operating conditions of these experiments (low 

speed of rotation compared to the nominal). Beside the volumetric flowrate results, the pressure 

ratio at the expander’s extremities is also evaluated by the change in electrical resistance at the 

generator’s level. The minimum pressure ratio Ʈp is obtained in experiment 5 where the 

generator is in an open circuit condition. Decreasing the value of the electrical resistance results 

in higher pressure ratios as shown in figure 14. For instance, Ʈp increases from 1.25 to 1.3, 

1.35, and 1.6 – as maximum values – while decreasing the resistance value from infinity to 

100, 57, and 7 Ω respectively. Similarly, Ʈp increases to 1.8 when the expander is blocked. This 

weak pressure difference at the extremities of the expander results from the mass coupling 

between the expander and the reactor as already discussed in the part 2 of this document.  

 
Figure 13 - Ammonia volumetric flowrate at the 

expander's inlet 

 
Figure 14- Pressure ratio at the expander's extremities 

Furthermore, the dynamic rotational speed and the torque force are also affected by the 

variation of the electrical resistance. While the expander was freely rotating (open circuit 

conditions), the rotational speed 𝟂 reached a maximum of 800 tr/min. Once decreasing the 

electrical charge to 100, 57 and 7 Ω, the maximum rotational speed decreases to 600, 500 and 

300 tr/min respectively, and the blocked expander has no rotation. Contrary, the maximum 

torque force 𝝩 in the same period of the reaction is at its maximum of 1.2 N.m for a blocked 

expander and decreases to 0.6, 0.3, 0.2 and 0.1 N.m when increasing the electrical resistance 

to 7 Ω, 57 Ω, 100 Ω and infinity. These evolutions of the torque forces and rotational speeds 

at the expander, which vary inversely while changing the electrical resistance, affect the 

production of mechanical work and thus the expander’s efficiency (exp) – obtained between 

0.15 and 0.2 – that are calculated as follows: 

�̇�𝑚𝑒𝑐 =
2𝜋. 𝛚. 𝝩

60
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𝜂𝑒𝑥𝑝 =
�̇�𝑚𝑒𝑐

�̇�𝑔. (ℎ𝑒𝑥
𝑖𝑛 − ℎ𝑒𝑥

𝑜𝑢𝑡,𝑖𝑠)
 

where, �̇�𝑚𝑒𝑐 is the mechanical power of the expander in W, 𝟂 is the rotational speed in tr/min, 

𝝩 is the torque force in N.m, 𝜂𝑒𝑥𝑝 is the efficiency of the expander, �̇�𝑔 is the mass flowrate of 

ammonia in kg/s, ℎ𝑒𝑥
𝑖𝑛  and ℎ𝑒𝑥

𝑜𝑢𝑡,𝑖𝑠 are the inlet enthalpy and outlet isentropic enthalpy at the 

extremities of the expander respectively in J/kg. 

 
Figure 15- Expander rotational speed 

 

 
Figure 16- Torque force applied by the generator on the 

expander 

 

 
Figure 17- Produced mechanical work during the discharging 

phases 

 
Figure 18- Dynamic efficiencies of the expander 

 

During these experiments, the effects of the electrical resistances are shown on the behaviour 

of the expander. These effects on the operating conditions of the expander are summarized in 

table 1. The analysis of these results shows a concave evolution of the maximum mechanical 

power with the evolution of the electrical resistance. An optimum is obtained for these 

experiments with a load between 57 Ohm and the blocked expander. 
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Table 1- Maximum rotational speed, torques and mechanical power of the expander for different electrical resistances 

Experiment Electrical 

resistance (Ω) 

𝟂max 
(rev/min) 

𝝩max (N.m) �̇�𝒎𝒂𝒙 (W) 

1 - 0 1.2 0 

2 7 350 0.6 22 

3 57 500 0.3 16 

4 100 600 0.25 15 

5 ∞ 800 0.1 10 

 

Conclusions 

A hybrid thermochemical concept to valorise low or mid-grade heat in cold and mechanical power 

is analysed numerically and developed experimentally. A prototype involving MnCl2NH3(6/2) 

ammoniated salts and a 1 kWe scroll expander was mounted. First, the reproducibility and kinetics 

of the cycles were checked for several operating conditions of the reactor. In a second step, the 

hybrid process with the expander was exploited. A first cycle was done with no electrical charges 

at the generator’s level to validate the concept of the integration of an expander in a 

thermochemical process. Other experiments were followed where the evaporating conditions were 

fixed and the electrical resistance at the generator was varied. These experiments showed the effect 

of the electrical charge on the performance of the expander: by the increase of the electrical charge 

(electrical potential difference at the generator), the expander rotates faster with lower coupled 

torque forces applied by the generator. These variations in the behaviour of the expander with the 

generator affected the mechanical power production and the efficiency of the expander. A 

presence of an important internal leakage in the expander is observed, reducing the performance 

of that latter. Furthermore, the synthesis reaction has shown an acceleration, which could be 

attributed to a possible hypothesis that suggests a weak and gradually improving heat evacuation 

performance at the reactor level. 

More experiments are in progress to better understand the coupling between the elements of the 

hybrid thermochemical cycle. Several experimental protocols are to be done, such as fixing the 

electrical resistance at the generator and varying the evaporating pressure to analyse the behaviour 

of the expander in such conditions. The numerical dynamic model of the cycle is set to be validated 

with the experimental results to head finally towards sensibility studies, energetic and exergetic 

studies and analysis of the components irreversibilities, along with a global performance 

optimization of the cycle. 
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Abstract  

The continuous growth of atmospheric CO2 concentration has motivated widespread research 

of negative emission technologies (NETs)
[1-3]

. Direct air capture (DAC) is a promising NET 

but remains under paced in deployment efforts because of high energy demand and cost
[4-6]

. 

Creative implementations are required to lower the barrier to economic applicability of DAC 

systems
[7]

. To this end, this work presents an innovative strategy to capture CO2 from air 

using a rotary adsorber and achieve regeneration with steam purge. The rotary-wheel-shaped 

amine-modified structured adsorbents are used to reduce the pressure drop and enhance the 

gas diffusion. A mathematical model that can describe the heat and mass transfer during 

temperature swing adsorption processes were developed. The CO2 and H2O capacities and 

kinetics of adsorbents were evaluated in details. By comparing the simulation results to 

experimental data from prototype tests, a desirable accuracy of ±20% was observed. We 

elucidated the rotary adsorption operation law by simulating and analyzing the parameter 

distribution on the wheel outlet surface as well as inside the gas flow microchannels. The 

effects of both structural parameters (wheel thickness, regeneration section area ratio, 

adsorbent and substrate linear density) and operation parameters (regeneration temperature, 

wheel rotation speed, process air flow rate, and steam flow rate) were evaluated. On this 

basis, comprehensive optimization of multiple parameters was carried out using the 

orthogonal test method to identify the optimal conditions. Results show that the rotary 

adsorber presents a high CO2 capture rate of 40–80% and high productivity of 4.2–12.3 

kg/m3/h (or 0.15–0.31 g/g/day). By separating the steam in the regeneration gas using the 

condensation, CO2 with purity of 75–97% can be generated. The adsorption of H2O during 

steam purge can release heat for CO2 regeneration, which helps to reduce the process energy 

consumption to 1.8–2.5 kWh/kg. The rotary adsorber offers an efficient CO2 direct air 

capture process while also boasting a compact design that achieves continuous operation in a 

single vessel. 

Keywords: structured adsorbent, direct air capture, temperature swing adsorption, steam 

purge regeneration, amine. 
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Abstract

Water-based adsorption thermal battery, owing to its advantages of high energy storage
density, negligible thermal losses and realizable humidity control, could provide huge
possibility in widespread applications of energy saving and low grade heat energy utilization,
especially for space heating. A three-dimensional computational model for predicting the
overall thermal output performances of a packed-bed adsorption thermal battery was built and
validated. By using this model, the influences of structural parameters were firstly investigated
for adsorbent bed optimization, and then the effects of the operating parameters on the system
performance were evaluated. A strategy of tuning airflow rate for output performance
regulation was investigated to realize stable thermal output with satisfactory output
temperature and heating power. The simulation results indicated that the effective heating time
is 404 min with a discharging threshold temperature of 25 oC, and the heating power maintains
as 19.5 kW m-3 for the stable output stage, demonstrating its possibility to achieve stable thermal
output in the application of space heating. The output RH change between 35% and 40% along
the effective discharging process, which also enables a controllable humidity management in the
application of direct space heating considering human thermal comfort.
Keywords: Adsorbent packed bed, Adsorption thermal battery, Numerical simulation,
Thermal energy storage

Introduction
Harnessing moisture in the air, which remains as a huge and unexploited source, has
becoming popular in significant fields of atmospheric water harvesting to resolve water
shortage in arid regions, and dehumidification for living comfort in humid areas [1, 2]. The
air humidity assisted adsorption system, based on the reversible reaction between the
adsorbent and water as adsorbate, has attracted a lot of interests in recent years [3-5]. Since
the adsorption process is accompanied by releasing heat while the desorption process is on
the contrary, this intrinsic characteristic of the system has been discovered to provide thermal
effect in adsorption thermal battery (ATB) [6]. In the discharging process, the adsorption
reaction is exothermic, with the released adsorption heat for thermal demand. While during
the charging process, the adsorbent is heated up by an external heat source, triggering a
reverse reaction in which the adsorbate is desorbed from the adsorbent and the heat is stored
in the adsorbent as a form of chemical energy [7]. Owing to multifarious advantages of high
energy storage density, negligible thermal losses and realizable humidity control, ATB could
provide huge possibility in widespread applications of energy saving and low grade heat
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energy utilization, especially for space heating, which accounts for a large part of the total
energy consumption in modern society [8].
From the perspective of thermal energy utilization, one of the most significant issues to be
tackled with is thermal energy upgrading. Therefore, most studies concentrate on lifting and
stabilizing the output temperature [9-11]. By alternating suitable adsorption materials and
system cycles, for example, a 1.3 kWh ATS prototype with a strategy of “dual reactor”,
adopting activated alumina/LiCl in a main reactor and SrBr2·H2O in a regulatory reactor, is
able to heat up the air from 20 oC to 38.1 oC for over 5 h [12]. What is overlooked by recent
study is that, the heating power of open ATB systems, which is regarded as a more significant
performance indicator of space heating, is hard to achieve the optimal value if only the output
temperature is emphasized [13]. To date, research on this aspect is desirable but remains a
great challenge to investigate. In addition, open ATB systems based on water
harvesting/releasing processes assisted with air humidity holds the potential of realizing
synchronous management of temperature and humidity for satisfactory thermal comfort.
Herein, a numerical simulation of the packed-bed reactor was performed by using COMSOL
Multiphysics. The simulation model is based on an experimental setup of a constructed ATB
reactor, the working principle of which will be introduced in the simulation method. The
transient flow and heat and mass transfer performances within the reactor were studied. The
Adsorption processes of ATB systems working in the open cycle and the loop cycle were
numerically investigated here to show different characteristics. And the thermal output
performance of the ATB reactor was further demonstrated under various working conditions,
in terms of output temperature and relative humidity (RH), heating power, thermal
discharging efficiency. The strategy of tuning airflow rate for output performance regulation
was investigated to realize stable thermal output with satisfactory output temperature and
heating power.

Figure 1. The geometry model of the adsorbent bed unit and simulated 3D illustration. (a)
The 3D schematic diagram of the adsorption process in the ATB reactor. (b) The working
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principle of open-cycle and loop-cycle adsorption processes applied in the computational
model. (c) Schematic diagram of the flow chart.

Simulation methods
Model description
The geometry model of the ATB reactor is presented in Figure 1a. Two operation cycles,
including the open cycle and the loop cycle, were applied in the simulation models (shown in
Figure 1b). For ATB systems working in open cycle, the input air is introduced into the inlet
of the ATB reactor, and the same airflow from the outlet of the reactor is used as the output to
evaluate the thermal performance of ATB. For ATB working in loop cycle, two flows,
namely the fresh airflow and loop airflow, exchange moisture and heat through the total heat
exchanger (HEx) during the adsorption processes. One distinguished characteristic of loop
cycle is that, two gradients, the water vapor concentration gradient and temperature gradient,
occur in the region of the heat and mass exchanger. The outlet air of the fresh airflow side is
denoted as output and used as the supplied air.
To simplify the analysis, a representative ATB reactor model was constructed primarily
based on the following simplifications and assumptions: (1) the adsorbent particles are
randomly distributed inside the reactor bed, and the porosity is spatially uniform; (2) the
laminar flow model is adopted in the model; (3) the boussinessq’s hypothesis is applied in
solving the air’s mass and momentum equation, while the water vapor is regarded as an ideal
gas; (4) the boundary condition of ATB bed wall is considered as heat convection with the
ambient environment; (5) the inlet air condition is uniform in space, but may vary with time;
(6) the HEx is lacked in the model considering the complexity, replaced by a total exchange
efficiency of 0.6, thus the outlet air parameter multiplied by which is used as the input
parameter of inlet air of the reactor, and the exchanged heat is used as thermal output
calculation. The calculation method of the computational model is schematically shown in
Figure 1c.

Table 1. Thermophysical properties and operating parameters used in the simulation [14].

Parameter Value Units

Specific heat capacity of dry composite adsorbent, cp,cm 880 J kg-1 K-1

Specific heat capacity of air at 20 oC and 70%RH, cp,a 1013 J kg-1 K-1

Density of dry composite adsorbent, ρcm 1162 kg m-3

Density of air, ρa 1.2 kg m-3

Viscosity of air, μa 1.8e-5 kg m-1 s-1

Thermal conductivity of dry composite adsorbent, kcm 0.2 W m-1 K-1

Thermal conductivity of air, ka 0.0256 W m-1 K-1

Porosity of the dry composite adsorbent, εs 0.77 1
Porosity of the packed bed, εb 0.38 1
Volume of the adsorbent reactor, Vr 0.00972 m3

vapor molecular diffusivity in the air, Dvap 2.491e-5 m2 s-1

Molecular weight of water, Mw 18 g mol-1
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Airflow rate in the open-cycle reactor, Qa 4, 6, 8, 10 m s-1

Fresh airflow rate in the loop-cycle reactor, QF 6 m s-1

Loop airflow rate in the loop-cycle reactor, QL 4, 6, 8, 10 m s-1

Inlet air temperature, Ti 15, 20, 25 oC
Inlet air relative humidity, RHi 30, 50, 70 %
Heat convection coefficient, ha 5 W m-2 K-1

Thermal conductivity of insulation cotton, kct 0.034 W m-1 K-1

Heat and mass transfer during sorption process
In general, the water absorption process of the composite adsorbent can be divided into three
stages: i) external diffusion, the gaseous water molecules transport from the free space of air
to the external surface of the adsorbent; ii) internal diffusion, the water molecules diffuse in
the pores of the composite adsorbent and reach the surface of adsorption sites; and iii)
adsorption, water molecules are adsorbed by physical adsorption of SG and chemical
adsorption (or absorption) of hygroscopic salt until the adsorption equilibrium is reached, and
the water molecules will change from a free state closer to the gas phase to an adsorbed state
closer to the liquid phase. The governing equations of mass transfer and mass balance applied
to air channel and packed-bed reactor are expressed as follows [15]:
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The above equations represent the overall mass balance and water vapor mass balance,
respectively. ρa, c and ρs is the density of air, concentration of water vapor and the density of
composite adsorbent, respectively. u is the air velocity, Dvap is the diffusion coefficient of
water vapor, εb is the porosity of the ATB packed-bed reactor, w is the water uptake.
Adsorption heat as the reaction enthalpy is generated during the water adsorption process,
which is used to heat up the airflow. Equation describes the heat transfer and heat balance in
the air channel and packed-bed reactor,
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where ρa , cp,a , ka are the density (kg m−3 ), heat capacity (J kg-1 K-1) and thermal conductivity
(W m-1 K-1) of the air, ρcm , cp,cm , and kcm are the local density (kg m-3), heat capacity (J kg-1
K-1 ) and thermal conductivity (W m-1 K-1) of the composite adsorbent, respectively. Q
represents the heat released by the composite layer during adsorption process. hads means the
adsorption enthalpy (J mol-1 ). The terms from left to right on the left side of the equation are
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the total heat capacity, heat convection, thermal conductivity and the released adsorption heat,
respectively.
Sorption kinetics reveals the dynamic behaviors of sorption process and indicates the
instantaneous adsorption/desorption rates. The linear driving force (LDF) model, established
upon the intramolecular transport phenomenon for spherical particles, has been recognized as
a well-fitted theoretical method for the assessment of kinetics of the adsorbents in packed-bed
reactors [16-18]. In this model, it is assumed that the all adsorption sites always reach
equilibrium at local temperatures and pressures. The LDF model was adopted to describe the
sorption kinetics in this study. The transient adsorption/desorption rate is given as:
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Here, kLDF represents the coefficient of LDF model (s-1), which is acquired by fitting the
dynamic water uptake curves of the adsorbent. weq is the equilibrium water uptake of the
sorbent (g g-1), determined by the adsorption isotherm as a function of adsorption temperature
T, and vapor pressure pv.
Performance index definitions
The sorption and thermodynamics properties of the composite adsorbents are tested using
ASAP and STA. The total volume of the ATB reactor �� is calculated to be 0.0126 m3. The
adsorbents are considered to be fully regenerated before adsorption. The referenced
adsorption temperature is set to be 20 oC. The total mass of the sorbent �� is 7 kg. The
packing density of the sorbent bed �� is 720 kg m-3. The water uptake � [gwater gsorbent-1] and
adsorption enthalpy ∆� [J gwater-1] of the adsorbents are obtained through experimental
measurements using ASAP and STA. The theoretical energy storage density is thus
calculated as:

���� = ���� ∙ �� ∙ ∆� [kWh m-3] (8)
The output heating power, is another significant indicator to understand the behavior of ATB
systems, which can be obtained by the equation below:

�� = �� �∙(��,�∙��−��,�∙��)
��

[kW m-3] (9)

Discharging efficiency, denoting the effective thermal delivery performance of the ATB
device, is calculated as the ratio between the useful heat output and the maximum output:

�� = ��
����

= �� �∙(��,�∙��−��,�∙��)���
��∙�∙����∙∆�

[%]. (10)
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Figure 2. A representative numerical result of the computational model, showing (a) the airflow
velocity, (b) temperature distribution and (c) water vapor concentration within the ATB reactor
in the 10th min of the adsorption process. The results indicated a good uniformity of heat and
mass transfer within the adsorbent bed.

Grid independence and Model validation
Figure 2 shows a representative numerical result of the computational model, which indicates
the interior flow field of the ATB reactor. The influences of grid size on the simulation
results, selecting the temperature and RH variation at the outlet of the air channel as the
examples, were displayed in Figure 3a. The mesh density was refined from 10,000 to 200,000
elements respectively in each case. The results indicated that the transient temperature and
RH were hardly invariant to the mesh size when the mesh density was refined from 50,000 to
200,000 elements, which demonstrated the grid independence. Therefore, the number of
mesh cell is set to be 50,000 and the time step is selected as 1 min to ensure the reliability of
the simulation investigation.
The modeling results are compared with the corresponding experimental results to validate
the present model. Validation adsorption condition were performed under the same
experimental working condition climates (15–25 ◦C & 30–70% RH), with the structural
parameters listed in Table 1. A large number of conditions were compared and it was found
that the errors between the experiments and modeling were all acceptable. Thus, one
representative conditions (20 ◦C and 70% RH) was compared and shown in Figure 3b. The
simulated results of outlet air temperature generally agree well with the experimental data.
The discrepancy during the adsorption process could mainly attribute to the less accurate
adsorption heat and sorption kinetics adopted in the simulation model, which is hard to
determine through experiment.
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Figure 3. Grid dependence investigation for simulation analysis illustrating the effect of grid
size on the simulation output results of the ATB reactor, with (a) the output temperature and
(b) output RH results shown. Comparison between the simulated and experimental results
under the inlet condition of 20 oC and 70 %RH, with (c) the inlet and outlet temperature, and
(d) inlet and outlet RH shown .

Discussion and Results
In the following section, a series of parametric studies were analyzed to show the influence of
structural and operating parameters on the thermal output performances. The main
thermophysical properties and operating parameters used in the modeling are listed in Table 1.
Effects of reactor geometry
To study the influence of adsorbent bed structure on the system performance, three structural
parameters, including the reactor thickness, the reactor height, and the aspect ratio L/H
calculated from the ratio of the reactor thickness to the reactor height, were investigated for
adsorbent bed structure optimization. In the structural parametric studies, the air temperature and
RH at the inlet of the reactor are 20 ◦C and 70%, respectively. The influences of the reactor
geometry on the evolution of output temperature, output RH, instantaneous heating power, and
discharging efficiency in the open-cycle model are presented in Figure 4. The simulation results
indicated that the thermal output performances of the ATB reactor is greatly dependent on the
reactor thickness as well as the reactor height. With a larger height of adsorbent bed, the water
uptake capacity is larger, and thus a greater adsorption heat is released, leading to an increased
output temperature and heating power. The same reason of larger water capture amount causes a
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lower output RH. However, the discharging efficiency (denoted as the blue line in Figure 4) of
ATB reactor during the adsorption process is relatively low. When thinner adsorbent bed is
applied, the water uptake capacity by the adsorbent decreases, causing less released adsorption
heat, which results in a reduced output temperature and heating power. The discharging
efficiency is larger in this case due to the faster adsorption process. To achieve the optimal
thermal output performance of the ATB reactor considering both the heating power and the
discharging efficiency, a bed thickness of 0.048 m and a reactor height of 0.38 m was selected in
the following simulation and investigation.

Figure 4. The influence of the geometry parameter L/H (the ratio of the thickness of the
adsorbent packed bed and the height of the reactor) upon the output thermal performances: (a)
the outlet temperature, (b) outlet RH, (c) heating power, and (d) discharging efficiency of the
ATB reactor.

Effects of inlet air temperature and RH
Figure 5a depicts the impact of inlet air temperature on the heat and mass transfer performances
of the ATB reactor. By varying the inlet air temperature with the same RH, an increase of
temperature lift between the outlet and inlet temperature was obtained, with 14.77 oC, 17.02 oC,
and 18.33 oC for the cases of 15 oC, 20 oC, and 25 oC inlet temperature. The reason is that the
inlet air with a higher temperature and constant RH contains a larger amount of moisture, a
greater water vapor concentration gradient between the air and adsorbent caused by which
would lead to a faster adsorption kinetics in the adsorbent bed. Thus, a larger heating power and
discharging efficiency is also achieved. The effect of inlet air RH on the output thermal
performances of the ATB reactor shares some similarities with the influence of inlet air
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temperature, but greater differences are observed in those cases with different RH. As expected,
by increasing the inlet air RH, a larger output temperature, output RH, heating power and
discharging efficiency is achieved. The temperature lift between the outlet and inlet temperature
was obtained, with 8.64 oC, 13.36 oC, and 17.02 oC for the cases of 30%RH, 50%RH and
70%RH, respectively. The difference of temperature lift caused by various RH is larger than that
cases with different inlet temperature. The maximum discharging efficiency after 600 min of
adsorption processes in these three cases is 43.01%, 62.16%, and 85.95%. This can be explained
by two reasons. The inlet air with a higher RH and constant temperature contains a larger
amount of moisture, a greater water vapor concentration gradient between the air and adsorbent
caused by which would lead to a faster adsorption kinetics in the adsorbent bed. In addition, at
higher RH, the equilibrium water uptake of the adsorbent is larger, which determines the
maximum capacity of moisture capture of the adsorbent. Both factors will contribute to a larger
adsorption heat to release. This simulation results generally agree well with the results obtained
in previous studies [19, 20].

Figure 5. The influence of the inlet temperature upon the output thermal performances: (a) the
outlet temperature and outlet RH, (b) heating power, and (c) discharging efficiency of the ATB
reactor. The influence of the inlet RH upon the output thermal performances: (d) the outlet
temperature and outlet RH, (e) heating power, and (f) discharging efficiency of the ATB reactor.

Effects of airflow rate
The airflow rate, as a crucial parameter determining the heat and mass transfer coefficients and
influencing the thermal output performances of the ATB reactor, has been widely investigated in
previous studies. Figure 6a evaluates the effects of airflow rate in the open-cycle reactor on the
output temperature, output RH, heating power and the discharging efficiency. By increasing the
airflow rate, a higher velocity could contribute to a smaller mass transfer resistance and faster
adsorption kinetics. The results illustrated that, increasing the airflow rate from 4 m s-1 to 10 m s-
1 leads to an increase in output RH and heating power, and a larger discharging efficiency. A
maximum heating power of 879.8 W was obtained when applying an airflow rate of 10 m s-1 in
the simulation model. However, a drop of temperature lift accompanies the increase of heating
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power in the case of high airflow rate. The reason is that the air with high flow rate takes away
more adsorption heat, while the adsorption kinetics is not rapid enough to provide sufficient
amount of heat. This phenomenon was also observed in many previous research [21, 22]. The
disharmony between the change of output temperature and heating power is not expected if to be
used in the space heating applications.
In this study, the loop-cycle ATB reactor was proposed to solve this problem. The effects of
airflow rate on the overall thermal output performances of the loop-cycle model were
investigated. In Figure 6b, it is indicated that as the rise of loop airflow rate from 4 m s-1 to 10 m
s-1, the output temperature increases, with a maximum temperature lift between outlet and inlet
air of 6.30 oC in the case of 4 m s-1 airflow rate improved to 11.19 oC in the case of 10 m s-1
airflow rate. The heating power also increases along the rise of loop airflow rate attributing to
the larger temperature lift. The increase of loop airflow rate accelerate the adsorption kinetics in
the adsorbent reactor, thus leading to an enhancement of discharging efficiency. These results
have illustrated that, by applying the loop-cycle strategy in the ATB system, it is possible to
realize satisfactory thermal delivery with a positive feedback between output temperature and
heating power. After the 600-min adsorption processes, the maximum discharging efficiency of
the loop-cycle reactor with 10 m s-1 airflow rate is 50.45%, which is one third less than that of
the open-cycle reactor under the same airflow rate (approximately 80%). It should be noted that,
the reaction kinetics in the loop-cycle reactor is smaller due to the existing heat and mass
exchange efficiency of the HEx, which could hold the potential of supplying long-term
discharging heat with stable thermal output.

Figure 6. The influence of the fresh air velocity in the open-cycle reactor upon the output
thermal performances: (a) the outlet temperature and outlet RH, (b) heating power, and (c)
discharging efficiency of the ATB reactor. The influence of the loop air velocity in the loop-
cycle reactor upon the output thermal performances: (d) the outlet temperature and outlet RH, (e)
heating power, and (f) discharging efficiency of the ATB reactor.

Stable output strategy
To achieve stable thermal output, the overall performances of the loop-cycle ATB reactor were
further studied by adopting different tuning strategies (shown in Figure 7). The step-by-step
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strategy is to maintain the loop airflow rate as 4 m s-1 in the first 180 min of adsorption, and then
successively increase the air velocity to 6 m s-1, 8 m s-1, and 10 m s-1 in the 180th min, 320thmin,
and 460th min. Test 1, Test 2, Test 3, Test 4, and Test 5 applied the method of gradual rate
increase, with different starting times and various slopes used in each rate range, as denoted in
Figure 7. Test 1 adopted the slowest slope of airflow rate, while the increase speed of airflow
rate in Test 2, Test 3 and Test 4 was the largest but the starting time of rate increase was
different in these cases. Compared with the case of Test 4, Test 5 shared a same starting time in
the 180th min, but had a relatively small slope in the range of 4-6 m s-1. The investigated method
is for finding possible management strategies to achieve stable thermal output with high
discharging temperature and large heating power.

Figure 7. Strategies for stable thermal output by tuning loop airflow rate in the loop-cycle
simulation model.

A comparison of output thermal performances of the loop-cycle ATB reactor model under
different discharging threshold temperatures was presented in Figure 8. For the step-by step case,
as the loop airflow rate increases in each rate step, the adsorption kinetics in the adsorbent bed
speeds up, resulting in an increase in water uptake and a larger adsorption heat to release. In
addition, due to an increased loop airflow rate, more moisture is exchanged from the fresh air to
the loop air, and more heat is exchanged from the loop air to the fresh air through the HEx. With
a constant fresh airflow rate, the discharging temperature and heating power obtained at the
outlet can be improved. As expected, a sudden increase of output temperature and heating power
like the shape of zigzag was observed in each rate step.
For the case of Test 1, the discharging temperature maintains as approximately 26 oC and the
heating power is above 220 W for 161 min, which is mainly attributed to a slow rate slope. As
the rate slope increases, the adsorption rate is accelerated, leading to the enhancement in output
temperature and heating power. With a discharging threshold temperature of 27 oC, the effective
heating time (defined as the total discharging duration time when the output temperature is
above the discharging threshold temperature) in Test 2 is 172 min. With a discharging threshold
temperature of 26 oC, the effective heating time in Test 2 and Test 3 is 250 min and 276 min,
respectively.
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For the case of Test 4 and Test 5, the results indicated a distinguished platform in the profiles of
output temperature, output RH and heating power. A larger discharging temperature and heating
power was obtained in Test 4 due to a larger slope of airflow rate in the 4-6 m s-1 range
compared with that of Test 5. Taking 25 oC as the discharging threshold temperature, the
effective heating time in Test 4 and Test 5 is 380 min and 404 min, respectively. For the stable
output stage, the heating power density is 19.5 kW m-3 for as long as 252 min. The output RH
change between 35% and 40% along the effective discharging process, which also enables a
controllable humidity management in the application of direct space heating considering human
thermal comfort.

Figure 8. The output thermal performances of the loop-cycle simulation model adopting
different loop air velocity to achieve stable output temperature and heating power : (a) outlet
temperature, (b) outlet RH, (c) heating power, and (d) discharging efficiency.

Conclusions
A three-dimensional computational model for predicting the overall thermal output
performances of a packed-bed adsorption thermal battery was built and validated. By using this
model, the influences of structural parameters were firstly investigated for adsorbent bed
optimization, and then the effects of the operating parameters on the system performance were
evaluated. A possible strategy for stable thermal output by tuning loop airflow rate based on the
simulation results is thus proposed in this study.
In summary, the following conclusions can be drawn:
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(1) The reactor height and adsorbent bed thickness both impose great influence on the thermal
output performances of the ATB reactor. A larger reactor height and bigger bed thickness will
induce greater water capture capacity of the adsorbent, contributing to a larger output
temperature and heating power but an insufficient discharging efficiency.
(2) The parametric study of the effect of inlet air temperature, RH and airflow rate reveals the
various characteristics of the ATB reactor under different operating conditions. Those cases with
larger inlet temperature and RH for the adsorption processes benefit to greater thermal output
performances. By varying airflow rate, the simulation points out a common phenomenon of the
disharmony between the change of output temperature and heating power in the open-cycle
reactor.
(3) For ATB working in loop cycle, increasing the loop airflow rate could both enhance the
output temperature lift and heating power, which indicates the possibility of realizing
satisfactory thermal delivery with a positive feedback between output temperature and heating
power. Based on the simulation results, the management strategy proposed in this study by
tuning loop airflow rate demonstrated its feasibility to achieve stable thermal output.
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Abstract 

A thin film Polytetrafluoroethylene (PTFE) coating was applied to as-received (AR), manually 

polished (MP), and sandblasted (SB) surfaces of 60 mm diameter, 10 mm thick aluminium 

discs cut from a circular cross section rod to produce samples with different areal surface 

roughness parameters. This resulted in different water contact angles and different degrees of 

hydrophobicity. Experiments were performed to determine how the solidification behaviour of 

two PCMs; erythritol, a polar molecule, and polyethylene glycol 6000 (PEG 6000), a non-polar 

molecule were influenced by surface characteristics. The coated manually polished sample 

with measured areal surface roughness parameters, 𝑆𝑎 = 1.02 ± 1.30µm, 𝑆𝑠𝑘 = 0.04 , and 

𝑆𝑘𝑢 = 2.69 increased the time to phase change onset of  a 2 g sample of erythritol (placed on 

the surface and then melted) by 93% compared to the aluminium surface without a PTFE thin 

film. The fabricated surfaces which were superhydrophobic had a strong effect on the shape 

formed by hot erythritol liquid due to the polar characteristics of the erythritol molecule. Using 

superhydrophobic thin film coatings on heat exchanger surfaces to modify the solidification 

behaviour of polar molecules like erythritol, can have potential applications in Latent Heat 

Thermal Energy Storage (LHTES) systems by modifying charge/discharge performance. 

Keywords: superhydrophobicity, superoleophobicity, superomniphobicity, phase change 

materials, LHTES, thin films 

Introduction 

When discharging LHTES systems, a layer of solid Phase Change Material (PCM) 

develops rapidly on the heat transfer surfaces which increases thermal resistance and decreases 

the rate of heat transfer to the heat exchanger and the heat transfer fluid [1]. To overcome this, 

active mechanical scrappers [2] and/or electrical resistance heaters [3], and ultrasonic 

vibrations [4] have been explored to limit the development of PCM solid layers on heat 

exchanger surfaces during the discharge cycle. Alternative passive approaches have been 

employed to maintain acceptable rates of heat transfer during charging/discharging of PCM 

stores, e.g., extended surfaces [5], tilting the thermal store [6], introducing highly conductive 

particles into the PCMs [7], or utilising different storage container shapes [8] and orientation 

and location of heat input /extraction locations [9]. Passive approaches employing non-stick 

thin film coatings can modify the heat transfer boundary layer on surfaces, thus potentially 

improving the heat discharge cycle. Non-stick coatings have been unsuccessfully trialled [10] 

in high temperature LHTES (above ~300°C), but to date they have not been evaluated for use 

in low temperature (up to ~250°C) LHTES. As PCMs advance into various low temperature 

process heat recovery and storage applications, it is necessary to investigate heat transfer 

surfaces with potential to deliver improved performance, by employing liquid-repellent thin 

film coatings. 
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The potential of liquid-repellent surfaces to passively suppress/delay PCM solid 

nucleation on the contact heat transfer surface opens possibilities to i) improve the heat 

discharge cycle and ii) achieve long-term low loss thermal energy storage using suitable PCMs. 

In the discharge cycle by cooling the liquid PCM to below its normal solidification point at the 

heat transfer surface it will sink due to buoyancy considerations, if solidification subsequently 

is initiated at a nucleation point, for example at the base of the store, heat will be released 

warming the adjacent fluid which will rise and circulate to the heat exchanger, establishing 

natural convective circulation. The option for low loss, long term storage requires that the 

liquid PCM can be cooled to ambient without solidification being initiated, and when store 

discharge is required, solidification is triggered at the base of the store, releasing heat, and 

establishing a natural convective cycle, allowing heat to be removed at the heat exchanger. 

Evaluating the solidification of suitable PCMs on liquid-repellent surfaces is important for their 

practical application in real phase change thermal energy storage systems. 

Liquid-repellent surfaces can be achieved by applying low surface-energy thin film 

materials on rough metallic and non-metallic substrates. The typical roughness on metal 

substrates can be on microscopic (~50nm-10μm) and nanoscopic (up to ~100 nm) length scales 

[11], whilst the thicknesses of the thin film coatings can be as low as ~ 0.01 µm [12] depending 

on the fabrication technique. Roughness is mostly evaluated on a 2-dimensional (2D) line 

profile [13] but areal 3-dimensioanal (3D) surface roughness parameters, e.g., arithmetic mean 

height (𝑆𝑎), root mean square height (𝑆𝑞), skewness (𝑆𝑠𝑘), kurtosis (𝑆𝑘𝑢), etc. [14] are expected 

to be used to standardise the future development of liquid-repellent surfaces [15]. 

Many approaches are available to fabricate liquid-repellent surfaces [16], with 

durability a major challenge [17] for their large-scale production and application. Simple, low-

cost established methods for the cost-effective production of liquid-repellent surfaces for many 

applications are attractive. Sol-gel methods, dip-coating, spray-coating and spin-coating are 

considered flexible, low-cost, and widely accessible ways of achieving both good levels of 

surface roughness and depositing simultaneously liquid-repellent thin films using composite 

mixtures of micro-nanoparticles and low surface energy materials, (e.g., micro-nanoparticle–

polymer mixtures [18]). Liquid-repellent surfaces can also be cost-effectively and conveniently 

produced at scale by separately introducing surface roughness using abrasive blasting (e.g., 

sandblasting or bead blasting) [19] and/or chemical etching [20] followed by the deposition of 

a low surface energy coating. Brinksmeier et al. [21] assessed different methods that can 

achieve multiscale functional surface texture on materials. 

In this work, water-repellent surfaces were achieved using different abrasive methods 

to introduce surface roughness before applying a Polytetrafluoroethylene (PTFE) aerosol spray 

coating. Areal surface roughness and wettability parameters were measured and their impact 

on PCM nucleation was evaluated experimentally. The experiments provided measured 

temperature data and digital microscopic observations to study transient solidification effects 

of erythritol and polyethylene glycol 6000 (PEG 6000) - promising PCMs for low temperature 

LHTES up to ~120°C  [22] and ~60°C[23], respectively. 

Material and methods 

Preparation of samples 

Aluminium disc samples were machined from a rod of 60 mm diameter to a consistent 

thickness of 10 ± 0.5 mm by turning and the surfaces were made flat with the same cutting 

tool and cutting speed. Abrasive blasting (samples SB-1 and SB-2) and hand polishing 

(samples MP-1 and MP-3) with different emery paper grades (P480 to P2000) were used to 

produce surface textures on one side of each aluminium disc. The surface of sample MP-2 was 

prepared to a near mirror finish by additional polishing using ultra-fine diamond polishing pads 

(6μm-1μm) with a manual surface polisher/grinder. Two samples AR-1 and AR-2 were 
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retained as received after machining to provide control samples. A 2 mm diameter hole was 

drilled into the circumference of each aluminium disc at a positioned 2 mm below the 

roughened surface to a depth of 30 mm. This was for inserting a thermocouple to measure the 

Al disc temperature. The surfaces were cleaned by ultrasonication in deionised (DI) water, 

washed with acetone and isopropanol (IPA) and dried at ambient temperature. The cleaned 

samples were kept in a desiccator to minimise corrosion and provided temporary storage during 

the measurement of their surface morphology before applying thin film coatings. 

A thin film coating was deposited on each clean/dry textured surface using a 

polytetrafluoroethylene (PTFE) aerosol spray. Coated surfaces were heat treated in an oven at 

a temperature of 150°C for 10 min to evaporate the solvent, subsequently the oven temperature 

was increased to 290°C for 5 min to sinter the PTFE particles onto the surfaces. The oven was 

then switched off and the sintered thin film samples allowed to cool to ambient conditions. The 

samples were returned to the desiccator for protection during the process of measuring water 

contact angles. Table 1 summarises the different samples and the conducted surface operations. 

 

Table 1. Sample surfaces on aluminium discs with flat surfaces 

Sample 
Thickness 

(mm) 
Surface structure preparation 

PTFE Spray 

coated (yes/no) 

AR-1 10.01 As received after machining Yes 

AR-2 10.05 As received after machining No 

MP-1 10.09 
Roughened with emery paper (grades P600, 

P800, P1200 and finally P2000) 
Yes 

MP-2 9.50 
Mirror finish (ultra-micro finish/smooth 

(1µm cloth – polishing machine) 
Yes 

MP-3 10.17 
Roughened with emery paper (grades P480 

and finally P600) 
Yes 

SB-1 10.05 

Abrasive blasting using mixed Al2O3 grits 

(F36 and F120) for ~5 min at 10-15 cm 

distance and 6 bar air supply pressure 

Yes 

SB-2 9.90 

Abrasive blasting using soda-lime glass 

beads (Honite 14, grit size 75-150 microns) 

at ~5 cm distance and 6.5 bar air supply 

pressure 

Yes 

Characterisation 

A digital microscope (Keyence VHX-6000) mounted with a wide-range zoom lens 

(VH-Z100R) was used to capture magnified images of the fabricated sample surfaces. The 

magnification was 200X with a field of view of 1.53 mm x 1.14 mm. Image stitching was used 

to expand the field of view enabling a surface area of 12.8 mm by 12.8 mm to be recorded for 

each sample before applying the thin film. The recorded images were used to evaluate changes 

in areal surface roughness parameters using the 3D profile measurement application (model 

VHX-H4M) on the microscope computer. Based on an expected profile average surface 

roughness 𝑅𝑎  above the range 0.06 − 1.2 μm  but below the range 1.2 − 6.0 μm  [24], a 

recommended L-filter nesting index value of 1 mm was selected in accordance with  ISO 

25178-3:2012 [25] to filter low-frequency/long wavelength spatial structures [26]. A 

rectangular area of 5 mm x 1 mm (according to the ISO standard) was used to extract 

measurements from at least six different locations on previously recorded images. Additionally, 

each 5 mm x 1 mm area was divided into five 1 mm x 1 mm subareas, resulting in a total of at 

least 30 measurements for each sample. To remove high-frequency noise from the 
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measurements, an S-filter nesting index value of 10 μm was used, so that the approximate 

bandwidth ratio between the L-filter and S-filter nesting index values was 100:1. 

The measured surface parameters included, 𝑆𝑎 , 𝑆𝑞 , 𝑆𝑠𝑘 , and 𝑆𝑘𝑢  which are standard 

parameters used in characterising the areal roughness profile of textured surfaces [27]. 𝑆𝑎 is 

the average areal roughness representing the arithmetic mean of the absolute values of all the 

points of measured area whilst 𝑆𝑞  corresponds to the standard deviation of height 

measurements. 𝑆𝑠𝑘  and 𝑆𝑘𝑢  indicate the asymmetric property and sharpness of height 

distribution of the surface as illustrated by the schematic probability density functions 

presented in Fig. 1. Liquid-repellent thin film coatings combining surface roughness and thin 

film coatings demand surface texture characteristics with a low 𝑆𝑎 ± 𝑆𝑞. Thin film surfaces 

whose probability density functions of the surface heights have 𝑆𝑠𝑘 < 0  and 𝑆𝑘𝑢 < 3  can 

minimise failure of the thin film by liquid-surface-texture penetration or wetting. 

 

Fig. 1. Probability density distributions for (a) surfaces with different skewness (𝑆𝑠𝑘) values 

and (b) symmetrical distributions (zero skewness) with different kurtosis (𝑆𝑘𝑢) values [27] and 

corresponding typical surface roughness profiles. Roughness profile values of 𝑆𝑠𝑘 < 0 and 𝑆𝑘𝑢 <

3 are fundamental for fabricating surfaces resistant to wetting (liquid-repellent surfaces). 

A contact angle goniometer (Ossila BV) was used for measuring static contact angles 

of the fabricated PTFE thin film surfaces using deionised (DI) water droplets of 3 μL in volume 

dispensed using an adjustable micropipette. At least seven measurements of static contact angle 

were acquired at different random locations on the surfaces for each sample. Due to manual 

adjustment of the stage of the contact angle goniometer to locate the baseline, care was taken 

to minimise the root-mean-square-error (RMSE) in the left and right-contact angle 

measurements of water droplets on surfaces. 
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The effect of fabricated thin films on PCMs 

Two experiments were performed, i) a digital microscope was used to observe the effect 

of surfaces on the solidification and melting of polar and non-polar PCMs, i.e., erythritol and 

PEG 6000 suitable for latent heat storage applications, ii) a more detailed analysis of 

solidification behaviour of erythritol on the prepared surfaces.  In the first set of experiments 

two surfaces, one from the as-received group (control surface without a PTFE thin film coating) 

and one from the bead blasted and manually polished groups were selected. These were used 

to investigate cases of PCM droplet shapes formed by melting single micrometre scale crystals 

and flakes of erythritol and PEG 6000, respectively under a digital microscope. The second set 

of experiments were performed in a heated space illustrated in Fig. 2 to evaluate the effect of 

the different fabricated surfaces on the solidification temperature of erythritol. The hot space 

was formed of a transparent glass① enclosure which was placed over the aluminium disc 

substrate⑥ mounted on a thermoelectric heating element⑩, which was in turn placed on a 

continuously water-cooled heat sink stage⑫. 

 

Fig. 2. A schematic diagram of the experimental rig developed for observation of the 

solidification behaviour of a PCM (erythritol) on the different sample surfaces. 

The experimental procedure involved melting erythritol on the sample surface followed 

by cooling the surface to observe solidification. A cold-water tank at 20°C provided constant 

temperature cooling water via an inhouse-built cooling loop which circulated cold water 

through copper tubes in a 15 mm thick-rectangular aluminium heat exchanger. The 

thermoelectric heater (dimensions 50 mm x 50 mm, Imax = 13A , Vmax = 24.1V ) was 

connected to a DC power source⑪ (with adjustable current supply) and oriented with the cold 

side in contact with the cold heat sink stage. Each sample was mounted onto the hot side surface 

of the thermoelectric heater with care taken to avoid damaging the surface of interest⑦. A 

silicone O-ring⑤ with inner diameter 25 mm, thickness 3.5 mm, and temperature rating −30℃ 

to 200℃  was cleaned using DI water, dried in ambient air, and cleaned with IPA before 

carefully placing it centrally on the sample surface. An electronic weighing balance was used 
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to weigh 2.00 g of erythritol crystals which were placed on the sample surface contained by 

the O-ring. A transparent glass enclosure with two T-type thermocouples internally secured in 

position using Kapton tape was inverted over the sample so that one of the T-type 

thermocouples was inserted into the PCM crystals touching the sample surface whilst the 

second was in the air space above the sample. Temperatures were measured and recorded each 

second using a datalogger (Datataker 85 Series 4). A digital clock was used for timing the PCM 

solidification events during the experiments. Table 2 shows the different temperature 

measurement sensors and their locations in the experimental rig. The thermocouples were 

calibrated at four different temperatures (25°C, 40°C, 65°C and 85°C) and the calculated 

absolute error reduced from ±0.61°C to ±0.24°C. Fig. 3 presents the process stages of the 

conducted experiment and Fig. 4 a photograph of the  experimental test rig.  

Table 2 

Temperature measurement instrumentation 

Description of measured quantity 
Thermocouple 

type 

Number of 

thermocouples 

Label on 

schematic in 

Fig. 2 

Temperature of hot chamber T-type 1 ② 

Temperature of PCM T-type 1 ④ 

Temperature of substrate (at 2mm 

below the sample surface   30 mm 

from the circumference) 

K-type 1 ⑧ 

Temperature of the water-cooled 

heat sink stage 
T-type 2 (inlet/outlet) ⑬ 

 

Fig. 3. Experimental procedure with erythritol indicating (a) initial cooling of the cold 

heat sink stag ⑫ to ~19.8 ± 0.1℃  measured continuously using heat sink stage 

thermocouples⑬, (b) initial heating of the transparent hot air containment① using the hot air 

gun (Steinel HG2310 LCD 240V~, 2300W)⑭ for the first 4 min at the lowest air flow rate 

setting (150-250 l/min), (c) powering the thermoelectric heater to melt the erythritol crystals③ 

on surfaces using a DC power source⑪ with current adjustment between 3.65-3.72 A, (d) DC 

power source switched off to commence the cooling phase of the experiment when the substrate 

thermocouple⑧ measured 127 ± 0.6℃ and the PCM-surface interface thermocouple④ 
measured 126 ± 0.3℃, (e) heating of the transparent hot air containment for a further time (t 

=4 min), after switching off the DC power source and (f) the rest of the cooling period (t > 4 

min) without the hot air gun and with the set up left to cool over the cold heat sink stage⑫. 
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Fig. 4. Photograph of the laboratory set-up used for the investigation of the solidification 

behaviour of erythritol on the different sample surfaces. 

Results and discussion 

Surface roughness and wettability 

The initial surface appearance with x200 magnification, 3D surface topology images, 

the typical primary profiles, and the corresponding areal surface roughness parameters of the 

different samples before applying the PTFE thin films are shown in Fig. 5. The roughness 

profiles achieved by the various surface texture generating operations on the samples, ranged 

from 57.9μm to 117.5μm for the as-received samples (AR-1 and AR-2), from 113.4μm to 

337.7μm for the manually polished samples (MP-1, MP-2 and MP-3), and from 100.0μm to 

127.4μm for the sandblasted samples (SB-1 and SB-2). The shown primary profiles for the 

surfaces are unfiltered and so represent profiles where form surface factors such as tilt, 

curvature and sphericity [26] are automatically removed by the microscope software. The 

variation of the measured areal surface roughness parameters for the different samples is 

relatively low, indicating similarity of texture generated across the different surfaces. 

Table 3 summarises the median values of the measured areal surface roughness 

parameters before applying PTFE thin films. The arithmetic average surface roughness (𝑆𝑎) 

and its root-mean-square value (𝑆𝑞) for sandblasted surfaces were higher than for as-received 

and manually polished surfaces. The sandblasted surface (SB-1) had the lowest skewness 

coefficient (𝑆𝑠𝑘 = −0.6), indicating that it had deep valleys (refer to Fig. 1). SB-1 also had a 

higher roughness profile as indicated by 𝑆𝑎 and 𝑆𝑞 with relatively sharp/high peaks as indicated 

by a higher kurtosis coefficient  
(𝑆𝑘𝑢 = 5.82) . Zero skewness indicates a fully symmetrical height distribution, positive 

skewness indicates a roughness profile dominated by sharper peaks above the mean surface, 

whilst negative skewness indicates a roughness profile with more rounded peaks above the 

mean surface [28]. A surface roughness profile with more rounded peaks and valleys will have 

a kurtosis coefficient, 𝑆𝑘𝑢 < 3, whilst one with sharper peaks and valleys will have 𝑆𝑘𝑢 > 3 

[29]. A negative skewness coefficient (𝑆𝑠𝑘 < 0) and a low kurtosis coefficient  (𝑆𝑘𝑢 < 3) 

along with 𝑆𝑎 on a micro-nano-scale are viable metrics [30] for attaining general Cassie-Baxter 

behaviour [31] and superhydrophobic properties [32] although the spacing between peaks and 

valleys can be of additional influence [33]. The x200 times magnified surface appearance of 
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the different samples after applying the PTFE thin films are shown in Fig. 6. The dark deposits 

of the sintered aerosol particles are clearly visible on the PTFE treated surfaces in contrast to 

the shiny surfaces before spray coating. The as-received sample AR-2 was used in the PCM 

solidification experiment without any surface modification after initial machining. 

 
Fig. 5. The x200 magnified microscopic surface appearance, 3D surface topology images and 

typical primary profiles before coating for the (a) as-received (AR-1 and AR-2) (b) manually 

polished (MP-1, MP-2, and MP-3), and the (c) sand blasted (SB-1 and SB-2) samples, and 

their measured areal surface roughness parameters, i.e., arithmetic mean height (𝑆𝑎, μm), root 

mean square height (𝑆𝑞, μm), skewness (𝑆𝑠𝑘) and kurtosis (𝑆𝑘𝑢). 

Table 3. Median (50% percentile) values of areal surface roughness parameters before spray 

coating 

Description Sample N 
𝑆𝑎, 

µm 

𝑆𝑞, 

µm 
𝑆𝑠𝑘 𝑆𝑘𝑢 

As received 
AR-1 30 1.03 1.31 0.12 2.75 

AR-2 30 1.30 1.62 -0.12 2.74 

Manually polished 

MP-1 30 1.02 1.30 0.04 2.69 

MP-2 30 1.20 1.49 -0.15 2.64 

MP-3 40 1.08 1.37 -0.08 2.84 

Sandblasted 
SB1 30 2.93 4.10 -0.60 5.82 

SB2 30 1.32 1.67 -0.12 2.81 
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Fig. 6. The x200 magnified surface appearance, after PTFE spray coating for the as-received 

(AR-1), manually polished (MP-1, MP-2, and MP-3), and the sand blasted (SB-1 and SB-2) 

samples after applying the PTFE thin film coating. 

Fig. 7 shows the measured static water contact angles of the different sample surfaces 

after applying the PTFE thin film including AR-2 with no thin film. Static contact angle was 

adopted as a convenient indicator for surface wettability rather than measuring the most stable 

apparent receding and advancing contact angles [34] on each prepared sample surface which 

demands more expensive apparatus. The surface roughness parameters for the as-received 

sample AR-1 resulted in a static water contact angle as high as 161.5 ± 4.2° after applying a 

PTFE thin film. Any of the employed surface roughness methods enhanced the water contact 

angle for the PTFE coated surfaces. 

 

Fig. 7. Static contact angle values for the different samples used in the experiments measured 

at room temperature (20°C). 

Solidification delay of PCMs 

The first set of experiments performed were to assess the interaction of a polar molecule 

PCM (erythritol) and a non-polar molecule PCM (PEG 6000) when melting and solidifying on 
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the fabricated thin film surfaces with superhydrophobic and hydrophilic properties. Fig. 8 

shows the effect of the thin films on the shape of PCM liquid (erythritol) after melting and 

solidifying on a superhydrophobic surface (MP-2) and a hydrophilic surface (AR-2).  Similar 

crystal sizes of erythritol (as indicated by length, width, and height) were placed on a 

superhydrophobic (MP-2) sample and a hydrophilic surface (AR-2) sample and melted and 

then solidified. The erythritol crystal transformed into a spherical bead when melted on the 

superhydrophobic surface whilst it spread over the hydrophilic surface (Supplementary Video 

1). In comparison, the superhydrophobic surface (SB-2) did not produce a similar effect for 

PEG 6000, as shown in Fig. 9, for similar flake sizes melted and then solidified on the surfaces 

(Supplementary Video 2). This can be attributed to differences in the chemical bonding [35] of 

hydrogen atoms and hydrogen functional groups between the two materials that render 

erythritol polar and PEG 6000, non-polar. A different kind of liquid-repellent surface will be 

needed to generate a similar effect for non-polar PCMs. Due to the clear difference in behaviour 

of erythritol on the different surfaces further experiments were performed using this material 

and experiments with PEG 6000 discontinued. 

 

Fig. 8. Material shapes from an erythritol crystal melted and solidified on superhydrophobic 

(MP-2) and hydrophilic (AR-2) surfaces under a microscope (x100 magnification). 

 
Fig. 9. Material shapes from a PEG 6000 flake melted and solidified on superhydrophobic 

(SB-2) and hydrophilic (AR-2) surfaces under a microscope (x100 magnification). 

The measured temperatures of the hot space, erythritol on surfaces and the cold heat 

sink stage during an 18 min cooling period are shown for the as-received (Fig. 10a), manually 

polished (Fig. 10b), and sandblasted (Fig. 10c) samples. Continued operation of the hot air gun 

for 4 min after 𝑡 = 0 min, established a temperature gradient between the enclosed hot space, 
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the erythritol and sample surfaces. The temperature measured on the erythritol-sample-surface 

interface dropped below the hot space temperature within 2 min. At 𝑡 = 4  min when the heat 

gun was switched off, the temperature of the hot space was within 96.4 ± 2.1℃ for all the 

experiments. The hot space temperature decreased steadily thereafter but remained consistently 

higher than the erythritol-sample-surface temperature. Erythritol supercooled significantly 

below the published phase change temperature of 117.4°C[22] before the onset of nucleation.  

 
Fig. 10. The measured erythritol, cold stage, and hot space temperatures for the PTFE coated, 

a) as-received (AR-1, AR-2), b) manually polished (MP-1, MP-2, MP-3), and c) sandblasted 

(SB-1 and SB-2) surfaces during the solidification/cooling experiments, and (d) their 

respective duration of phase change and time to phase change onset.  

The average cold heat sink stage temperature during the 18 min cooling period varied 

between 20.8 ± 0.8℃, and 20.9 ± 0.8℃. At the start of all cooling experiments (𝑡 = 0 min), 

the average temperatures of the hot space, erythritol, aluminium disc substrate, and the cold 

heat sink stage for all samples were 108.7 ± 1.8℃, 126.8 ± 0.4℃, 127.9 ± 0.5℃ and 22.3 ±
0.1℃, respectively. At 𝑡 = 0 min, the temperature measured at the erythritol-sample-surface 
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interface was at least 9.4 ± 0.4℃  higher than the published phase change temperature of 

erythritol in all the experiments.  

Fig. 10d presents time in seconds for phase change duration (i.e., the time for full solid 

formation from the onset of nucleation) and time to the onset of solidification from the start of 

the cooling experiments). The as-received-uncoated sample (AR-2) had the shortest phase 

change duration at 44 s. Adding a PTFE thin film coating on a similar as-received sample 

surface (AR-1) increased the phase change duration to 61 s (an increase of ~39%). Polished 

surfaces (MP-1 and MP-2) had the longest phase change durations of 78 s and 83 s, respectively 

due to their finer surface finish. The data suggests that the finer the grade of emery paper or 

the smaller the bead blasting grits, the longer the phase change duration. Similarly, PTFE thin 

films applied on manually polished surfaces had a longer delay to the onset of phase change 

compared to sandblasted and as-received surfaces. Such surface effects if achieved at scale can 

maintain significant thermal energy below the phase change temperature of PCMs and prolong 

storage timeframes. 

 
Fig. 11. Progress of solidification of erythritol on (a) PTFE coated MP-3, and (b) the shapes 

of erythritol solid on the non-coated-as-received (AR-2), spray-coated-as-received (AR-1), 

sandblasted-spray-coated (SB-2), and manually-polished-spray-coated (MP-3). 

Fig. 11 presents images of the observed effect of superhydrophobic thin films on the 

solidification of erythritol. Fig. 11a shows the progress of erythritol solidification at 𝑡∗ = 0, 

11, 24, 37 and 59 s on sample MP-3 over the phase change duration. The time 𝑡∗ = 0 s is the 

time at the onset of phase change and not time 𝑡 = 0 min when the cooling experiment began. 

For each experiment, the thermocouple was inserted into the weighed PCM crystals located in 

the centre of the O-ring. After melting, when erythritol solidification commenced during 

cooling and began spreading over the contact surface and into the PCM, the measured 

temperature of the erythritol increased seconds later (e.g., ~ 24 seconds later for sample MP-

3). The solid shapes formed after complete solidification for samples AR-1, AR-2, SB-2 and 

MP-3 are shown in Fig. 11b. Due to the super-liquid-repellence behaviour of the fabricated 

samples, the melted erythritol did not fill the O-ring completely, leaving a non-wetted surface 

inside the O-ring as seen for sample MP-3 and sample SB-2. 

Multiscale surface features with microscopic (~50nm-10μm) and nanoscopic (up to 

~100 nm) roughness are considered a general guideline for achieving super-liquid-repellent 
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behaviour on metal surfaces with low surface energy thin films [11]. These scale ranges refer 

to line profile surface roughness measurements (e.g., produced by contact profilometry) as 

opposed to a 3D non-contact surface profilometry measurements, for which guideline values 

are yet to be established. The areal arithmetic average surface roughness (𝑆𝑎 ) of all the 

fabricated samples in this study were at least an order of magnitude higher (i.e., ~1000 nm to 

2930 nm) than the above suggested guideline but clearly demonstrated superhydrophobicity. 

Research to determine a suitable benchmark for super-liquid-repellent thin film surfaces on 

metal substrates based on areal surface roughness measured using 3D non-contact surface 

profilometry techniques is needed. Abrasive blasting if done with the appropriate size scale of 

grit particles can be significantly easier and faster for larger system-scale surfaces compared to 

manual surface polishing. 

Conclusion 

This research investigated the effect of superhydrophobic PTFE thin film surfaces on 

the solidification and melting of erythritol and polyethylene glycol 6000 (PEG 6000), potential 

materials for low temperature LHTES applications. Different texturing operations were 

conducted on aluminium surfaces, and their wetting properties and areal surface roughness 

parameters measured before applying PTFE thin films by spray coating. Compared to the as-

received control sample, the duration of phase change from onset to full solidification of the 

same mass (i.e., 2 g) of erythritol crystals when cooled down from a temperature of  ≈ 126.8 ±
0.4℃  lasted up to ~89% longer for PTFE coated manually polished samples with initial 

arithmetic average surface roughness of 𝑆𝑎 ≈ 1.20 ± 1.49 µm. The applied PTFE thin films 

resulted in longer times to phase change onset (i.e., greater PCM subcooling). 

Superhydrophobic PTFE thin films have strongly liquid-repellent characteristics for erythritol 

(a polar molecule) but not for PEG 6000 (a non-polar molecule). Implementing such surfaces 

for selected PCMs can potentially enhance the heat discharge performance of low temperature 

LHTES and prolong heat storage timeframes. 
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Abstract 

Refrigerant mixtures can improve the efficiency of high-temperature vapor compression heat 

pumps by matching their non-isothermal phase change to temperature changes in the heat 

source and sink. Previous studies suggest that the advantage of mixtures compared to pure 

refrigerants increases for larger temperature changes of heat sources and sinks. However, the 

potential efficiency increase has not yet been systematically studied. Thus, the conditions are 

still unclear under which zeotropic mixtures are particularly beneficial. 

In this work, we therefore screen a comprehensive set of pure refrigerants and all their binary 

mixtures for a broad range of sink and source temperature changes. The refrigerant set includes 

33 natural and halogenated refrigerants. To assess the mixture performance, we model the heat 

pump process. Here, the compressor efficiencies depend upon the refrigerants.  

The study confirms the basic theory that mixtures can substantially improve the coefficient of 

performance (COP) and the benefits increase with the temperature changes of sink and source. 

However, the temperature change is shown to be more relevant at the heat source: mixtures are 

already beneficial at small temperature changes of the heat source, while a minimal temperature 

change of 10 K is needed for the heat sink. The greatest COP increase of a mixture, at 27%, is 

identified at maximum temperature changes of 40 K in the source and in the sink. The optimal 

mixture is highly specific to the temperature changes of heat sink and source. However, binary 

mixtures are identified that show good performance over broad ranges of source and sink 

temperature changes when their composition is tailored, e.g., pentene/cyclopropane. Such 

refrigerant mixtures could have the potential for universal use in heat pumps. 

Keywords:  High-temperature heat pumps, temperature glide, zeotropic mixtures, compressor 

efficiency 

Introduction/Background 

Heat pumps are a central element in the decarbonization of both residential and industrial heat 

supply. While residential heat pumps have already significantly penetrated the market, 

industrial high-temperature heat pumps have just started to gain interest in the industry.  

High-temperature heat pumps still have a lower technological readiness level than residential 

heat pumps but are currently undergoing intensive development [1]. Development mainly aims 

to qualify heat pumps for the higher temperatures and heating powers required for industrial 

applications while also improving their efficiency. Since high-temperature heat pumps 

generally have smaller COPs, any potential must be exploited to improve efficiency [2]. One 

promising approach to increase efficiency is through the the use of zeotropic refrigerant 

mixtures: Zeotropic mixtures differ from pure refrigerants by changing temperature during 

evaporation and condensation, referred to as temperature glide. The temperature glide can 

improve the matching of the refrigerant and the secondary fluids within the heat exchangers 

for non-isothermal heat sources and sinks [3]. An improved matching decreases temperature 

differences and thus exergy destruction in the heat exchangers and therefore has the potential 
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to increase the COP. In addition, mixing refrigerants offers an additional degree of freedom to 

adjust other desirable refrigerant properties, such as low global warming potential (GWP) and 

flammability [3, 4]. 

For several decades, the potential and performance of zeotropic mixtures have been 

investigated for residential heat pumps [5–7]. The studies confirm the theory and demonstrate 

efficiency benefits of zeotropic mixtures with temperature glide. However, the actual efficiency 

gains of mixtures compared to pure refrigerants were small and ranged within a few percentage 

points [6, 8]. The small gain from zeotropic mixtures in the residential sector might be 

attributed to the typically low temperate changes of residential sources and sinks (order of 

magnitude 5 – 10 K), reducing the relevance of glide matching. As a result, the temperature 

glide of zeotropic mixtures is currently not exploited in commercial residential heat pumps.  

The situation is different for industrial high-temperature heat pumps: In the industrial sector, 

heat sinks and sources often change temperatures over several dozen Kelvin. Thus, glide 

matching becomes much more important to achieving increased heat pump efficiency [4]. To 

date, initial studies have analyzed the potential for specific conditions of heat source and sink 

or a limited design space of potential refrigerant mixtures. Yelishala et al. [9] investigated the 

performance of hydrocarbon and carbon dioxide mixtures in vapor compression cycles. For 

source and sink temperature changes of 15 K, they found a maximum COP increase of 40% at 

30°C – 60°C lift for the best-performing mixture (propylene (20 mass-%)/carbon dioxide (80 

mass-%)) compared to its best pure component (propylene). Zühlsdorf et al. [10] studied four 

combinations of temperature changes of heat source and sink, and a fluid set that includes 14 

natural refrigerants. For small temperature changes of the source (5 K), no advantage of 

mixtures could be found. For high-temperature changes (source 20 K, sink 40 K), they found 

a COP increase of up to 27% for the best mixture (dimethyl ether (20 mass-%)/ethyl ether (80 

mass-%)) compared to the best pure refrigerant (isopentane). In addition, the source’s 

temperature change dominated over the sink’s influence. Abedini et al. [11] considered three 

case studies for the use of refrigerant mixtures in high-temperature heat pumps represented by 

combinations of heat source and sink temperature profiles (isothermal and non-isothermal). 

They found only minor or negligible COP improvements of mixtures for an isothermal heat 

source and sink. Similar findings occurred in an almost isothermal source combined with a 

large heat sink temperature change. For temperature changes in the source and sink, however, 

a considerable improvement of the COP,10%, was observed with an ethanol/p-xylene mixture. 

To date, however, no study has evaluated the potential COP benefits of mixtures systematically 

over a broad span of typical temperature changes for industrial heat sources and sinks. 

Furthermore, other important influencing factors have remained unconsidered, including the 

behavior of the compressor [12].  

In this contribution, we therefore study the potential of zeotropic mixtures for high-temperature 

applications. For this purpose, we systematically vary the temperature changes of sink and 

source and perform an extensive screening of pure refrigerants and their mixtures. The 

screening employs a heat pump process model to optimize the thermodynamic cycle while the 

fluid dependence of the compressor efficiencies is considered. The results show the potential 

of mixtures as a function of source and sink temperature changes and identify promising 

mixture candidates. 

Methods and Case Study 

The study considers a subcritical heat pump cycle with an internal heat exchanger (IHX) as a 

component additional to the evaporator, compressor, condenser, and throttle. The IHX is 

implemented since it usually increases the COP, is comparatively inexpensive to purchase, and 
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often used in practice [13]. The heat pump model follows a standard approach, which considers 

the heat exchangers by pinch models and the state change in the compressor by an isentropic 

compressor efficiency [14]. The isentropic compressor efficiency is determined by a loss-based 

compressor model that, in particular, accounts for refrigerant dependency [15]. The throttle is 

isenthalpic and the superheating at the compressor inlet is assumed to be fully realized by the 

IHX. All other components are considered loss-free and represented by mass-specific energy 

balances.  

During the refrigerant screening, the cycle is optimized for each pure refrigerant and refrigerant 

mixture under consideration. The evaporation and condensation temperatures as well as the 

superheating and subcooling are optimized with respect to the COP. The optimization is subject 

to constraints to maintain minimum approach temperatures in all heat exchangers and pressure 

limits. The optimization ensures that the heat pump cycle always optimally adapts to the 

refrigerant (-mixture) considered.  

The investigated fluid set includes 33 pure refrigerants from various substance groups (natural 

and halogenated). The refrigerants are chosen for their low global warming potential (GWP) 

and ozone depletion potential (ODP) according to current regulatory guidelines. As well as the 

pure refrigerants, all possible mixture combinations are investigated with a composition 

increment of 0.1 mol/mol. The mixtures cover a broad range of temperature glides from 0 K to 

approximately 130 K (at a representative pressure of 20 bar). All refrigerant properties are 

calculated by REFPROP [16].  

For the source's and sink's temperature changes, a range of 0 K to 40 K discretized in 5 K 

intervals is considered; limiting the study to temperature changes of up to 40 K enables a 

comprehensive evaluation of the efficiency increase potential for industrial applications at 

viable computational effort. The temperature changes in source and sink are based on a heat 

source inlet temperature of 40°C and a heat sink outlet temperature of 100°C, respectively. The 

best-performing mixture is compared to the best-performing pure refrigerant from the 

refrigerant set. 

Discussion and Results 

To map the performance of zeotropic mixtures, the COP of the best mixture is related to the 

COP of the best pure refrigerant for each combination of sink and source temperature changes 

(Figure 1). A line at a constant COP ratio is added to emphasize the area of larger mixture 

benefits (for this study, an isoline at COPratio = 1.08 is chosen). 

 

Figure 1: COP ratio of the best mixture COP and best pure refrigerant COP as a function of heat source and sink temperature 

change. Tsi,in = 40°C; Tso,out = 100°C. The black line represents a constant COPratio of 1.08. 
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Mixtures achieve greater or equal COPs than pure refrigerants throughout the study. The largest 

COP advantage of 27% is observed for maximum source and sink temperature changes of 40 

K, respectively. This result indicates potentially greater benefits for increased temperature 

changes. In the area of significant COP ratios (COPratio > 1.08), the advantage of mixtures 

increases toward substantial source and sink temperature changes. However, the shape of the 

8% isoline indicates a stronger sensitivity of the COP ratio to temperature changes in the heat 

source: Exceeding the 8% isoline requires temperature changes of approximately 10 K in the 

source but 15 – 20 K in the heat sink.  

Generally, the COP advantage of mixtures is attributed to the temperature glide (Figure 2). For 

temperature changes of heat source and sink, the temperature glide increases the 

thermodynamic mean temperature of evaporation (�̅�m,l) and decreases it in the condenser 

(�̅�m,h). The reduced temperature ratio (�̅�m,h/�̅�m,l) increases the COP.  

However, the heat pump process is affected differently by temperature changes in source and 

sink. Since superheating is performed in the IHX, the pinch point is located at the evaporator 

inlet (Figure 2, 𝑇so,out). The evaporation of a pure refrigerant must take place entirely at a 

temperature below the outlet temperature of the heat source (Figure 2, left). With each Kelvin 

temperature change increase in the heat source, there is a decrease in the heat source’s outlet 

temperature (𝑇so,out) and the mean temperature of evaporation (�̅�m,l) on a one-to-one basis. 

Hence, larger temperature changes in the heat source significantly reduce the COP. The 

temperature glide of mixtures can cushion the COP decrease by increasing the thermodynamic 

mean temperature. In turn, increasing temperature changes in the heat sink (decreasing 𝑇si,in) 

are even slightly beneficial for the COP as the condensation temperature (at dew line) is 

reduced. The temperature glide of mixtures can further decrease the mean condensation 

temperature and is therefore beneficial. However, the thermodynamic mean temperature of heat 

rejection (�̅�m,h, state 2 to state 3') depends less on the condensation temperature. Subcooling 

(Figure 2, bubble line to state 3') and the compressor outlet state (state 2) also significantly 

influence the mean temperature. Thus, a temperature glide during condensation has only a 

minor effect on the thermodynamic mean temperature. Hence, the potential for COP increase 

due to the temperature glide of mixtures is greater for larger temperature changes in the heat 

source. This preference is also shown by the optimal temperature glides (Figure 3). The 

temperature glides are adjusted to primarily match the temperature changes of the heat source, 

in particular for unequal temperature changes of the heat source and sink.  

Figure 2: Temperature-enthalpy diagrams of heat pump cycles with a pure fluid (cyclopropane) and a mixture (pentene (20 

mol-%)/cyclopropane (80 mol-%)). Source and sink temperature changes of 20 K and 30 K, respectively. 
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The greater influence of the heat source is also observed outside the area of large COP ratios 

(Figure 1, COPratio < 1.08). Up to heat source temperature changes of 10 – 15 K, the COP ratio 

increases with increasing temperature changes in the heat source. The temperature change of 

the heat sink has only a minor influence here. The temperature glide is principally optimized 

to match the temperature change of the heat source (Figure 3). As a result, mixtures are still 

beneficial for the combination of small temperature changes in the heat source and large 

temperature changes in the heat sink (Figure 3, upper left quarter).  

A different picture is observed for large temperature changes in the heat source (20 – 40 K) 

and small temperature changes in the heat sink (0 – 15 K) (Figure 3, lower right quarter). Here, 

the COP ratios are modest and decrease with increasing heat source temperature changes. In 

addition, the best-performing mixtures only have minor or no temperature glides.  

Large source and small sink temperature changes generally demand extreme requirements on 

refrigerants. Small heat sink temperature changes require large condensation temperatures (at 

dew line) and, thus, high critical temperatures, while large heat source temperature changes 

demand low evaporation temperatures (Figure 2). Refrigerants with high critical temperatures 

and sufficiently high evaporation pressures at low temperatures are rare. Our screening set 

includes only few pure refrigerants and mixtures that meet the requirements. For extreme 

combinations of high source and low sink temperature changes, no pure refrigerants could be 

found in the screening set that meet the requirements (blank bottom right corner of Figure 1). 

However, even if suitable refrigerants can be identified, we do not expect considerable 

advantages of mixtures for such applications. A large temperature change in the heat source 

would be required to exploit the advantage of mixtures. However, further glide matching in the 

evaporator would not be beneficial for the COP given the small temperature changes in the 

heat sink (poor glide matching). The condensation temperature would have to be increased, 

and the thermodynamic mean temperature would increase.  

 

Figure 3: Temperature glide of the respective best mixture for every combination of source and sink temperature change. 

Calculated from dew to bubble line for the respective mean value of evaporation and condensation pressure. 

The best mixture determined during screening is specific for a given combination of source 

and sink change. The specificity of the best mixture refers to both its components and their 

respective molar share (composition) in the mixture. The highest COP advantage of mixtures 

over pure refrigerants is given by diethyl ether (30 mol-%)/propylene (70 mol-%). 

An analysis of the mixture COP rankings for every source and sink temperature change shows 

that there often are several mixtures that rank close to the best-ranked mixture. Under these 

top-ranked mixtures, often combinations of the same pure refrigerants are repeatedly found, 
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e.g. cyclopropane, cyclobutene, pentane, R161, diethyl ether. Hence, binary combinations of 

these components repeatedly yield high ranking positions with COPs close to the best mixture 

and the composition of these mixtures may vary. 

Particularly frequently, pentene/cyclopropane mixtures deliver near-optimal COPs. Figure 4 

shows the COP ratio of the best pentene/cyclopropane mixture (optimized composition) and 

the overall best mixture over all source and sink change combinations considered in this study. 

 

Figure 4: COP ratio of pentene/cyclopropane mixtures and the respectively top-ranked mixture as a function of heat source 

and sink temperature changes. Tsi,in = 40°C; Tso,out = 100°C. 

Over a wide range of source and sink temperature changes, pentene/cyclopropane shows the 

overall best COP or achieves COPs that are very close to the overall best for the respective 

source and sink conditions (yellow area in Figure 4). 

At high and low source changes (towards the edges of Figure 4), the COP ratio of 

pentene/cyclopropane decreases. However, pentene/cyclopropane still delivers better COPs 

than all considered pure refrigerants for all source and sink specifications. For these 

temperature changes (ΔTso < 15 K and ΔTso > 35 K), other mixtures can be identified that 

perform well over a broad range of heat source and sink temperature changes.  

Finding mixtures that perform well over a broad range of heat source and sink temperature 

changes can be hugely beneficial in practice: starting from a basic design, heat pumps can be 

tailored to a specific application just by adapting the mixture composition. The design effort 

can be reduced while near-optimal efficiencies can be retained.  

Summary/Conclusions  

In this study, a model of a high-temperature heat pump was set up to screen a representative set 

of refrigerants over a broad range of heat source and heat sink temperature changes. The analysis 

demonstrated how the temperature changes of heat source and sink influence the efficiency 

increase of mixtures compared to pure refrigerants.  

It was identified that the advantage of mixtures generally increases for larger temperature changes 

of heat source and sink. A maximum COP increase of 27% was observed for the combination of 

the largest temperature changes of heat source and sink. These findings show the significant 

potential for efficiency improvements by using refrigerant mixtures with temperature glide for 

heat pump applications with large temperature changes in sink and source. The COP increase of 

mixtures compared to pure refrigerants was found to be more sensitive to temperature changes in 

the heat source 
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Although the optimal mixture was found to be specific to the temperature changes of heat source 

and sink, we found that mixtures of pentene/cyclopropane perform very well over a broad range 

of temperature changes in source and sink. Such mixtures can be of great relevance in practice, as 

heat pump systems can be tailored to a specific application by only changing the refrigerant 

mixture composition. 
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Abstract  

Polygeneration systems have been considered as a viable technology for efficiently utilizing 

clean energy sources such as solar and wind. The present study proposes a novel metal hydride-

based polygeneration cycle for high temperature solar energy storage, energy upgradation, and 

cooling. A second law analysis of the proposed polygeneration cycle is performed. The exergy 

efficiency and exergy COP are calculated for four pairs (MmNi4.4Al0.6-Mg2Ni, MmNi4.4Al0.6-

Mg2Fe, MmNi4.4Al0.6- Mg2Co, and MmNi4.4Al0.6-Mg2Cu). Further, the effect of cooling 

temperature and pressure ratio on efficiency is studied. An exergy efficiency of 56.7 % is 

obtained at a maximum energy recovery temperature of 399°C for MmNi4.4Al0.6-Mg2Fe. A 

maximum exergy COP of 0.26 is obtained at a cooling temperature of 5°C. 

 

Keywords: Metal hydride, Polygeneration, Second law, Exergy. 

 

Introduction 

The world’s energy demands are met majorly by fossil fuels which are limited and non-

renewable. The extensive use of fossil fuels contributes to global warming. So, there is an urge 

to move to renewable energy sources and conserve energy. The use of renewable energy 

sources such as wind and solar energy reduces the emission of greenhouse gases. The 

intermittent nature of solar energy demands energy storage and conversion systems. Thermal 

energy storage systems play a major role in the conversion of energy from renewable energy 

sources [1]. A polygeneration system produces multiple effects simultaneously such as heating, 

cooling, hydrogen production, and electricity generation. Polygeneration is one of the 

techniques to improve system efficiency [2]. Thermal energy storage using metal hydrides 

draws the attention of several researchers because of their high storage density, long-term 

storage and environmentally benign [3]. Metal hydride systems such as heat pumps, heat 

transformers and thermal energy storage systems operate on a pair of reactors; low temperature 

metal hydride reactor (LTMH) and high temperature metal hydride reactor (HTMH) [4]. The 

metal hydrides are categorized as LTMH and HTMH based on the temperature at which 

hydrogen is absorbed and desorbed. MmNi5-xAlx absorb hydrogen up to 80℃ [5] and Mg-based 

metal hydrides absorb hydrogen up to 500℃ [3]. Hence, MmNi5-xAlx   are considered LTHM, 

and Mg-based metal hydrides are considered HTMH in the present study.   

Performance analysis of a metal hydride system provides scope for improving the design and 

varying the operating conditions. Choudhari et al. [6] studied the performance of 

thermochemical energy storage based on Lanthanum and Titanium hydrides. The COP of heat 

storage is observed to be 0.47 and 0.5 for Mm-Ti hydride pair and La-Mm hydride pair 

respectively. Sarath Babu et al. [7] calculated the COP of thermochemical energy storage 

system for a concentrated solar power plant. A maximum COP of 0.75 is obtained for Mg-

5wt% LaNi5-La0.8Ce0.2Ni5 pair. Malleswararao et al. [8] developed a 3-D model and simulation 

results has shown that an energy storage efficiency of 89.4 % is obtained at a volumetric energy 

storage density of 156 kWh /m3 for LaNi5- Mg2Ni pair.  In the present study, a metal hydride 
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based polygeneration system is proposed which stores solar energy, upgrades the stored energy 

and also produces a cooling effect while recovering energy. Though many studies have shown 

the performance of the thermochemical energy systems based on the first law, studies on the 

second law performance are limited. Hence, the present article discusses the exergy analysis 

and compares the exergy performance with the first law performance.  

Metal hydride-based polygeneration system 

Metal hydride-based polygeneration system consists of a high-temperature metal hydride 

reactor (HTMHR), a low-temperature metal hydride reactor (LTMHR), and a hydrogen 

compressor as shown in Figure 1. HTMHR is used to store solar energy which is supplied at 

source temperature (Ts) and recover the stored energy at recovery temperature (Tr), while 

LTMHR is used to store hydrogen during the energy storage process and supply hydrogen 

through the compressor during the energy recovery process. The operation of the complete 

cycle consists of two stages namely energy storage and energy recovery process. During the 

energy storage process, both reactors are connected by the pipeline and during the energy 

recovery process they are connected by the hydrogen compressor.  The operation of the cycle 

is explained below through the thermodynamic cycle, as shown in Figure 2.  

Energy storage process: heat energy, Qs from the available heat source is supplied (at A) at a 

temperature, Ts, to the HTMHR. HTMH bed desorbs hydrogen by storing supplied energy in 

the form of chemical potential. Desorbed hydrogen is sent to LTHMR (A-B). LTMH bed 

absorbs this hydrogen by releasing heat to the ambient (at B). After the energy storage process, 

both reactors are kept at ambient conditions. 

Energy recovery process: HTMHR is heated to recovery temperature, Tr (A-E)  and LTMHR 

is cooled to cooling temperature, Tc. A cooling effect is produced at Tc by desorbing the 

hydrogen gas from the LTMH bed (at C), this desorbed hydrogen is compressed isentropically 

by a hydrogen compressor to high pressure and sent to HTMHR (C-D). HTMH bed absorbs 

compressed hydrogen and releases heat, Qr at recovery temperature, Tr (at E). To begin with 

the next cycle, HTMHR is cooled to supply temperature, Ts, and LTMHR is heated to ambient 

temperature, Tr. 

 
                    

Figure 1: Schematic of metal hydride based polygeneration system 
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Figure 2: Thermodynamic cycle of metal hydride based polygeneration system 

Metal hydride pair selection: 

The selection of metal hydrides for the polygeneration system depends on equilibrium P-T 

relations and reaction enthalpies. Metal hydrides with high reversible storage capacity, flat 

plateau, minimum hysteresis, and faster kinetics are more suitable for the application [9]. For 

better system performance, metal hydrides should be selected such that there is a sufficient 

pressure difference between the two reactors for hydrogen transfer between them. In addition, 

the reaction enthalpies of the HTMH should be high at high temperatures and LTMH should 

absorb hydrogen at ambient temperature. As per above mentioned properties, MmNi4.4Al0.6 is 

selected as LTMH and Mg2Ni, Mg2Fe, Mg2Co, Mg2Cu are selected as HTMH. The 

thermodynamic properties and equilibrium P-T relations of the selected metal hydrides are 

given in Table.1 

 

Operating parameters of the metal hydride-based poly generation system: 

Energy storage temperature: 

The minimum energy storage temperature is obtained from eq (1) 

ln
𝑃𝑑,𝐻𝑇𝑀𝐻

𝑃𝑜
=

−∆𝐻𝑑,𝐻𝑇𝑀𝐻

𝑅𝑇𝑠
+

∆𝑆𝑑,𝐻𝑇𝑀𝐻

𝑅
                                                             (1) 

Where, 𝑃𝑑,𝐻𝑇𝑀𝐻 is the equilibrium desorption pressure of HTMH, ∆𝑆𝑑,𝐻𝑇𝑀𝐻 and ∆𝐻𝑑,𝐻𝑇𝑀𝐻 are 

reaction entropy and reaction enthalpy of HTMH respectively during desorption. Po is the 

reference pressure and R is the universal gas constant.  

Energy recovery temperature: 

The highest energy recovery temperature of the polygeneration system is obtained from eq 

(2) 

ln
𝑃𝑎,𝐻𝑇𝑀𝐻

𝑃𝑜
=

−∆𝐻𝑎,𝐻𝑇𝑀𝐻

𝑅𝑇𝑅
+

∆𝑆𝑎,𝐻𝑇𝑀𝐻

𝑅
                                                             (2) 

Where, 𝑃𝑎,𝐻𝑇𝑀𝐻 is the equilibrium absorption pressure of HTMH, ∆𝑆𝑎,𝐻𝑇𝑀𝐻 and ∆𝐻𝑎,𝐻𝑇𝑀𝐻 are 

reaction entropy and reaction enthalpy of HTMH respectively during absorption.  
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Table 1: Thermodynamic properties of metal hydrides 

Metal 

hydride 

Reaction enthalpy 

(KJ/mol) 

P-T relation Ref. 

Absorption Desorption Absorption Desorption 

MmNi4.4Al0.6 29.4 30.1 
ln (

𝑃

𝑃0
) =

−3391.87

𝑇
+ 11.98 

ln (
𝑃

𝑃0
) =

−3524.18

𝑇
+ 12.06 

[10] 

Mg2Ni 64.0 64.5 
ln (

𝑃

𝑃0
) =

−7697.86

𝑇
+ 14.69 

ln (
𝑃

𝑃0
) =

−7758

𝑇
+ 14.74 

[3] 

 

 

 Mg2Fe 77.4 79.2 
ln (

𝑃

𝑃0
) =

−9309.59

𝑇
+ 16.16 

ln (
𝑃

𝑃0
) =

−9526.82

𝑇
+ 16.5 

Mg2Co 69.5 83.2 
ln (

𝑃

𝑃0
) =

−8359.39

𝑇
+ 15.58 

ln (
𝑃

𝑃0
) =

−10007.2

𝑇
+ 17.64 

Mg2Cu 60.6 77.1 
ln (

𝑃

𝑃0
) =

−7274.71

𝑇
+ 17.61 

ln (
𝑃

𝑃0
) =

−9274.72

𝑇
+ 17.61 

Assumptions: 

The second law analysis of the metal hydride based polygeneration system is done by 

considering the following assumptions: 

 Hydrogen gas is assumed as an ideal gas. 

 The hydrogen compression process is isentropic. 

 The ambient temperature is 30℃. 

 The LTMH/HTMH, absorb/ desorb hydrogen gas at a constant temperature. 

 There is no pressure drop in the pipeline. 

 The number of moles of hydrogen transfer between the two reactors is 10.  

 The ratio between the mass of the metal reactor and the metal hydride is 0.75 [4].  

First law analysis of the polygeneration system: 

Heat supplied to the polygeneration system is given in eq (3) 

                        𝑄𝑆 = 𝑄𝑑,𝐻𝑇𝑀𝐻 + 𝑄𝑆,𝐻𝑇𝑀𝐻 + 𝑄𝑆,𝐻𝑇𝑀𝐻𝑅                                                   (3) 

Where,𝑄𝑑,𝐻𝑇𝑀𝐻 = 𝑛 × ∆𝐻𝑑,𝐻𝑇𝑀𝐻, is the total amount of heat required for desorption of 

hydrogen from HTMH 

 n is the number of moles of hydrogen  

𝑄𝑆,𝐻𝑇𝑀𝐻 = ∫ [(𝑚 × 𝐶𝑝)𝐻𝑇𝑀𝐻 + (𝑚 × 𝐶𝑝)𝐻2
]

𝑇𝑆

𝑇𝑜
𝑑𝑇  , is total amount of heat supplied to the 

HTMH to heat from ambient temperature to the supply temperature 
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𝑄𝑆,𝐻𝑇𝑀𝐻𝑅 = ∫ (𝑚 × 𝐶𝑝)𝐻𝑇𝑀𝐻𝑅
𝑇𝑆

𝑇𝑜
𝑑𝑇 , is the amount of heat supplied to the HTMHR to heat 

from the ambient temperature to supply temperature 

Where, m is mass, kg  

Cp is specific heat capacity, KJKg-1K-1 

Heat recovered by the polygeneration system is given in eq (4) 

𝑄𝑅 = 𝑄𝑎,𝐻𝑇𝑀𝐻 − 𝑄𝑆,𝐻𝑇𝑀𝐻 − 𝑄𝑆,𝐻𝑇𝑀𝐻𝑅                                                    (4) 

Where, 𝑄𝑎,𝐻𝑇𝑀𝐻 = 𝑛 × ∆𝐻𝑎,𝐻𝑇𝑀𝐻 , is total amount of heat released by HTMH during 

absorption of hydrogen  

𝑄𝑆,𝐻𝑇𝑀𝐻 = ∫ (𝑚 × 𝐶𝑝)𝐻𝑇𝑀𝐻
𝑇𝑅

𝑇𝑜
𝑑𝑇 , is total amount of heat required to heat the HTMH from 

ambient to recovery temperature 

𝑄𝑆,𝐻𝑇𝑀𝐻𝑅 = ∫ (𝑚 × 𝐶𝑝)𝐻𝑇𝑀𝐻𝑅
𝑇𝑅

𝑇𝑜
𝑑𝑇 , is total amount of heat required to heat HTMHR from 

ambient to recovery temperature 

The cooling effect produced by the polygeneration system is given in eq (5) 

𝑄𝐶 = 𝑄𝑑,𝐿𝑇𝑀𝐻 −𝑄𝑆,𝐿𝑇𝑀𝐻 − 𝑄𝑆,𝐿𝑇𝑀𝐻𝑅                                                        (5) 

Where, 𝑄𝑑,𝐿𝑇𝑀𝐻 = 𝑛 × ∆𝐻𝑑,𝐿𝑇𝑀𝐻 , total desorption heat of LTMH  

𝑄𝑆,𝐿𝑇𝑀𝐻 = ∫ [(𝑚 × 𝐶𝑝)𝐿𝑇𝑀𝐻 + (𝑚 × 𝐶𝑝)𝐻2
]

𝑇𝐶

𝑇𝑜
𝑑𝑇, is sensible heat load of LTMH and 

hydrogen gas 

𝑄𝑆,𝐿𝑇𝑀𝐻𝑅 = ∫ (𝑚 × 𝐶𝑝)𝐿𝑇𝑀𝐻𝑅
𝑇𝐶

𝑜
𝑑𝑇, is sensible heat load of LTMHR  

Hydrogen compressor work which operates between the LTMHR and HTMHR is given by the 

eq (6) 

𝑊𝐶 =
𝑛𝑅𝑇𝐶(

𝛾

𝛾−1
)[𝑟𝑃

𝛾−1
𝛾 −1]

𝜂
                                                                              (6) 

Where, R= 8.314 J/mol.K 

Index of isentropic compression of hydrogen gas, 𝛾= 1.4 

The efficiency of the compressor, 𝜂c=70 % 

The energy efficiency of polygeneration system  𝜂𝑒 =
𝑄𝑅

𝑄𝑆+𝑊𝐶
 

COP of the cooling effect produced    𝐶𝑂𝑃𝑒 =
𝑄𝐶

𝑊𝐶
 

Exergy analysis of metal hydride based polygeneration system: 

Exergy transfer during heat supply to the polygeneration system is given in eq (7) 

𝐸𝑋𝑄,𝑆 = ∫ (1 −
𝑇𝑜

𝑇𝑆
) 𝛿𝑄𝑆                                                                           (7) 

Exergy transfer during heat recovery from the polygeneration system is given in eq (8) 

𝐸𝑋𝑄,𝑅 = ∫(1 −
𝑇𝑜

𝑇𝑅
) 𝛿𝑄𝑅                                                                             (8) 

Exergy transfer during cooling effect produced by the polygeneration system is given in eq (9) 
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𝐸𝑋𝑄,𝐶 = ∫(
𝑇𝑜

𝑇𝐶
− 1) 𝛿𝑄𝐶                                                                               (9) 

The exergy efficiency of polygeneration system  

𝜂𝑒𝑥 =
𝐸𝑥𝑄,𝑅

𝐸𝑥𝑄,𝑆+𝑊𝐶
   

Exergy COP of the polygeneration system  

𝐶𝑂𝑃𝑒𝑥 =
𝐸𝑥𝑄,𝐶
𝑊𝐶

 

Discussion and Results 

The exergy efficiency of the metal hydride based polygeneration system depends on the storage 

temperature and recovery temperature. The minimum energy storage temperature depends on 

the metal hydride pair and the maximum recovery temperature depends on the compression 

ratio and the temperature at which the cooling effect is produced at LTMHR. 

Energy storage temperature:  

The minimum energy storage temperature is calculated by allowing LTMH (MmNi4.4Al0.6) to 

absorb hydrogen at ambient temperature. The corresponding absorption equilibrium pressure 

is 1.8 bar. For hydrogen transfer between HTMR and LTMHR, a minimum pressure difference 

of 1 bar is maintained. So, the desorption pressure of HTMH is 2.8 bar and the corresponding 

desorption temperature is the minimum energy storage temperature obtained from eq (1). The 

minimum energy storage temperature for Mg2Ni, Mg2Fe, Mg2Co and Mg2Cu are 299 ºC, 349 

ºC, 335 ºC and 292 ºC respectively. If the storage temperature is less than the minimum storage 

temperature, the driving pressure difference for hydrogen transfer will be insufficient as the 

MmNi4.4Al0.6 is at ambient. As a result, this polygeneration system cannot store energy below 

the minimum energy storage temperatures. 

Energy recovery temperature: 

Energy recovery in the polygeneration system is obtained by the operation of a hydrogen 

compressor between the LTMHR and HTMHR. LTMHR is connected to the suction side and 

HTMHR is connected to the delivery side of the compressor. The desorption equilibrium 

pressure of LTMH at cooling temperature is suction pressure, while delivery pressure is the 

absorption equilibrium pressure of HTMH at recovery temperature. The energy recovery 

temperature depends on the cooling temperature and compression ratio of the hydrogen 

compressor. Cooling temperatures of 5 ºC, 10 ºC, and 15 ºC and hydrogen compression ratios 

of 8, 10, and 12 are considered for the study. The calculation of energy recovery temperature 

is described for the MmNi4.4Al0.6 - Mg2Ni pair for a cooling temperature of 5 ºC and 

compression ratio of 8. The desorption equilibrium pressure of MmNi4.4Al0.6 is 0.54 bar at 5 ºC 

form P-T relations. Hydrogen at this pressure is compressed to 4.32 bar at rp =8 which is 

considered as absorption equilibrium pressure of Mg2Ni. The energy recovery temperature is 

308 ºC which is obtained from eq (2). The energy recovery temperatures increased with cooling 

temperature and hydrogen compression ratio. A maximum recovery temperature of 399 ºC is 

obtained at a cooling temperature of 15 ºC and a pressure ratio of 12 for Mg2Fe. Among the 

four HTMHs chosen, highest and lowest recovery temperatures are obtained for Mg2Fe and 

Mg2Cu, respectively. 

Degree of heat upgradation: 

The degree of heat upgradation is the difference between the energy recovery temperature and 

energy storage temperature and it is obtained only when the recovery temperature is greater 
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than the storage temperature. The degree of heat upgradation depends on cooling temperature 

and hydrogen compression ratio. A maximum of 50 ºC heat upgradation is obtained at a cooling 

temperature of 15 ºC and a compression ratio of 12 for Mg2Fe which are shown in Table 2. 

There is no heat upgradation for Mg2Cu at all cooling temperatures and compression ratio, and 

for Mg2Co at  Tc=5 ºC, rp= 8,10 and Tc=10 ºC, rp=8.  

Table 2: Degree of heat upgradation of polygeneration system 

HTMH 

 

 

TS 

°C 

Tc=5°C  Tc=10°C Tc=15°C 

rp= 8 rp= 10 rp= 12 

 

rp= 8 rp= 10 rp= 12 rp= 8 rp= 10 rp= 12 

Mg2Ni 299 9 19 28  19 30 39 29 40 49 

Mg2Fe 349 11 21 29  21 31 39 30 41 50 

Mg2Co 335 - - 1  - 3 11 3 13 21 

Mg2Cu 292 - - -  - - - - - - 

 

The exergy efficiency of energy storage: 

The overall performance of the metal hydride based polygenration system is assessed by exergy 

efficiency. The exergy efficiency of the system is calculated for four different pairs considering 

MmNi4.4Al0.6  as LTMH and Mg2Ni, Mg2Fe, Mg2Co and Mg2Cu as HTMHs. Exergy efficiency 

depends on the compression ratio and cooling temperature. The effect of compression ratio and 

cooling temperature on exergy efficiency are shown in the Figure 3.  

For a given cooling temperature, the exergy efficiency decreased with an increase in 

compression ratio. With an increase in compression ratio, work input and heat input increase. 

Higher compression ratios result in higher absorption pressure of HTMH thus increasing 

recovery temperature. So, the amount of energy required to heat the HTMHR from ambient 

temperature to recovery temperature increases.  

For a given compression ratio there is a negligible increase in exergy efficiency with an 

increase in cooling temperature. The energy recovery temperature is higher at higher cooling 

temperatures, requiring higher heat input to heat HTMH from ambient to recovery temperature. 

However, exergy efficiency is based on the second law of thermodynamics which says that the 

amount of heat recovered at higher temperatures is more qualitative. Hence, exergy efficiency 

increased inconsiderably even though the heat input increased.  

Exergy efficiency at cooling temperature 5 ºC: Maximum exergy efficiencies of 57.6 %, 56.7% 

and 55.9% are obtained for MmNi4.4Al0.6/ Mg2Fe  pair at a cooling temperature of 5 ºC for 

pressure ratios 8, 10 and 12 respectively. Minimum exergy efficiencies of 33 %,32.9% and 

32.7% are obtained for the MmNi4.4Al0.6 /Mg2Cu pair for pressure ratios 8, 10 and 12 

respectively. Variation of exergy efficiency with the pressure ratio of the selected four pairs is 

shown in Figure 3(a).  

Exergy efficiency at cooling temperature 10 ºC: Maximum exergy efficiencies of 57.89 %, 

56.93% and 56.12% are obtained for MmNi4.4Al0.6/ Mg2Fe pair at a cooling temperature of 10 

ºC for pressure ratios 8, 10 and 12 respectively. Minimum exergy efficiencies of 33.62%, 

33.41% and 33.27% are obtained for the MmNi4.4Al0.6 /Mg2Cu pair for pressure ratios 8, 10 

and 12 respectively. Variation of exergy efficiency with the pressure ratio of the selected four 

pairs is shown in Figure 3(b).  
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Exergy efficiency at cooling temperature 15 ºC: Maximum exergy efficiencies of 58.12 %, 

57.12% and 56.26% are obtained for MmNi4.4Al0.6/ Mg2Fe pair at a cooling temperature of 15 

ºC for pressure ratios 8, 10 and 12 respectively. Minimum exergy efficiencies of 34.2 %, 

33.98% and 33.76% are obtained for the MmNi4.4Al0.6 /Mg2Cu pair for pressure ratios 8, 10 

and 12 respectively. Variation of exergy efficiency with the pressure ratio of the selected four 

pairs is shown in Figure 3(c).  

   

 

Figure 3: Exergy efficiencies of polygeneration system with working pairs MmNi4.4Al0.6/ 

Mg2Ni, MmNi4.4Al0.6/Mg2Fe, MmNi4.4Al0.6/Mg2Co and MmNi4.4Al0.6/Mg2Cu (a) at  cooling 

temperature 5ºC (b) at cooling temperature 10 ºC (c) at cooling temperature 15 ºC 

Comparison of exergy efficiency with energy efficiency of the polygeneration system: 

The exergy efficiencies obtained with working pair MmNi4.4Al0.6/Mg2Fe are maximum at all 

cooling temperatures and hydrogen compression ratios as disused in the above section. Hence, 

the comparison of exergy efficiencies with energy efficiencies of MmNi4.4Al0.6/Mg2Fe is 

shown in Figure 4. It is observed that the exergy efficiencies are greater than energy efficiencies 

at all operating conditions. The maximum exergy efficiency of 58.1 % is obtained at a cooling 

temperature of 15 ºC and a hydrogen compression ratio of 12. Whereas a maximum energy 

efficiency of 49.3 % is obtained at a cooling temperature of 5 ºC and a compression ratio of 8. 

The main reason for the above results is energy efficiencies are obtained by considering the 

values of input and output energies. On the other hand, exergy efficiencies depend on the 

temperatures at which the energy is stored and recovered along with the input and output 

energies. Energy efficiency is greater than exergy efficiency when the energy recovery 

temperature is less than the energy storage temperature. For MmNi4.4Al0.6/Mg2Cu exergy 

efficiency is less than energy efficiency at all operating conditions as its energy recovery 

temperatures are less than energy storage temperature. Figure 5 shows the comparison of 
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energy and exergy efficiencies of all four pairs at a cooling temperature of 15℃ and a hydrogen 

compression ratio of 12. The exergy efficiency (34 %) is less than the energy efficiency (39 %) 

for MmNi4.4Al0.6/Mg2Cu because the energy recovery temperature (202℃) is less than the 

energy storage temperature (292℃).  

  

 

Figure 4: Comparison of exergy and energy efficiencies of polygeneration system with 

working pairs MmNi4.4Al0.6/Mg2Fe at (a) cooling temperature 5ºC (b) cooling temperature 10 

ºC (c) cooling temperature 15 ºC 

 

Figure 5: Comparison of exergy and energy efficiencies of polygeneration system with 

working pairs MmNi4.4Al0.6/ Mg2Ni, MmNi4.4Al0.6/Mg2Fe, MmNi4.4Al0.6/Mg2Co and 

MmNi4.4Al0.6/Mg2Cu cooling temperature 15 ºC and pressure ratio 12 
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Comparison of exergy COP with energy COP of the polygeneration system: 

The cooling effect in the metal hydride based polygeneration system is produced at LTMHR 

and it is due to the operation of the hydrogen compressor between HTMHR and LTMHR. 

Hence, the COP of this system depends on the thermodynamic properties of LTMH and 

hydrogen compressor work. Hydrogen compressor work depends on cooling temperature and 

the compression ratio. At a given cooling temperature, with an increase in compression ratio, 

compressor work increases resulting in a decrease in both energy and exergy COP. At a given 

compression ratio, with an increase in cooling temperature, energy COP increased while exergy 

COP decreased. The variation of energy and exergy COP with cooling temperature is explained 

as follows. Energy output (a cooling effect produced) at 15℃ is greater than energy output at 

5℃, contrarily exergy output (a cooling effect produced) at 15℃ is less than exergy output at 

5℃. However, the change in energy COP with respect to cooling temperature and the change 

in exergy COP with respect to compression ratio is trivial. A maximum energy COP of 2.78 is 

obtained at a cooling temperature of 15℃ and a hydrogen compression ratio of 8. Whereas a 

maximum exergy COP of 0.26 is obtained at a cooling temperature of 5℃ and a hydrogen 

compression ratio of 8. 

 

Figure 6: Exergy COP and energy COP of the polygeneration system 

Summary/Conclusions  

Metal hydride based polygeneration system which can store energy, upgrade energy and produce 

cooling effect is proposed. The system is analysed thermodynamically for four working pairs 

namely MmNi4.4Al0.6/Mg2Ni, MmNi4.4Al0.6/Mg2Fe, MmNi4.4Al0.6/Mg2Co and 

MmNi4.4Al0.6/Mg2Cu. The exergy efficiency of energy storage and exergy COP of cooling effect 

are calculated, and the effect of operating parameters on efficiency and COP are studied. In 

addition, the first law and the second law performances are compared. The following conclusions 

are made from the present study: 

 Heat recovery temperatures obtained for MmNi4.4Al0.6/Mg2Fe are high, ranging from 360 

to 399 ℃. And heat upgradation obtained for MmNi4.4Al0.6/Mg2Fe and 

MmNi4.4Al0.6/Mg2Ni is comparable, ranging from 9 to 50 ℃. 

 The maximum exergy efficiency of 58 % is obtained for MmNi4.4Al0.6 - Mg2Fe at 

Tr=380°C, Tc=15°C and rp=8. And a maximum energy efficiency of 49.3 % is obtained at 

Tc=5°C and rp=8. 
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 Exergy efficiency is less than energy efficiency for the pairs whose recovery temperature 

is less than the source temperature. Other way: Exergy efficiency is higher than the energy 

efficiency when energy recovery temperature is higher than storage temperature.  

 A maximum second law COP of 0.26 is obtained at Tc=5°C and rp=8, and a maximum 

first law COP of 2.78 is obtained at Tc=15°C and rp=8. Second law COP is less than first 

law COP under all operating conditions. 
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Abstract 

This work describes the methodology used to realize a performance analysis of two hybrid 

heat pumps (HHP) designed for space heating (SH) and domestic hot water (DHW) 

production for residential applications. The systems are installed in the same climatical 

region in the northern part of Belgium. The household composition of both facilities and heat 

requirements are different between them. Both installations count with sensors that allow to 

register the appliances gas consumption, electrical consumption, water flows and 

temperatures. Settings data are known but not monitored. The data collected is daily sent to 

the Cloud and is used to compute performance indicators. Two years of data are analyzed per 

site, allowing to quantify the effect of different variables over the system performance. The 

differences found are described and discussed. 

Keywords: Hybrid heat pump, Gas driven systems, Monitoring. 

Introduction/Background 

In the decarbonization pathway, heat pumps technology can play a main role. Studies point 

out that heat pumps are a good alternative to reduce the CO2 emissions and the energy 

consumption, of which a significant part is destinated to buildings in Europe to meet the 

DHW and SH demands [1,2]. However, an abrupt transition is not possible due to restrictions 

such as housing requirements, available energy sources, technology cost, etc. That is why 

when complemented with hybrid solutions, the decarbonization and transition becomes more 

flexible, cheaper and easier [3]. This, however, could have associated problems. As several 

studies show, a proper control, correct system integration and monitoring are crucial to 

properly evaluate the potential and the impact of these technologies under an energetic and 

economic point of view without diminishing their performance [4-8]. 

The objective of this work is to compute performance indicators of two appliances under field 

conditions. The systems are installed in two residential houses in the northern part of 

Belgium, corresponding to the same climatical region. These locations have sensors that 

provide information that allows to analyze inputs and outputs to the appliances, enabling to 

compute performance indicators; sensors to measure indoor and outdoor ambient conditions 

are also placed. Heat meters are installed to measure the heating energy delivered by the 

appliances to each circuit that requires it (DHW and SH). Both sites count with photovoltaic 

panels and the household compositions differ between them, affecting the consumptions.  

Both systems have been exhaustively monitored during 2021 and 2022. It is thanks to the 

monitoring that problems related to both installations were identified and corrected, allowing 

to quantify the penalization to the performances due to a faulty installation or 

misunderstanding of parameters. Besides this, changes are applied according to the needs of 
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the users, achieving a better understanding of the system on their part and adjusting it to their 

needs. 

Description of the systems 

The schemes of the monitored appliances are shown in Figure 1 and Figure 2. These hybrid 

systems are a coupling of an internal module that includes a boiler, and an outdoor module 

composed by a heat pump. This assembly allows to cover the heat demands of a residential 

facility with only one module (only boiler, only heat pump) or both (hybrid mode), depending 

on the thermal demand circuit (DHW or SH) and the delivery water temperature required. 

The first location in Leest has a heat pump with nominal heating capacity of 7.9 kW under 

+7°C outdoor air temperature and outlet water temperature of +35°C, with an associated 

coefficient of performance of 4.34 according to the EN 14511-2. The system provides SH 

through radiant floor as well as radiators, and counts with a buffer tank of 177 liters in the 

internal module. Its technical features are shown in Table 1 and Table 2, for the heat pump 

and the boiler respectively. For Table 2, the values are given for rich gas (H) and lean gas 

(L). 

Table 1. Heating mode: Water outlet temperature +35°C. Performances according to 

EN 14511-2 (Leest) 

 Type of measurement Unit AWHP 8 MR-2 model  

Outdoor air 

temperature +7°C 

Heating capacity kW  7.9 

Coefficient of performance (COP)   4.34 

Electrical power absorbed kWe  1.82 

Rated water flow (ΔT = 5K)  m
3
/hour  1.36 

Outdoor air 

temperature +2°C 

Heating capacity kW  6.8 

Coefficient of performance (COP)   3.3 

Electrical power absorbed kWe  2.06 

Table 2. Internal module – Boiler characteristics (Leest) 

   Gas H G20 Gas L G25 

Rated heating capacity 

Heating mode (80°C/60°C)  
Min-max kW 3.0-14.9 2.5-12.1 

Rated heating capacity 

Heating mode (50°C/30°C)  
Min-max kW 3.4-15.8 2.8-13.2 

Rated heating capacity 

DHW mode G20 (HHV) 
Min-max kW 3.4-16.7 2.8-13.9 

Space heating efficiency at full load (HHV) 

(80/60°C) 
 % 86.9 86.9 

Space heating efficiency at full load (HHV) 

(50/30°C) 
 % 94.8 94.8 

Gas consumption G20 (gas H) Min-max m
3
/h 0.33-1.59 0.32-1.53 

Electrical power absorbed – great speed Max W 101 101 
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Figure 1. Monitored hybrid heat pump schematic, Leest 

For Ruiselede, the SH circuit is based on low temperature radiators and there is no buffer 

tank embedded or installed in the hydraulic circuit. The technical features are shown in Table 

3; for the gas consumption, values are shown for rich gas (G20) and lean gas (G25). 

Table 3. Ruiselede monitored hybrid system technical features 

External unit: Heat pump  

Rated heating capacity kW 4.40 / 4.03 

Rated power absorbed (heating) kW 0.87 / 1.13 

COP (heating)  5.04 / 3.58 

Domestic hot water heating efficiency % 96 

Seasonal efficiency for ambient heating 

(water temp. outlet 55°C) 
% 128 

Internal unit: Boiler 

Gas consumption (G20) Min-max m
3
/h 0.78 - 3.39 

Gas consumption (G25) Min-max m
3
/h 0.90 - 3.93 

Space heating  

Heat input (LHV) Min-max kW 7.6 - 27 

Output at 80/60°C Min-Nom. kW 8.2 - 26.6 

Efficiency Net calorific value % 98 / 107 

Domestic hot 

water 

Thermal load (LHV) Min-Nom. kW 7.6 - 32.7 

Efficiency Net calorific value % 105 

Power consumption  Stand by / Max W 2 / 55 
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Figure 2. Monitored hybrid heat pump schematic, Ruiselede 

Description of the monitored buildings 

The monitored hybrid systems are installed in two residential buildings in the northern part of 

Belgium at Leest and Ruiselede, considered to be in the same climatic region. These locations 

are equipped with sensors whose collected data is daily sent to the Cloud; their technical 

features are shown in  

Table 4, and their position can be seen in the installation schemes shown in Figure 3 and 

Figure 4. Indoor and outdoor ambient conditions are measured, as well as gas and electric 

consumptions of the system; a heat meter is installed between the inlet and outlet pipes of the 

machine to measure the heating energy delivered by the appliance to each circuit (DHW or 

SH) based on the measurement of the water flow rate and its respective inlet and outlet 

temperatures, allowing to compute performance indicators of both systems. 

Some control and internal parameters of the systems such as power modulation or 

temperature setpoint are not remotely controlled or monitored. This means that changes or 

modifications made by the user or installer could not be communicated, being difficult or 

impossible to identify only with the data analysis. 

None of the monitored houses counts with a buffer tank for heat storage (besides the one 

embedded at Leest as shown in Figure 1).; additionally, both sites count with photovoltaic 

panels. In terms of users, the household composition in Leest correspond to a family (2 

adults, 2 kids) while at Ruiselede the household is composed by only one person. 
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Figure 3. Installation scheme of Leest monitoring site 

 
Figure 4. Installation scheme of Ruiselede monitoring site 
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Table 4.  Reference of the monitoring sensors 

Sensors Reference Resolution Accuracy 

Ext./Int. temp. ; humidity Weptech Munia 0,1 K; 0,1% ± 0,3 K; ± 2% 

Heat counter Qalcosonic E1 Qn2,5 

qi=0.025m³/h; L=130mm 

1 kWh; 1 l; 

0,1 K 

Accuracy Class 

2 

Machine 1-way electrical 

energy counter 

Iskraemeco ME162- 

D1A42-V12G22-M3K0 

10 Wh Accuracy Class 

1 

Gas volume counter BK-G4T DN25 

Qmax 6 m³/h 

10 l <0.5% 

Data logger (cloud connection) Viltrus MX-9 - - 

From the beginning of the monitoring visits had been made to solve problems linked to the 

installation and settings at each site, whose consequences are reflected in the monitoring data. 

These problems and misunderstandings did not allow the appliance to work as a hybrid 

system before September 2021 at Ruiselede, and the same applies for Leest before December 

2021. On the other hand, the electricity consumption of the heat pump was recorded in none 

of the two facilities before September 2021. Based on these two observations, it is possible to 

say that both systems worked based only on the boiler thermal production until these dates, 

and that the electrical measurements registered on each site correspond only to the boiler. 

Discussion and Results 

Both installations are supplied with natural gas. Along the study, Ruiselede always counted 

with rich gas (H), while at Leest a transition from lean gas (L) to rich gas was made in June 

2022. The mean High Calorific Values (HCV) used for the further analysis, per site and per 

year, are shown in Table 5. 

Table 5. Mean high calorific value used per site, per year  

High calorific value [Wh/m3] 
Year 

2021 2022 

S
it

e 

Leest 10.3570 (L) 
Until May : 10.3361 (L) 

From June : 11.5699 (H) 

Ruiselede 11.5376 (H) 
11.5612 (H) 

 

From here under, the nomenclature used per graph is shown in Table 6. 

Table 6. Nomenclature used in monitoring analysis graphs 

L Leest 

R Ruiselede 

Global Global 

Th Thermal 

El Electrical 

DHW  Domestic hot water 

SH Space heating 

int Internal 

ext External 

Gas Gas 
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The           is computed as the ratio of the thermal power output to heat and electric power 

inputs as defined in Equation (1). The       and       are shown in Equation (2) and (3) 

and correspond to the same definition considering only the thermal or electrical input 

respectively; the thermal input is considering the high calorific value of the used gas. 

Similarly, the       and       for DHW of SH are computed as shown in Equation (4) and 

Equation (5), taking into account only the DHW or SH production respectively. 

           
          

          
 (1) 

       
          

     
 (2) 

       
          

    
 (3) 

           
     

     
            

    

     
 (4) 

           
     

    
            

    

    
 (5) 

The available number of days to analyze during 2021 is 356 for both sites. For the analysis it 

must be taken into account that, as previously mentioned, the system worked during some 

months only based on the boiler thermal production. The most visible effects are due to: 

 An electrical meter installation in each facility to measure the heat pump electrical 

consumption (not registered until then) in early September (day ~250); is worth to 

mention that the electrical consumption of the boiler (indoor module) was measured 

all the time. 

 Modification of the tariff settings at Leest in mid-December (day ~340), allowing the 

system to work as a hybrid appliance. 

 Modifications in the energy tariffs at Ruiselede in early August (day ~220) and mid-

November (day ~320), first to benefit from the PV production and afterwards, to 

promote the use of natural gas. 

These changes are visible in Figure 5, where towards the end of the year the COP global of 

both facilities increases, as well as the effect in the thermal and electrical COP. These 

changes are more affected by the SH production during winter since the DHW production 

remains all over the year as pointed in Figure 7. 

At Leest, the datasheets of the appliance do not give an efficiency value for the DHW 

production based only on the boiler operation as they do for the SH production (Table 2), so 

no conclusions can be concisely drawn. It can be seen though, that the efficiency for the SH 

production of the system operation based only on the boiler heat supply (before December 

2021) is within the ranges announced by the manufacturer (86.9-94.8% based on HHV, it 

must be considered that at Leest the installation is powered with lean gas). The seasonal 

effect is clearly appreciated also in the SH production, while the DHW production remains 

relatively constant throughout the year. Only a few points above 1 can be seen for the COP 

global on the second half of December due to the change of tariffs that promotes the use of 

the heat pump and electricity over natural gas as shown in Figure 8, for an almost identical 

SH and DHW to that at the beginning of the year 2021. Even more, a switch in the electricity 
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consumption can be identified (a reduction in the internal electricity consumption linked to 

the boiler for an increase in the external one liked to the heat pump) as well as a decrease of 

the natural gas consumed, revealing the change on the internal control of the appliance 

towards a hybrid mode due to the modifications performed. The effect can be seen also in the 

change during the start and the end of the year in the thermal and electric COP for DHW and 

SH production as shown in Figure 6, increasing the efficiency of the gas and diminish the 

electrical one. 

At Ruiselede, the hydraulic system is simpler and direct. The household composition implies 

that there’s almost no DHW production, therefore most of the results are associated to the SH 

production; however, these results are far from the ones announced in Table 3. It must be 

considered that they are based on a low calorific value (LHV) for the declared efficiencies, 

and that the results shown are based on the gas HHV available on site; thus, to be able to 

compare, it must be considered that the graphic results are ~11% lower in LHV terms. 

The gas boiler at Ruiselede is sized for a space heating output range between 8.2 and 26.6 

kW; as can be seen in Figure 7, the SH demand is rarely equal or higher than the minimum 

output of the gas boiler. Thus, it can be said that the gas boiler of the system is oversized for 

the SH requirements of the household, resulting in poor daily performance indicators before 

the modifications of August. The heat pump at Ruiselede has a smaller heating capacity that 

the gas boiler, so after the modifications (around day 220) and since the heat pump is allowed 

to work, improvements in the COP’s are observed due to the fact that now the unit sizing is 

more suitable for the main demand (SH). Nonetheless, these values decrease drastically after 

the change of tariffs in mid-November (day 320). This can be observed also by correlating 

the results shown in Figure 8.  
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Figure 5. Daily global COP for both sites during year 2021 (top); Daily Th and El COP 

for both sites during year 2021 (bottom) 

 

 

Figure 6. Daily COP Th for DHW and SH for both sites during year 2021 (top); Daily 

COP El for DHW and SH for both sites during year 2021 (bottom) 
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 Figure 7. DHW and SH production for both sites during 2021 

 

 

Figure 8. Internal and external electricity consumption for both sites during 2021 (top); 

gas consumption for both sites during year 2021 (bottom) 

For year 2022, the available number of days to analyze is 364 days for both sites. Compared 

to year 2021, better daily results are observed in Figure 9 (top) for Leest through the first cold 

months, result of the last modifications performed in December 2021; these improvements, 

once again, are mostly related to the SH production as shown in Figure 11, where the DHW 

is a small part of the total. Figure 12 (bottom) shows that the gas consumption decreased 
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compared to the previous year, effect that is inline with the increase of the external electrical 

consumption during 2022 compared to 2021 (Figure 12, top). 

At Ruiselede and as shown in Figure 9, until the end of summer the results are in line with the 

change of tariff performed in November 2021, decreasing the COP’s; however, this changes 

when the cold season starts in October (around day 270). There are no variations observed in 

the behavior of the demand of the household (Figure 11), yet the energy consumption 

changes with electricity having a main role and most of all, the heat pump (Figure 12, top); 

this also matches the gas consumption behavior shown in Figure 12 (bottom). 

The changes on the external electrical consumption are difficult to explain for the last months 

of the year; the observed behavior is similar to what is expected from a change of tariff as it 

was observed in 2021 to promote the heat pump utilization, but there is no record about a 

change in this respect informed by the user. 

 

 

Figure 9. Daily global COP for both sites during year 2022 (top); Daily Th and El COP 

for both sites during year 2022 (bottom) 
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Figure 10. Daily COP Th for DHW and SH for both sites during year 2022 (top); Daily 

COP El for DHW and SH for both sites during year 2022 (bottom) 

 

Figure 11. DHW and SH production for both sites during 2022 
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Figure 12. Internal and external electricity consumption for both sites during 2022 

(top); gas consumption for both sites during year 2022 (bottom) 

Conclusions  

The results obtained from two years monitoring of two hybrid heat pumps have been presented 

and findings discussed. 

The results shown along this work evidence that the appliances in the field are not exempt from 

presenting problems starting from the installation phase made by qualified technicians until the 

daily use phase made by the owners. These problems are hard to identify without a proper 

comprehension of the systems and communication with the final user, making the monitoring 

and follow up of the installations crucial to obtain, at least, acceptable performance results.  

The correct parameter setting has a great impact on the system performance and mode of 

operation, especially when the control is based under energy prices. A misunderstanding or a 

bad setting can make the difference between a system that works under efficient conditions or 

not, affecting the performance results, pointing out the vulnerabilities of hybrid technologies 

and special attention to reach the maximum profit possible. Therefore, installation and 

parametrization must never be neglected; it can even be stated that monitoring the 

performance seems necessary until the technology (and the way it is installed and used) has 

statistically demonstrated its robustness in field-tested applications. 
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Finally, the results obtained along both years and the modifications that have been 

implemented point out the fact that the solutions must be adapted to the specific needs of each 

site, being possible to achieve benefit from the coupling with other systems such as PV panels.  
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Abstract  

While reducing greenhouse gas (GHG) emissions is paramount, it is becoming clear that 

reductions alone are unlikely to be enough; removing GHGs from the atmosphere will also be 

necessary to meet agreed climate targets. The IPCC’s latest report outlines the scale of the 

challenge, saying that limiting global warming to 1.5 °C translates into around 6 GtCO2 of 

carbon dioxide removal (CDR) per year by 2050 [1]. A portfolio of leading CDR solutions, 

such as natural climate solutions (NCS), bioenergy with carbon capture and storage (BECCS) 

and direct air carbon capture and storage (DACCS), can meet the need for CDR in a 

sustainable way.  

The carbon removal market needs to grow significantly in the next years and only DACCS 

has the potential to operate at scale surpassing other CDR options, with a nearly unlimited 

capacity to capture CO2 from the atmosphere, provided that the captured CO2 can be 

permanently stored in deep geological formations. Moreover, DACCS has the smallest land 

and water usage and are location-independent, meaning they can be located closer to storage 

sites.  

DACCS technology faces however several challenges, including large energy requirements 

of producing a high purity CO2 gas stream and the system’s significant capital and operating 

cost. Early cost estimates for DAC exceed 600 USD/t CO2, though more recent estimates 

suggests that a price below 200 USD/t CO2 may be possible [2].  

This project addresses these challenges by using and extending our integrated technology 

platform ‘PrISMa’
1
 for material screening, process design, cost estimation and assessment of 

environmental impacts of sorbent-based carbon capture technologies to de-risk and maximise 

the benefits of direct CO2 capture from air, contributing to accelerate the scale-up and speed 

of deployment of DACCS technologies.  

                                                           
1
  ‘Process-Informed design of tailor-made Sorbent Materials for energy efficient carbon capture’ (PrISMa) funded by ERA-

NET Accelerating CCS Technologies (ACT)   
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An example of the screening results obtained from the PrISMa platform for two different CO2 

sources, an onshore Natural Gas Combined Cycle (NGCC) plant and a coal-fired power 

plant, is provided in Figure 1. In these cases, the power plants are based in the UK and the 

CO2 that is captured is sent for subsequent CO2 storage. Results show how the materials 

ranking significantly changes depending on the selected Key Performance Indicator: either 

from the process (productivity), Technoeconomic- TEA (Cost of CO2 avoided – CAC), or 

Life Cycle Analysis – LCA (Climate Change) layer. Our findings for point-source CO2 

capture highlight the need for our integrated approach when screening sorbent materials for 

any separation application, including DACCS. 

 

Figure 1 Material screening results from the PrISMa platform: ranking and performance change of Metal-
Organic Frameworks (MOF) materials across different layers (process, TEA, and LCA, respectively) 

depending on the CO2 point-source capture scenarios: an onshore Natural Gas Combined Cycle Plant 
(NGCC) or a coal-fired power plant. 

The ultimate aim of this project is to unlock the scalable potential of DAC by addressing its 

affordability issue while maintaining its scalability, flexibility, and ease of capture 

verification. By coupling basic science with engineering and environmental aspects, an in-

depth understanding of materials structure-property-performance relationships will be 

developed across different time scales and under relevant and realistic DAC operation 

conditions. This approach will maximise the impact of novel and advanced breakthrough 

materials by aligning and optimizing the features of the materials and their integration for 

DAC processes, in order to decrease the time to market of affordable, cost-competitive, low 

environmental impact, and resource-efficient DAC technologies. 

Keywords: Direct Air Capture, Carbon Dioxide Removal, Negative Emissions Technology, 

Metal-Organic Frameworks, sorbents screening. 
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Abstract (12-pt Times New Roman)

In this paper, a new efficient concept for a district heating driven transcritical ejector CHP sys-
tem is proposed. The process is composed of a Rankine top cycle for the production of electrical
energy and an ejector refrigeration cycle as a bottom cycle for the production of cooling energy.
A joint medium-pressure condenser serves as the connection between the two sub-processes,
which, together with an external heat exchanger, further cools the primary district heating flow
and provides useful heat for e. g. space heating or domestic hot water production. In the course
of the numerical investigations, critical regulating variables for the process are identified. With
the help of simple optimisation calculations, optimal operating points for a cold-controlled or a
power-controlled operation are derived. The results are analysed on the basis of technical and
economic parameters for an organic working fluid (R507A). With constant heat extraction at
the condenser, exergy efficiencies of about 41% can be achieved when maximising the cooling
capacity, while in power-controlled operation this can even be increased to 55%.

Keywords: CCHP, numerical modelling, district heating, multi-objective optimisation.

Introdution
Combined cooling, heating, and power (CCHP) systems have been gaining increasing attention
as a promising solution for enhancing energy efficiency and reducing greenhouse gas emissions
in district heating and cooling networks [1]. In recent years, various studies have focused on
investigating the optimal design, operation, and control strategies of CCHP systems [2, 3] to
achieve maximum economic and environmental benefits in district energy systems. However,
challenges still remain, including the integration of intermittent renewable energy sources, the
uncertainty of energy demand and supply, and the trade-off between economic and environ-
mental objectives [4]. Therefore, further research is needed to address these challenges and
improve the performance of CCHP systems in district energy systems.

In recent years, a number of studies have already dealt with the coupled supply of heating,
cooling and electrical energy by thermodynamic processes. The use of a CHP system in com-
bination with a marine gas turbine was investigated by [5]. The system consists of a supercriti-
cal CO2 recompression cycle, two transcritical CO2 refrigeration cycles and a steam generator,
which allows the waste heat from the ship’s gas turbine to be used for the production of cooling
energy, steam and power. Furthermore, an exergo-economic analysis and a multi-parameter
optimisation were carried out, according to which almost 72% of the entire system costs are
linked to exergy destruction. Wang et al. [6] developed a solar CCHP system consisting of
an ORC and an ejector refrigeration cycle. The system is analysed in terms of the hour angle
and the inclination angle of the collector’s opening plane, with parameter optimisation being
carried out using an GA optimisation algorithm. The optimal tilt angle for the collector is ap-
proximately 60◦, while the optimal system performance occurs at a 45◦ tilt angle at midday.
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The maximum efficiency of 60.3% is achieved at the optimal hour and tilt angle. The authors
[7, 8, 9] focus on the applications of CCHP systems in Tehran, with differences in terms of
configuration and individual subsystems. Javan et al. [8] conducted investigations with dif-
ferent refrigerants (R134a, R600, R123 and R11) regarding techno-economic modelling and
multi-parameter optimisation of a CCHP system for a residential building. The CCHP system
contains an internal combustion engine, an ORC, an ejector refrigeration cycle and a water
heater. R11 is identified as the most suitable refrigerant, although the nominal load case (day
with largest total energy demand) is not completely covered here either. The CHP system ex-
amined by [9] for supplying a residential building consists of an ejector refrigeration circuit, an
ORC process, a solar collector and a heat and cold storage tank. In the simulation, the influ-
ences of the environment are taken into account in order to realise an evaluation over the entire
year. Compared to the designs of [8], the system was found to be able to cover the cooling load
and sell excess heat in the form of hot water to the district heating network. The annual system
efficiency is 25.2%. Ebrahimi et al. [7] have modified the system of Wang et al. [6] in such a
way that the waste heat of the condenser is used for heating water and steam is diverted via a
branch before the turbine to increase the cooling capacity. The system is designed for use in
a residential building with 20 residential units. Furthermore, a micro gas turbine, a steam-air
heat exchanger and an ejector condenser are used in the system. The overall efficiency of the
system is 25% in summer and 61% in winter. Wang et al. [10] developed and investigated a
transcritical CO2 process for low-grade energy recovery, which should simultaneously meet
the requirements for the delivery of cooling, heating and power. The process combined an
ejector refrigeration cycle with a CHP system. Furthermore, the new cycle is compared with a
conventional cycle using a throttle valve instead of the ejector. The result of this comparison
shows that the ejector cycle can generate more electrical power and achieve a slightly higher
exergy efficiency.

System Description and Modelling Approach

Ejector CCHP System

Figure 1 shows the ejector CCHP circuit, whereby the process can be divided into a bottom
cycle for the production of cooling energy and a top cycle for the generation of electricity. The
shared condensation of the working fluid acts as the connection between the two sub-cycles,
whereby this condensation heat is used to provide heat for space heating or domestic hot water
supply. The zeotropic mixture R507A (50% R125 and 50% R143a) is used as the working
medium.

The drive energy of the top cycle is provided by the primary district heating network, which is
operated at high temperatures. The top cycle consists of an evaporator pump (P), an internal
heat exchanger for preheating the working fluid (IHEX), a steam generator (SG) and a scroll
expander (T). After increasing the pressure of the medium to transcritical conditions (p >
pcr) in the pump, heat is added isobarically in the two following heat exchangers to raise the
temperature to approx. 130 ◦C. The expander converts the enthalpy drop into mechanical
energy and transfers it to an asynchronous generator via a conversion gear. After the steam has
been expanded and recuperated in the IHEX, mixing takes place at medium pressure level in
the condensation circuit.

In the evaporator (EVA) of the bottom cycle, the working fluid is first evaporated with the
addition of heat in order to cool the cold water, which can be used for air conditioning, for
instance. The liquid refrigerant supplied to the ejector (EJE) as a motive flow then draws in the
suction vapour generated by the evaporator according to the principle of momentum exchange,
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thus causing a slight increase in the pressure level (compared to the evaporation pressure) of
the resulting mixed vapour. The two-phase mixture emitted by the ejector is then divided into
its liquid and gaseous components in a separator (SEP) according to the vapour quality. The
latter is taken in by a low-pressure compressor (COM), raised to the appropriate condensation
pressure and then mixed with the exhaust steam from the top cycle. The liquid phase from the
separator is returned to the evaporator via an expansion valve.

In the middle section of the process, the refrigerant vapour coming from the top and bottom
cycle is now mixed and fed to a heat exchanger (CON). There, the working fluid flow is liq-
uefied while releasing heat and fed back to the two circuits according to the operating point.
The condensation heat is used to preheat the heating water, which flows in at approx. 28 ◦C
from a storage reservoir. Depending on the condensation pressure and the working medium,
this heating water leaves the condenser at between 30 and 45 ◦C. In the case of floor heating
systems, this temperature level would already be sufficient. Nevertheless, an additional heat
exchanger (DH-HEX) is added to achieve a further temperature increase to 65 ◦C, so that do-
mestic hot water preparation is also supported. This residual heat is provided by the primary
district heating medium, which leaves the steam generator of the top cycle at approx. 70 ◦C.

COM

EJES

V
EVA

CON

P

DC

T

SG

IHEX

DHDHW/SH

DH-HEX

Figure 1. Schematic representation of the ejector CCHP and its integration into a district heating
supply infrastructure

Thermodynamic Modelling

For the investigation of the proposed system, a steady-state process model of the plant is created
using the software package IPSEpro [11]. As the name implies, this modelling approach ne-
glects all time-dependent variables (e. g. dT/dt), which leads to a considerable simplification
of the set of equations to be solved. By balancing over a plant component k, one finally obtains
the stationary conservation equations for mass and energy. Equation 1 shows a special form
of the continuity equation and states that the number of mass elements entering the component
ṁi is equal to the number leaving. Another conservation equation results after applying the
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first law of thermodynamics (see equation 2). This states that the quantity of heat dQk, tech-
nical work dWk and the energy transported by the mass elements dmi, which are supplied or
released across the system j or component boundaries k, are equal to the change in the internal
and external energy of the system dU and dEa, respectively. The terms on the right-hand side
of the equation can be eliminated due to the steady-state approach and the stationarity of the
system. ∑

j

ṁi = 0 (1)

∑
j

Q̇j +
∑
j

Ẇi +
∑
j

ṁi

(
hi +

w2
i

2
+ g · z

)
= 0 (2)

To model the heat exchangers in the system (EVA, CON, IHEX, SG), further equations are
needed in addition to the two conservation laws. The calculation of the heat transport is done
in analogy to Fourier’s law, according to which the heat flow transferred from one fluid to
another is proportional to the heat transport factor (kA-value) as well as to the logarithmic
mean temperature difference ∆Tm,12.

Q̇12 = k12 · A ·∆Tm,12 (3)

The total heat transport coefficient k12 is composed of the heat conduction in the partition wall
and the two convective heat transport coefficients between the fluid flow and the heat exchanger
wall. A reasonable assumption is that the convective part dominates the heat transfer due
to conduction (1/α1 + 1/α2 ≫ δ/λ), which means that the heat transfer coefficient can be
calculated in a simplified way according to equation 4. For the values for alpha, reference is
made to literature data [12].

1

k12
=

1

α1

+
1

α2

(4)

It is assumed that the change of state in the compressor, pump and turbine takes place with-
out heat exchange with the environment (adiabatic), whereby only the heat loss occurs due
to mechanical friction on the shaft. The mechanical efficiency of the apparatus is defined in
equation 5.

ṁk · (hout − hout) = ηm · Ẇk (5)

The change of state is modelled following the ideal case of an adiabatic, isentropic change of
state. The enthalpy is known for the fluid flow as a function of pressure and entropy. In this
way, the isentropic efficiency of compression or expansion is used as follows (equation 6 and
7).

his,P,C =
his,out − hin

hout − hin

(6)

his,T =
hin − hout

hin − his,out

(7)

In modelling the ejector, it is divided into a total of four subsections, which are as follows:
nozzle section, mixing section, shock wave section and diffuser section. Furthermore, constant
pressure conditions in the respective sections are assumed for the one-dimensional flow model.
It is also assumed that the primary and secondary flows do not mix before reaching the mixing
chamber. Furthermore, the correlation of [13] is used to predict the sound speed velocity in the
mixing chamber, since a homogeneous two-phase condition of the fluid flow is to be expected
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here. The efficiencies of the nozzles, the mixing chamber and the diffuser are also taken as
constant. Based on the assumptions just mentioned and the conservation equations for each
section, the relationship between the entrainment ratio of the ejector µ and its efficiencies as
well as inlet and outlet conditions shown in equation 8 can finally be established.

µ =

√
ηis,nηis,mηis,d

(
hpn,in − hpn,out,is

hd,oust,is − hm,out

)
− 1 (8)

Boundary Conditions
The necessary component-specific boundary conditions are first determined for the numerical
simulation as well as the subsequent optimisation study of the ejector CCHP process driven
by primary district heating (see Table 1). Pressure losses ∆pk of the equipment are taken into
account. Geometrical information is often required for the exact calculation of heat transport
processes. Here, the application of the minimum temperature gradient is used, which is also
called pinch point ∆TPP,k. This temperature difference limits the exchange of heat between
the two separate working media. In order to take the deviations from adiabatic and reversible
changes of the fluid state in e. g. turbines into account, so-called isentropic efficiencies ηis,k are
introduced. These are formed from the ratio of real to ideal change of state and can be taken
from relevant scientific literature [14, 15].

Table 1. Assumed component-specific boundary conditions for the simulation of the ejector
CCHP

quantaty unit value
∆TPP,SG,IHEX K 10
∆TPP,EVA K 3

∆TPP,CON,DH−HEX K 5
∆pPP,HEX,ext bar 0.1
∆pPP,HEX,int bar 0.01

ηel,mech - 0.98
ηis,P - 0.70

ηis,COM,T - 0.80
ηis,n - 0.90
ηis,m - 0.95
ηis,d - 0.80

The quantities and value ranges shown in Table 2 refer to the boundary conditions derived for
the simulations with regard to operation in the primary district heating network. The process
shall be able to convert a district heating load Q̇DH of about 1.2MW at nominal system temper-
atures 140/50 ◦C into cooling energy, heating energy for space heating and domestic hot water
supply as well as electricity. The temperature levels on the condenser side and on the evapo-
rator side are set at around 65/10 ◦C and 6/12 ◦C, respectively. The mass flow rates of the two
sinks are left free due to the mathematical structure of the optimisation algorithm. A guideline
value for the cooling mass flow of this use case was evaluated on the basis of measurement data
with approximately 23.7 kg s−1.

Energy and Exergy Efficiency Analysis
The technology investigated in this paper provides heating, cooling and electrical energy, which
in turn means that conventional key performance indicators such as COP or EER according to
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Table 2. Derived boundary conditions for the simulation of the ejector CCHP for the application in
peripheral areas of district heating and cooling infrastructures at nominal operating conditions
(based on the measured data from Wien Energie GmbH)

quantaty unit value lower bounds upper bounds
TDH,sup

◦C 140 120 140
TDH,ret

◦C 50 48 54
ṁDH kg s−1 3.36 0.25 3.36
TH,sup

◦C 65 - -
TH,ret

◦C 28 - -
ṁH kg s−1 4 - -
TC,sup

◦C 6 6.3 11.7
TC,ret

◦C 12 10.1 13.2

the conventions of the ”1st Law Analysis” described above are not sufficient to comprehen-
sively evaluate the system. To obtain precise information about the overall efficiency of the
process, the overall efficiency, which is subsequently referred to as ηtot, is considered in addi-
tion to the efficiencies for heating, cooling and electricity production. The total efficiency for
this system is obtained by taking into account all heat or power quantities flowing across these
boundaries (see equation 9). The effort is thus supplemented by the thermal drive energy of the
process, which is supplied in the form of primary district heating Q̇DH (incl. drive energy for
e. g. pumps Ẇaux). The output, on the other hand, includes both heat flows, i. e. heating Q̇H

and cooling Q̇C energy as well as the generated electrical power of the turbine ẆT.

ηtot =
Q̇H + Q̇C + ẆT

Q̇DH + Ẇaux

(9)

Exergy can be transported across the boundaries of a system or component in several ways.
The steady-state exergy balance equation (10) for an open, non-adiabatic system, is composed
of the transferred work Ẇ , the exergy flux due to heat transfer processes Ėq, and the exergy
transfer due to an inflowing or outflowing mass flow Ėk. All these transport terms are evaluated
in relation to the reference quantities T0 and p0 used to define the exergy. Furthermore, an
additional term ĖD, which describes the dissipation of exergy due to irreversibilities within the
system, is added.

0 =
∑
i

Ẇ +
∑
i

Ėq +
∑
i

Ėk −
∑
i

ĖD (10)

According to authors such as [16], the exergetic evaluation of a system serves to identify ther-
modynamic inefficiencies of components. According to [17, 18], the performance indicators
required for this purpose include the exergetic efficiency ηex,k as well as the absolute and rel-
ative exergy dissipation ratios yD,k and y⋆D,k, respectively. The exergetic efficiency is defined
by the so-called product ĖP and the expended resource (fuel) ĖF (see equation 11). The term
ĖP describes the desired result which the system produces. The resource ĖF is used as an
hypernym for all the resources needed to generate the product. The exergy destruction ratio
yD,k of a component k is defined by the ratio of exergy destruction of a component ĖD,k to the
exergy resource ĖF,tot supplied to the entire system. In the case of the relative exergy dissipa-
tion ratio y⋆D,k, the total exergy resource dissipated by the system is used instead of ĖF,tot. The
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calculation is carried out using equation 12 and 13.

ηex,k =
ĖP,k

ĖF,k

(11)

yD,k =
ĖD,k

ĖF,tot

(12)

y⋆D =
ĖD,k

ĖD,tot

(13)

Techno-economic Analysis

In order to ensure an optimal economic operation of a system, the information regarding the
energetic or exergetic efficiency of a system is often not sufficient as the sole characteristic.
Therefore, in addition to the performance indicators, a further objective function is set up that
reflects the economic aspect of the system. In the literature, this methodology is also known
as techno-economic analysis and subsequently leads to a multi-criteria optimisation problem,
where not only the energy efficiency is maximised, but also the costs are minimised. The basis
for this techno-economic analysis is the estimation of investment costs of the plant. In this
work, so-called cost correlations, which can be found in Table 3, are used. The total cost rate
Żk of a component k, consisting of investment costs as well as operating and maintenance costs,
can then be calculated according to equation 14 using the Capital Recovery Factor (CRF) from
equation 15. The annual usage time N and the maintenance factor φ are determined by values
of 8000 h and 1.06, respectively. [19]

Żk = Zk
CRF · φ

N
(14)

CRF = i · (1 + i)τ

(1 + i)τ − 1
(15)

The annual interest rate i is assumed to be 5%, while the life cycle time τ is assessed to be 20
years.

Table 3. Cost correlations of the different circuit components for the techno-economic analysis
of the CCHP ejector cycle [19, 20]

component k component investment costs Zk

EJE ZEJE = 103 · 16.14 · 0.989 · ṁsec ·
(

Tpri

ppri

)0.05

· p−0.75
sec

COM ZCOM = 44.71 · ṁCOM

0.95−ηis,COM
·
(

pout
pin

)
· ln

(
pout
pin

)
S ZS = 280.3 · ṁ0.67

S

V ZV = 114 · ṁV

DH-HEX ZDH−HEX = 6, 200 · (10.76 · ADH−HEX)
0.42

P log10 ZP = 3.3892 + 0.0536 · log10 ẆP + 0.1538 ·
(
log10 ẆP

)2

T log10 ZT = 2.2476 + 1.4965 · log10 ẆT − 0.1618 ·
(
log10 ẆT

)2

EVA,IHEX log10 ZEVA = 4.6656− 0.1557 · log10AEVA + 0.1547 · (log10AEVA)
2

CON ZCON = 12, 300 ·
(

Q̇CON

50

)0.76
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Multi-Objective Optimisation Method

As described in the section above, the mathematical representation of a process model of this
kind is, in most cases, a set of nonlinear equations f (x). Without loss of generality, the non-
linear optimisation problem to be solved can be described as follows, in accordance with the
notation commonly used in the mathematical literature ([21], see equation 16). In it, x denotes
the variable vector to be optimised, xL and xU its lower and upper bounds, f (x) the objec-
tive function, g (x) the inequality constraint and h (x) the equality constraint. The objective
functions are to be minimised by satisfying all equality and inequality constraints. If a partic-
ular objective function is to be maximised (max f ), one can redefine the problem accordingly
to minimise its negative value min−f . The gamulitobj algorithm available in MATLAB
[22] is used to solve the multiobjective optimisation problem consisting of energy and cost
efficiency.

min f (x)
s.t. g (x) ≤ 0

h (x) = 0

xL ≤ x ≤ xU

(16)

Discussion and Results

Table 4 shows the results regarding the investigated operation modes of the process, distin-
guishing between the two cases (i) maximisation of the cooling energy max Q̇C and (ii) max-
imisation of the electrical energy output (max Ẇnetto). In both cases, the problem represents a
simplified form of the previously described optimisation problem, as only one target variable
is considered. The simulations show that the process can be operated flexibly between these
two operating conditions and can be switched to cold-led or power-led operation depending on
requirements. The heat at the condenser, on the other hand, is constant at both operating points.
The variables of the optimisation algorithm considered as independent degrees of freedom are
the first three variables in the table, namely the turbine inlet pressure pT,in and the mass flow
ratios ṁH/ṁC and ṁH/ṁDH.

In cold-controlled operation, the ejector CCHP process achieves a cooling capacity Q̇C of ap-
prox. 257 kW. This results in an efficiency of 90.5% for the supply of cooling with a primary
district heating input power Q̇DH of 197 kW and a negative net power of 89 kW (for compressor
and pump). If the heat released at the condenser is also taken into account, the overall efficiency
or COP increases to 3. The balancing of the exergy flows results in an exergy destruction rate
ED,tot of just under 84 kW. Nevertheless, an exergy efficiency ηex,tot of approx. 41% can be
achieved due to the high residual heat utilisation.

In the second operating state, mainly electrical energy is produced in the top cycle, which is
why the cooling capacity also drops to a negligible value (Q̇C < 5 kW). The majority of the
mass flow now flows through the expander, which generates a total of around 28 kW of net
electrical power output. The overall efficiency decreases noticeably due to the significantly
lower Q̇C/Ẇnetto ratio and totals only 1.44, since the relatively high heating energy is regarded
as a fixed boundary condition. However, it should be noted that the exergy destruction rate
as well as the exergy efficiency are significantly improved compared to the cold-led operation.
ED,tot and ηex,tot are 54 kW and 55%, respectively.

Figure 2 shows the results of the multi-objective optimisation. Unlike the previous results, both
the exergy efficiency ηex,tot and the investment costs of the entire system Ztot were declared
as objective functions. The associated degrees of freedom remained unchanged. The graph on

454 / 710



3rd to 6th of September 2023
The University of Edinburgh, Scotland

Table 4. Optimised operating points of the ejector CCHP process for cold- and power-controlled
operation

quantity unit max Q̇C max Ẇnetto

pT,in bar 40.33 59.67
ṁH/ṁC - 0.39 19.94
ṁH/ṁDH - 4.51 2.14

Q̇C kW 257.36 5.05
Q̇H kW 618.54 618.54

Ẇnetto kW -86.93 27.89
Q̇DH kW 197.56 446.30
ηtot - 3.00 1.44

ηex,tot - 0.41 0.55
ED,tot kW 83.52 54.25

the left shows the development of the so-called Pareto front. On this frontier curve are optimal
solutions for the ejector CCHP’s system design. As can be clearly seen, increasing exergy effi-
ciency is always associated with an increase in plant costs. It is also shown that with the help of
the optimisation algorithm, only the power-guided variant is associated with achieving the ob-
jective function. For additional maximisation of the cooling capacity, the problem formulation
must include this or a separate system design must be calculated.

The diagrams on the right show the percent contributions to the exergy destruction rate y⋆D
(top) and the relative costs Z⋆ (bottom) of the most important system components. From this
it can be seen that the heat exchanger for further district heat extraction respectively heating
of domestic hot water leads to an increase in the overall efficiency, but also to a significant
reduction in the 2nd law efficiency. The second half of the exergy destruction is divided among
the remaining components, whereby the components of the top cycle (SG: 12%, T: 8% and
IHEX: 5%) together account for another quarter. The remainder is distributed to the bottom
cycle including the condenser, with the heat exchangers again accounting for the majority with
a combined 14%. The graph below shows the approximate distribution of investment costs
among the individual system components. It should be pointed out once again that this is a
rough estimate of the investment costs based on empirical cost correlation and is therefore
subject to considerable uncertainty.

Conclusions

The results of the numerical investigation of the ejector CCHP process show that by using
the newly developed technology, sufficient cooling or heating power can be provided for an
individual consumer, depending on the operating mode. Furthermore, a higher heat amount
can be transported in already existing district heating systems and thus new consumers can be
integrated more easily due to the higher network capacity. The application of multi-objective
optimisation algorithms shows the correlation between an efficient system and its investment
costs. In addition, the 2nd law analyses show that a large part of the exergy destruction (85% in
total) is due to the heat transfer in the heat exchangers. The system is characterised by its high
exergy efficiency (41 to 55%) and thus represents an alternative to, for example, heat pumps or
other P2H solutions.
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Abstract 

This paper presents a novel sorption-based cycle combining energy storage with energy 

upgrade to store low-grade heat for long periods and transform it on demand to useable energy 

at elevated temperatures. A transient system model of an ammonia-water absorption cycle for 

seasonal heat storage is modeled. This cycle is coupled to a transient solid-gas adsorption cycle 

for end-use heat transformation. The thermal generator uses two different halide salts with 

ammonia as the refrigerant. A lumped parameter approach is used to model the chemical 

kinetics of the salt reactors in the adsorption cycle, including hysteresis effects. This novel 

system overcomes the significant temperature drop typically associated with thermal storage. 

Key performance parameters evaluated in this paper are the coefficient of performance and 

temperature lift between the input and output. The system modeled in this study takes in heat 

at 85℃ during the hot season, and stores it at ambient conditions, before upgrading it to 88℃ 

during the cold season. The storage efficiency of the combined cycle is 12.8% with scope for 

further improvement. 

Keywords: Heat transformation, thermochemical heat storage, adsorption, absorption, 

seasonal storage 

Introduction 

Heating is the world’s largest energy end use, accounting for almost half of global final energy 

consumption [1]. Forecasts indicate that heating demand will increase by 6% and reach 14 EJ 

in the period from 2022-2027 [1]. This demand is satisfied predominantly by non-renewable 

sources. The implementation and use of renewable energy sources and waste heat will be a 

significant enabler to facilitate a transition towards cleaner energy. 

Commercial buildings in the US generate 765 million metric tons of carbon dioxide emissions 

annually (16% of all US carbon dioxide emissions), with 37% of the end-use energy 

consumption going towards space heating and water heating (736 billion kWh annually) [2, 3]. 

Meanwhile, low-grade thermal energy is wasted every day, with a potential to recover 3.3 EJ 

of waste heat across all US buildings [4]. Thermal energy storage can store this potential for 

later use and offset an imbalance between generation and utilization. 

In addition to waste heat, solar power is another characteristically under-utilized energy source 

and considered a highly sustainable alternative to fossil fuels for building heating, due to its 

pollution-free, inexhaustible, and affordable nature. Nevertheless, one of its main limitations 

is that it is an intermittent energy source. Additionally, the largest availability of solar energy 

coincides with the lowest demand. To address this imbalance, thermal energy storage is 

essential. While diurnal solar energy storage can successfully shift loads during summer, it has 

limited utility due to low heating demand at night in some applications. Seasonal energy storage 

is significantly more valuable as the cold season demands the most space heating and hot water, 

coinciding with the lowest availability of solar energy. In a study conducted by Fisch et al. 

(1998), it was found that seasonal storage is capable of meeting 50–70% of the annual heat 
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demand, whereas the diurnal pattern could only satisfy 10–20% of it [5]. This paper presents a 

novel sorption-based cycle combining energy storage with energy upgrade to store low-grade 

heat (e.g., waste industrial heat or solar energy) and transform it on demand to energy at useable 

temperatures. 

Current methods for seasonal thermal energy storage can be classified as sensible, latent, and 

thermochemical heat storage. Sensible heat storage involves storing heat in the form of a 

temperature differential. Latent heat storage involves storing heat by utilizing a phase change 

material. Lastly, thermochemical heat storage involves storing heat from a chemical reaction. 

Thermochemical energy storage has a higher energy density (433-1380 kJ kg-1) in comparison 

with latent (174 kJ kg-1) and sensible (0.9-1.13 kJ kg-1) energy storage [6]. Thermochemical 

energy storage (TCES) is also capable of near-lossless long-term storage over a wide range of 

operating temperatures. Despite the fact the energy “quantity” is largely conserved in TCES, 

the energy “quality” is significantly reduced. A techno-economic literature review by Yang et 

al. (2021) of seasonal TCES revealed an average temperature differential between charge and 

discharge temperatures of -98°C [7]. Another drawback of a conventional sorption storage 

system is the necessity of a low-temperature heat source for the evaporator coupling to achieve 

appreciable delivery temperatures. Garimella et al. (2020) proposed a sorption-based thermal 

storage system integrated with a phase-change material (PCM) to address this limitation. The 

system utilized a liquid-liquid mixer to recombine the sorption constituents with a storage 

efficiency of 15.3% for delivery of 1 GJ after 40 days. Furthermore, this study compared the 

sorption-PCM storage system with sensible and latent storage methods and reported that for 

well-insulated storage systems, sensible storage remains most efficient for storage durations up 

to 25 days, while latent is more efficient for storage durations up to 80 days, and thereafter, 

sorption-based storage is the most efficient [8]. 

TCES can be further classified into chemical adsorption (chemisorption), chemical absorption, 

and chemical reaction (without sorption). Solid-gas adsorption such as MgCl2-NH3 and CaCl2-

NH3, has a wider range of working pairs and applicable temperature ranges compared to liquid-

gas absorption such as LiBr-H2O and NaOH-H2O [9]. However, liquid-gas sorption requires 

less heat exchanger surface area as the liquid solution can be stored in tanks and pumped 

through the heat exchangers as needed. Liquid-gas absorption storage systems have a better 

potential for long-term storage applications than short-term storage because they retain 

capacity after equilibrating with the ambient [8]. For short term storage, the separated 

constituents will not lose a significant proportion of their sensible heat after charging but will 

encounter losses as a result of desorption and absorption processes. Several studies that propose 

absorption storage for short term applications integrate heat exchangers in the storage tanks to 

provide sensible heat for short term applications, and thermochemical heat for long term 

storage [10, 11]. 

The present study investigates the coupling of a liquid-gas absorption cycle for storage to a 

solid-gas adsorption cycle for end-use heat transformation as depicted in Figure 1. Note that 

by convention, “concentrated solution” refers to the ammonia–water mixture with high 

ammonia content, and “dilute solution” refers to that with low ammonia content [12]. 

Working Principle 

Waste industrial heat or heat from a solar collector desorbs ammonia from the concentrated 

solution in the absorption cycle. Once the supply of waste heat is no longer present, the system 

stores energy in the form of a dilute solution and ammonia in separate tanks. During storage, 

the tanks are isolated from the rest of the system and allowed to reach equilibrium with ambient 

conditions. When heat is needed, the dilute solution and ammonia recombine, releasing the 

heat of reaction. However, due to storage losses, the maximum heat output from the absorber 
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is lower than the initial heat input. To achieve higher useful temperatures, a heat transformer 

is required. 

Heat transformation is achieved by coupling the absorber of the absorption cycle to a two-bed 

halide salt-ammonia resorption cycle. A salt pairing of calcium chloride, CaCl2, as the low-

temperature salt (LTS) and manganese chloride, MnCl2, as the high-temperature salt (HTS) is 

chosen for the upgrade system. Ammonia is the refrigerant that flows between the two salt 

beds. During the charging of the absorption cycle, the waste heat simultaneously also desorbs 

the high-temperature salt. The desorbed ammonia adsorbs to the low-temperature salt at that 

pressure and releases heat to the ambient, charging the adsorption cycle. During the discharge 

phase, heat from the absorption cycle drives the desorption of the low-temperature salt and the 

adsorption of the high-temperature salt at a higher temperature. In this way, the combined cycle 

acts as a two-stage sorption cycle, combining the respective advantages of liquid-gas and solid-

gas sorption to achieve both storage and upgrade. Figure 1 shows a schematic of the combined 

cycle with representative temperatures. A lumped parameter approach is used to model the 

chemical kinetics of the salt reactors, including hysteresis effects, and the absorption cycle. A 

system-level transient model is developed to integrate the absorption storage and adsorption 

transformation cycles and evaluate the relevant figures of merit. 

Heat Storage Cycle 

The absorption thermal storage cycle is analyzed to establish state points and incorporate the 

transient behavior of the emptying and filling of the solution tanks. It is assumed that the 

ambient temperature is 5°C and heat at this temperature is available at all stages of the 

combined cycle. For ammonia to evaporate and condense at ambient temperature, the high and 

low side pressures in the system should be relatively close to each other. A closest approach 

temperature (CAT) of 3°C is chosen for both the evaporator and condenser, and the high and 

low side pressures are set accordingly for the absorption cycle. 

The parameters required to fully specify the size of the system are the volumes of storage tanks 

and the time for charge and discharge. Although intended for seasonal thermal energy storage, 

a time scale of four hours is chosen to capture the transience of the components, which can be 

extrapolated for the entire period of charge and discharge. For example, on any given day 

Figure 1. Schematic of the integrated absorption-adsorption cycle 
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during the hot season, solar energy is directed to the storage system for four hours. This 

continues for the entire hot season (two to three months), and each day part of the system is 

charged. Table 1 lists the mass filled (or emptied) in each tank daily, and also the total mass 

required over the three-month period. 

Table 1. Absorption tank sizing parameters 

 The assumptions in the absorption model are listed below: 

- The pressure losses through the system components and pipes are negligible 

- The time response of the heat-exchanging components is negligible compared to the 

time response of the tanks 

- During the storage phase, the tanks equilibrate fully with ambient conditions (5°C) 

- The tanks are well mixed so that the ammonia concentration is constant throughout 

- The same mass flow rates are applied for charge and discharge 

Component Modeling 

The component level modeling of the absorption cycle considers the desorber, rectifier, 

absorber, condenser, evaporator, expansion tank, and pump, each with corresponding mass, 

species, and energy balance equations. The desorber is modeled as a control volume with one 

inflow stream and two outflow streams. The maximum temperature attained in the desorber 

(state point 6 in Figure 2) is set equal to the temperature of the waste heat input (85°C). A 

rectifier is necessary to purify the ammonia refrigerant before it is condensed and evaporated. 

The ammonia stream in the condenser and evaporator is assumed to be at a concentration of 

0.9998 after rectification. The rectifier is modeled as an ideal rectifier, with the saturated liquid 

and vapor stream exiting the desorber in thermodynamic equilibrium. Furthermore, the 

ammonia mass fraction of the liquid reflux re-entering the desorber equals that of the 

concentrated solution. 

The absorber is modeled analogous to the desorber with two inflow streams and one outflow 

stream. The inflow streams first undergo adiabatic premixing followed by heat exchange. The 

maximum temperature in the absorber (state point 16 in Figure 2) is the adiabatic mixing 

temperature and is the upper limit of the temperature that can drive the discharge of the low 

temperature salt. The condenser and evaporator both operate at ambient temperature with a 

closest approach temperature of 3°C; hence, the refrigerant condenses at 8°C and evaporates 

at 2°C. The expansion tank is modeled as an isenthalpic throttling process. Figure 2 shows the 

temperatures and heat duties during the middle of both the charge and discharge phases. The 

upper right-hand side illustrates the charge phase, while the lower left side shows the discharge 

phase. 

There are three storage vessels depicted in Figure 2. The fluids are each stored at the ambient 

temperature (5°C). During the charge and discharge phases, the governing energy equation is: 

𝑚tank

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑚tank

𝜕𝑡
= �̇�inℎin (1) 

The solution and refrigerant tanks are isobaric, and an explicit Euler time integration scheme 

is used to model the filling and emptying of the tanks, followed by an infinitesimal volume step 

 Daily mass 

required (kg)  
Seasonal mass 

required (kg) 

Discharge flow 

rate (kg s-1) 

Ammonia 

concentration (kg kg-1) 

Concentrated solution tank 12.5 1125 8.7 × 10-4 0.5100 

Dilute solution tank 8.5 774 6 × 10-4 0.2849 

Refrigerant tank 4.0 360 2.7 × 10-4 0.9998 
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change to maintain constant pressure. The resulting flow properties are carried throughout the 

system. 

There are two separate storage phases in this cycle; the first occurs after charging (Autumn is 

the representative season for this phase), and the second occurs after discharging (Spring is the 

representative season for this phase). During the storage phase following charge, the dilute 

solution tank and refrigerant tank equilibrate with ambient conditions and the concentrated 

solution tank is empty. During the storage phase following the discharge, the concentrated 

solution tank is full and the other two are empty. 

Heat Upgrade Cycle 

Heat upgrade is achieved by a chemisorption cycle. The chemisorption cycle takes advantage 

of the wide range of halide salt pairs that can be chosen for purpose-specific applications. The 

selection of salt pairing for the adsorption cycle is constrained by the waste heat available and 

the ambient conditions. The present study investigates a salt pairing of CaCl2 and MnCl2 as 

potential candidates for the heat upgrade cycle. The constraints on selecting an appropriate LTS 

are that it must adsorb at ambient temperature and desorb at the temperature output of the 

absorption cycle. The HTS must desorb at the temperature of the waste heat supplied, and the 

equilibrium pressure of the LTS at ambient temperature as shown in Figure 3. By combining 

CaCl2 as the low-temperature salt with different high-temperature salts such as BaI2, MnCl2, 

and CaBr2, along with their corresponding waste heat temperatures, various heat output 

temperatures can be achieved at a 5°C ambient temperature. MnCl2 was chosen in this study 

as it is widely investigated and data relating to hysteresis and rates of this reaction are available 

from the literature (Table 3). 

Figure 4 depicts the charging and discharging processes.  

1. During charging, waste heat is supplied to the HTS. This causes the HTS to desorb, and 

release ammonia vapor. Simultaneously, the LTS undergoes adsorption at ambient 

temperature. 

  

Figure 2. Absorption schematic with state points 
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2. During discharge, the reverse process occurs. The heat output from the absorption cycle is 

coupled to the LTS, and ammonia is desorbed from the LTS. At the higher pressure, the 

HTS adsorbs and releases heat. 

The heat upgrade cycle is modeled using a lumped parameter analysis. The salt temperature 

and pressure are uniform throughout the reactive blocks. The two salt beds are connected and 

hence have equal pressure. The lumped parameter model assumes the uptake is uniform 

throughout the reactive blocks. 

          

Figure 4. Schematic of the lumped parameter model of resorption 

 

Figure 3. Van’t Hoff diagram for MnCl2 and CaCl2 including hysteresis 
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Component Modeling 

Three control volumes of the heat upgrade system are modeled; the HTS reactor containing a 

mixture of expanded natural graphite (ENG) and MnCl2, the LTS reactor containing ENG and 

CaCl2, and the ammonia vapor flowing between the two reactors. The salts are impregnated in 

an ENG matrix to improve stability and heat transfer performance, owing to the high thermal 

conductivity, high surface area, and high permeability of the graphite. The mass fraction of 

ENG in both blocks is one-quarter [13]. This paper includes the effects of simultaneous 

multistep reactions occurring within the salts. The reaction between CaCl2 and NH3 involves 

four steps (octa- to tetra-ammoniate, tetra- to di-ammoniate, di- to mono-ammoniate, and 

mono-ammoniate to pure CaCl2). The di- to mono-ammoniate, and mono-ammoniate to pure 

CaCl2 reactions only occur at temperatures above 150°C and 200°C, respectively, for the 

pressure range under consideration in this study. Similarly, the decomposition of MnCl2 and 

NH3 occurs in three steps (hexa- to di-ammoniate, di- to mono-ammoniate, and mono-

ammoniate to pure MnCl2), where the di- to mono-ammoniate, and mono-ammoniate to pure 

MnCl2 reactions occur at temperatures outside the range of this paper. The applicable reactions 

are described in Equations 2, 3, and 4. 

MnCl2. 2NH3 + 4NH3 ⇌ MnCl2. 6NH3 (2) 

 

CaCl2. 2NH3 + 2NH3 ⇌ CaCl2. 4NH3 (3) 

CaCl2. 4NH3 + 4NH3 ⇌ CaCl2. 8NH3 (4) 

Equations 5 and 6 described the energy balance of the low and high temperature salt beds 

respectively, undergoing ad- and desorption: 

[𝑚ENG ∙ 𝑐v,ENG + 𝑀s ∙ 𝑛s ∙ 𝑐v,s + 𝑀NH3
∙ 𝑛s ∙ 𝑐v,NH3,ads ∙ (2 ∙ 𝑥𝑠,2 + 4 ∙ 𝑥𝑠,4 + 8 ∙ 𝑥𝑠,8)] ∙

𝜕𝑇s

𝜕𝑡

+[𝑀NH3,ads ∙ 𝑛s ∙ 𝑐v,NH3,ads ∙ 𝑇s] ∙ (2 ∙
𝑑𝑋

𝑑𝑡
+ 4 ∙

𝑑𝑌

𝑑𝑡
)

= �̇�HTF+ �̇�gen + �̇�g ∙ ℎg + 𝐻(�̇�g) ∙ �̇�g ∙ 𝑐p,g ∙ (𝑇s,ads − 𝑇g) 

(5)

 

[𝑚ENG ∙ 𝑐v,ENG + 𝑀s ∙ 𝑛s ∙ 𝑐v,s + 𝑀NH3
∙ 𝑛s ∙ 𝑐v,NH3,ads ∙ (2 ∙ 𝑥𝑠,2 + 6 ∙ 𝑥𝑠,6)] ∙

𝜕𝑇s

𝜕𝑡

+[𝑀NH3,ads ∙ 𝑛s ∙ 𝑐v,NH3,ads ∙ 𝑇s] ∙ (4 ∙
𝑑𝑋

𝑑𝑡
)

= �̇�HTF+ �̇�gen + �̇�g ∙ ℎg + 𝐻(�̇�g) ∙ �̇�g ∙ 𝑐p,g ∙ (𝑇s,ads − 𝑇g) 

(6)

 

The left-hand side of the energy equation represents the energy storage in the salts, where 𝑚 is 

mass of the substance in kg, 𝑀 is the molar mass in kg kmol-1, 𝑐v is the specific heat capacity 

at a constant volume, and 𝑛 is the molar amount of salt. The first term on the left-hand side is 

composed of three distinct parts: the ENG, the pure inorganic salt, and the ammonia in the 

adsorbed phase. Lower case 𝑥 in this equation is the molar fraction of salt in any given state 

divided by the total moles of salt in the bed. Upper case 𝑋 and 𝑌 represent the reaction 

progression and is a measure of the extent of any given reaction. As the HTS undergoes only 

one reaction, the reaction progression is represented by a single value, 𝑋HTS (Equation 7a). The 

reaction progression of the LTS is captured by both 𝑋LTS, and 𝑌LTS, representing the extent of 

the reactions described in Equations 3 and 4 respectively. The use of upper- and lower-case 

letters indicate the current molar fractions (lowercase) and the cumulative history (uppercase) 

of the different adsorbed phases. 
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𝑋HTS =
𝑛𝑀𝑛𝐶𝑙2.6𝑁𝐻3

𝑛𝑀𝑛𝐶𝑙2.6𝑁𝐻3
+ 𝑛𝑀𝑛𝐶𝑙2.2𝑁𝐻3

(7a) 

𝑋𝐿𝑇𝑆 =
𝑛𝐶𝑎𝐶𝑙2.4𝑁𝐻3

𝑛𝐶𝑎𝐶𝑙2.2𝑁𝐻3
+ 𝑛𝐶𝑎𝐶𝑙2.4𝑁𝐻3

(7b) 

𝑌𝐿𝑇𝑆 =
𝑛𝐶𝑎𝐶𝑙2.8𝑁𝐻3

𝑛𝐶𝑎𝐶𝑙2.4𝑁𝐻3
+ 𝑛𝐶𝑎𝐶𝑙2.8𝑁𝐻3

(7c) 

There are conflicting results in the literature on the modelling of the specific heat capacity of 

ammonia in the adsorbed phase. The additive property of specific heats has been used 

incorporating ammonia in the gas [14, 15] and condensed phases [16], as well as an 

intermediate phase. Following the model by Fujioka et al. [16], this system is modeled using a 

constant specific heat of ammonia in the solid state estimated by applying Neumann-Kopp’s 

law. Table 2 lists the physical parameters used in this model. 

Table 2. Physical parameters used in the theoretical model 

 

The right-hand side of the energy balance in Equations 5 and 6 includes the heat generated 

from the reaction, �̇�gen, and the heat supplied or removed by the heat transfer fluid (HTF), 

�̇�HTF. Equation 8 describes the heat absorbed or released from the reaction. Δ𝐻𝑅 is the heat of 

reaction per mole of ammonia, and 𝜈 is the stoichiometric number of moles of ammonia 

adsorbed or desorbed per mole of salt. 

�̇�gen = 𝜈 ∙ 𝑛𝑠 ∙ Δ𝐻𝑅 ∙
𝑑𝑋

𝑑𝑡
(8) 

The third and fourth terms on the right-hand side of the energy equation represent the energy 

associated with the inflow (or efflux) of ammonia vapor into (or out of) the reactor during 

adsorption (desorption). The mass flow rate of ammonia vapor is assumed to match the rate of 

change of uptake exactly, although in a more precise model, the differences in adsorption and 

desorption rates must be considered. The enthalpy term is calculated based on the temperature 

of the vapor if the salt is adsorbing, or the temperature of the salt if the salt is desorbing. Due 

to the upwind scheme applied to the system, if ammonia is desorbing from the bed, it is 

assumed to leave at the temperature of the salt, and if ammonia is being adsorbed, it is assumed 

to enter at the temperature of the vapor. Therefore, an additional term must be included to 

account for the increase or decrease in temperature between the ammonia entering the bed and 

the salt bed itself. 𝐻 is a unit step function defined as follows: 

𝐻(�̇�𝑔) ≔ {
 1,             �̇�𝑔 > 0  

0,             �̇�𝑔 ≤ 0
(9) 

This upwind scheme is also reflected in the energy balance of the ammonia vapor, which is 

written as follows (on a molar basis): 

𝑛𝑔 ∙ 𝑐v,g ∙
𝑑𝑇𝑔

𝑑𝑡
= (𝑛𝑠 ∙ 𝜈 ∙

𝑑𝑥

𝑑𝑡
)

des
∙ (𝑢g − ℎg,𝑇s,des

) + (𝑛𝑠 ∙ 𝜈 ∙
𝑑𝑥

𝑑𝑡
)

𝑎𝑑𝑠
∙ (𝑢g − ℎg,𝑇g

) (10) 

The pressure in the system is constant across all three control volumes and is modeled by 

Equation 11, assuming ammonia behaves as an ideal gas. 

 Daily mass required (kg) 
Seasonal mass required 

(kg) 

CaCl2 6.5 587 

MnCl2 9.0 810 
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𝑑𝑃

𝑑𝑡
=

𝑅

𝑉g
(

𝑑𝑛g

𝑑𝑡
∙ 𝑇g +

𝑑𝑇g

𝑑𝑡
∙ 𝑛g) (11) 

Reaction Kinetics 

Chemical adsorption kinetic models can be classified as local, global, or analytical methods as 

proposed by Stitou and Crozat (1997) [17]. The global reaction model proposed by Mazet 

(1991) [18] decoupled the kinetic and thermal equations and resolved the kinetic equations. 

This model is chosen in this paper as it is most commonly cited in the literature for 

consideration of multi-step reactions. 𝐴𝑟 and 𝑏 are measured constants used in the kinetic 

reaction model. 

For synthesis: 

𝑑𝑋

𝑑𝑡
= 𝐴𝑟 ∙ (1 − 𝑋)𝑏 ∙ (1 −

𝑝eq

𝑝
) (12) 

For decomposition: 

𝑑𝑋

𝑑𝑡
= 𝐴𝑟 ∙ 𝑋𝑏 ∙ (1 −

𝑝eq

𝑝
) (13) 

For CaCl2, a second reaction occurs from tetra- to di-ammoniate. This reaction is reliant on the 

progression of the octa- to tetra-ammoniate transition. Mazet et al. (1991) propose a model for 

multistep reactions, governed by the equation [18]: 

𝑑𝑌

𝑑𝑡
= 𝐴𝑟 ∙ (𝑋(1 − 𝑌))

𝑏
∙ (1 −

𝑝eq

𝑝
) (14) 

Where the equilibrium pressure, 𝑝eq, is determined by the relation: 

ln (
𝑝𝑒𝑞

𝑝0
) = −

Δ𝐻

𝑅𝑇
+

Δ𝑆

𝑅
(15) 

Adsorption hysteresis is a mismatch between adsorption and desorption pressure concentration 

isotherms at the same temperature, and has been reported in several studies [19-22]. The values 

recorded in Table 3 indicate the pseudo reaction enthalpies and entropies that govern the 

equilibrium pressure for adsorption or desorption to occur. It is assumed that when the pressure 

falls between the two equilibrium lines, no reaction occurs. 

Table 3. Reaction rate parameters for Equations 7, 8, and 9 [20, 23, 24] 

Reaction CaCl2.8/4NH3 CaCl2.4/2NH3 CaCl2.6/2NH3 

Adsorption Desorption Adsorption Desorption Adsorption Desorption 

Δ𝐻 [kJ mol−1] 32,844.620 36,365.790 31,699,720 41,202,320 36,611.107 58,196.253 

ΔS [kJ mol−1 K−1]  208.302 217.432 202,390 224,432 202.865 253.641 

Δ𝐻R [kJ mol−1] 42,080.324 39,948,772 42,523.900 

𝐴𝑟 [s−1] 0.0125 0.0195 0.0287 0.0045 0.0010187 0.0010187 

𝑏 [−] 2.104 1.005 1.78 0.468 1.185 1.185 

Storage Model 

Similar to the storage model of the absorption cycle, the process of solid-gas adsorption storage 

can be divided into two distinct storage phases, namely, the first phase that occurs after 

charging and the second phase that occurs after discharging. During the first storage phase, the 
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valves from each tank are closed. The LTS tank, already at ambient conditions, remains stable. 

The HTS tank, on the other hand, as it decreases in temperature towards ambient, will favor 

adsorption. However, by closing the valve, the ammonia supply to the HTS is disrupted, 

rendering it incapable of adsorbing any additional ammonia, except what exists in the free 

volume of the reactor vessel. The HTS adsorbs a portion of the small quantity of ammonia in 

the free volume of the reactor, and although the reaction regresses by the amount adsorbed 

from free volume, this change is small in comparison to the full uptake swing of the cycle, but 

it results in a large decrease in the pressure of the closed vessel. At the start of discharge, the 

HTS is isosterically heated so that it does not adsorb instantaneously at the low pressure. 

Although the reaction kinetics taking place in this phase are not modeled in this study, the 

initial conditions of the discharge assume that the temperature of the HTS has previously been 

isosterically heated. The establishment of these initial conditions can be considered in future 

studies by including specific modules devoted to these phases. 

During the second storage phase, both valves remain open. As both the LTS and HTS tanks are 

at an elevated temperature as they cool down, the regeneration of the cycle will be initiated 

without a supply of waste heat. Again, the reaction kinetics of the cooling to ambient has not 

been analyzed in this study. 

Numerical Model 

The resulting set of equations for both the heat storage and upgrade cycles were modeled on 

the Engineering Equation Solver (EES) software platform, employing a forward difference 

Euler time integration scheme [25]. For the ammonia-water mixture in the absorption cycle, 

three independent thermodynamic properties are required to fully specify any given state. For 

each state during charging and discharging, an appropriate combination of vapor quality, 

ammonia mass fraction, enthalpy, and temperature is used. During the storage period, the 

volume of the tank, and the ammonia concentration are set as constant and only the temperature 

changes. At the end of the storage phase when the temperature is at 5°C, the state is fully 

specified. 

For the adsorption system, the initial conditions are MnCl2 in the adsorbed state (𝑋HTS = 1), 

and CaCl2 in the desorbed state (𝑋LTS = 1, 𝑌LTS = 0). The system is initially at ambient 

temperature and a pressure determined by the isochoric cooling of ammonia vapor during the 

storage phases. The cycle time is set to equal the charge (and discharge) time of the absorption 

cycle. The time step for the numerical integration is limited to a minimum of 0.1 s for the first 

0.5% of the half-cycle time due to the rapid transient behavior following storage, increasing to 

0.5 s for the remainder of the half-cycle. 

System Coupling 

The results of the absorption cycle indicate approximately constant heat duties from the major 

heat-exchanging components. To couple the output from the absorber to the LTS during 

discharge, a fixed heat duty of 0.302 kW is specified. At this duty, the temperature of the LTS 

does not exceed the temperature output of the absorber. The heat duty from the absorber cannot 

be fully realized as the heat duty into the LTS. During discharge, the absorber raises the 

temperature of the HTF from ambient to a maximum of 43°C. This stream is coupled to the 

LTS reactor; however, the exit stream of the heat transfer fluid from the LTS will not reach 

ambient temperatures again. This results in wasted heat and hence 𝑄abs  >  𝑄in,LTS. 

Results and Discussion 

The temperature profiles of the main components in the combined cycle are illustrated in Figure 

5. The left-hand side of the plot depicts the charging phase, while the right-hand side shows 
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the discharge phase, each for one day per season. During charging, waste heat at 85°C is 

delivered to both the desorber and the HTS. It takes one hour for the HTS to reach this elevated 

temperature as a constant heat duty is supplied to it (labelled point 1). Once the HTS reaches 

85°C, it begins to desorb. The LTS rejects heat to the ambient at 5°C for the duration of the 

charging phase. The heat duty into the desorber is specified so that the HTS does not exceed 

the temperature of waste heat (point 2). 

During discharge, the absorber of the absorption storage system delivers a constant output 

temperature of 43°C, which is directed to the LTS. The temperature of both the LTS and HTS 

increase throughout the discharge phase, reaching a maximum at 43°C. An important figure of 

merit for this system is the combined temperature lift. For the salt pairing chosen in this 

analysis, the combined temperature lift between the waste heat for charging and the delivery 

temperature is 3°C. This can be seen as the difference between the temperature of the HTS on 

the right- and left-hand side of Figure 5 (the difference between points 2 and 4). Without the 

addition of the chemisorption heat transformer, the absorption system discharges 42ºC lower 

than the charging temperature. One important assumption included in the results of the 

discharge phase is the initial condition of the HTS at the start of discharging (point 3). Figure 

5 shows the HTS starts at a temperature of 40°C. It is assumed here that the HTS is initially 

isosterically heated by the heat output from the absorber. In the absence of isosteric heating, 

the HTS adsorbs instantaneously at a low temperature and does not reach its maximum 

temperature potential. This phase should be accounted for in future modeling iterations. 

Figure 6 shows the equilibrium pressures and adsorption system pressure profile. The trends in 

the reaction progression profile (Figure 7) of the salts with time can be understood when viewed 

in parallel with the pressure profile of the cycle in Figure 6. The first hour of the charging phase 

indicates when the pressure lies between the equilibrium isotherms on the Van’t Hoff plot 

(Figure 3). During this period, neither desorption nor adsorption take place. When the pressure 

of the system rises above the LTS equilibrium adsorption line, the reaction progresses 

approximately linearly (from point 1). For the discharge phase, the system pressure always lies 

between the HTS adsorption line and the LTS desorption line and hence there is no initial 

stagnant phase. The second step reaction of the LTS does not occur throughout the charge or 

discharge phase due to the initial conditions specified (𝑋LTS = 1, 𝑌LTS = 0). The model must 

run several times to achieve a steady state between the uptake at the start of charging and the 

 
Figure 5. Representative temperature profile of charge and discharge phase 
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end of discharging (i.e., the right- and left-hand sides of Figure 8 match) and show adequate 

progression of the secondary reaction. 

Figure 8 shows the heat duties of the main components during charge and discharge. The heat-

exchanging components of the absorption cycle remain relatively constant for both the charge 

and discharge phases and can be seen as the straight lines in Figure 8. During the charge phase, 

there is a constant heat duty input to the HTS. The LTS releases heat after 1 hour (point 1) 

following the onset of adsorption. During discharge, a constant heat duty is fed into the LTS, 

and the heat duty of the HTS increases as the adsorption reaction progresses and pressure and 

temperature increase. The storage losses that occur during the latent phases of the system are 

recorded in Table 4. During the first storage period, the concentrated solution tank is empty, 

and the greatest losses occur in the HTS bed and the dilute solution tank as they are both close 

to the temperature of the waste heat input. During the second storage phase, both the dilute 

solution tank and refrigerant tank are empty and more significant losses occur from the HTS 

and LTS as they are both at elevated temperatures. 

 

Figure 6. Equilibrium pressure isotherms 

Figure 7. Uptake profile of charge and discharge phase 

469 / 710



 

3rd to 6th of September 2023 
The University of Edinburgh, Scotland 

Table 4. Storage losses over one full cycle 

Component Storage losses phase 1 [kJ] Storage losses phase 2 [kJ] 

Concentrated solution tank 0 873 

Dilute solution tank 2979 0 

Refrigerant tank 55 0 

High temperature salt  775 1796 

Low temperature salt 2 640 

Ammonia vapor 3 16 

The coefficient of performance of this system can be analysed separately on a per cycle basis 

as described by Equations 16 and 17. The associated heat inputs and outputs to each cycle are 

calculated as the integral of the heat duties shown in Figure 8. 

𝐶𝑂𝑃abs =
𝑄abs

𝑄des + 𝑊pump
= 0.568 (16) 

𝐶𝑂𝑃ads =
𝑄out,HTS

𝑄in,HTS + 𝑄in,LTS
= 0.186 (17) 

The overall efficiency of this system is defined as the stored and upgraded heat output divided 

by the driving heat input to the system in Equation 18. Table 4 shows the losses that occur 

during the two storage phases in one complete yearly cycle. 

𝜂combined =
𝑄out,HTS

𝑄des + 𝑊pump + 𝑄in,HTS
= 12.8% (18) 

The total energy released in the system per day is 2024 kJ and based on an additive relationship, 

the energy released over the entire discharge season is 182 MJ. The resulting energy storage 

density of the combined system is 72 kJ kg-1. The heat duty out from the HTS increases as the 

system is discharged up to a maximum of 0.25 kW as shown in Figure 8. In comparison to 

other alternatives for seasonal thermal energy storage, this cycle has the unique advantage of 

providing temperatures at least as high as the originally supplied temperature. Seasonal TCES 

systems typically exhibit a large negative temperature differential between discharge and 

charge temperature [7, 26]. Comparison with the storage efficiency of other seasonal thermal 

energy storage systems that focus on improving delivery temperatures without reliance on other 

low-grade heat sources indicates this system is competitive. The combined sorption-PCM-

Figure 8. Representative heat duty profile of charge and discharge phase 
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based system of Garimella et al. had a storage efficiency of 15.3%, and at its maximum 

discharge temperature had a temperature difference between delivery and charge of -45°C. 

The coefficient of performance (COP) of the absorption cycle has potential for significant 

improvement through the addition of a two- stage absorber. This modification reduces heat 

losses and also achieves 7.32 times higher energy storage densities than the single stage cycle 

[27]. Furthermore, the addition of recuperative heat exchangers between concentrated and 

dilute solutions has the potential to increase the absorption system COP. 

Improvements are also possible to the adsorption system. Hysteresis has a large effect on the 

temperature required for ad- and de-sorption. However, results from Van der Pal and Critoph 

[28]show that hysteresis can be reduced in a modified large temperature jump reactor. Specific 

tailored salt pairings can facilitate alternative ambient conditions and temperature outputs from 

the salt adsorption system. Judicious salt pairing can yield further improvements and capacities 

to this cycle. 

Conclusion 

Seasonal thermal energy storage will be a key enabler for the decarbonization of building 

heating by substituting fossil-fuel-based heat supply with renewable heat sources, such as solar 

thermal energy, or waste heat generated from industries. This paper presents the result of a 

novel combined ab- and adsorption cycle for integrated thermal energy storage and upgrade. A 

method for transient modeling of both an ab- and adsorption thermal storage cycle is presented, 

as well as an approach to couple the two systems. The model results indicate a temperature lift 

of 3°C and a storage efficiency of 12.8%. This system overcomes the significant temperature 

degradation typically associated with thermal storage, however, at the expense of the storage 

efficiency. 

Further investigation is needed to improve the COP of both the ab- and adsorption cycles. The 

effect of cyclical charging, discharging, and storage phases requires experimental validation, 

in addition to reactor-specific pseudo-reaction rate constants and hysteresis isotherms. Future 

work should also consider seasonal temperature fluctuations and accurate modeling of salt 

reactor beds during the storage phase. 
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Abstract 

The search for cleaner and more efficient sources of energy has driven the development of new 
technologies and the optimization of existing ones. One of the promising areas in this field is 
the integration of solid oxide fuel cells (SOFCs) with waste heat recovery systems such as the 
Kalina cycle. This approach has the capability to enhance the overall efficiency of power 
generation and lower greenhouse gas emissions. In the present investigation, a combined 
system utilizing green ammonia as fuel and integrating solid oxide fuel cell with cathode 
recycling and Kalina cycle is suggested. The proposed system consumed 515.76 kW of energy 
through liquid ammonia as fuel input. The SOFC unit generated 289.43 kW of power and 
159.24 kW of waste heat at the downstream, which was supplied as the heat input to the Kalina 
cycle. The Kalina cycle generated 124 kW of power, but the associated pump consumed 57.7 
kW of power, resulting in a net power output of 66.3 kW. The total net power output from the 
SOFC unit and the Kalina cycle was 349.84 kW, with an overall energy efficiency of 67.83%. 
The sensitivity analysis carried out in this study revealed that the highest power output and 
energy efficiency of the system were 490.6 kW and 70.43%, respectively, at fuel utilization 
factors of 0.6 and 0.9. Overall, the integration of solid oxide fuel cells with waste heat recovery 
systems such as the Kalina cycle holds promise for increasing the efficiency and reducing the 
emissions of power generation. 
 
Keywords: Solid oxide fuel cell, Kalina cycle, Green ammonia, Decarbonising power 
generation. 
 

Introduction 
The growing demand for energy and concerns over climate change have led to an increased 
interest in clean and renewable energy sources. One such source is ammonia, which is a 
sustainable and carbon-free fuel that can be produced from renewable energy sources such as 
wind and solar. Green ammonia is considered 100% renewable as it is carbon free. It can be 
utised as a fuel source, in various technologies such as internal combustion engines, turbines, 
and various types of fuel cells. Out of the available alternatives, the solid oxide fuel cell (SOFC) 
technology has emerged as one of the most prospective solutions, owing to its elevated 
efficiency and almost negligible emissions. The solid oxide fuel cells are able to transform 
chemical energy into electrical energy with high efficiency, while also releasing minimal 
pollutants. The use of ammonia in SOFCs provides an opportunity to generate electricity with 
minimal environmental impact while achieving high energy conversion rates. Ammonia has 
several advantages over other gases commonly used in SOFC applications, such as hydrogen, 
methane, propane etc. Hydrogen can be difficult to handle and store safely, and it is highly 
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flammable, and it also has a low volumetric energy density compared to ammonia. On the other 
hand, methane produces carbon dioxide and other pollutants as by-products, which can be 
harmful to the environment. Propane has a low hydrogen content and produces carbon dioxide 
as by-product and more difficult to handle and store safely than ammonia. Ammonia has the 
potential to revolutionize the energy industry and contribute to the development of sustainable 
and clean energy systems. 
 
SOFC is considered high temperature fuel cells which operates at temperature levels of 600-
1000°C [1]. As it operates at such high temperatures, reformer is often not required thus it 
reduces the overall capital cost of the system [2]. The practice of recirculating off-gasses from 
solid oxide fuel cells is a widely recognized approach documented in literature to enhance 
efficiency. Nonetheless, research into this method has been restricted to examining methane 
[1], natural gas [3] or syngas [4] only. Furthermore, SOFC also produces high temperature 
waste heat, which can be utilised in producing additional power in bottoming cycles. 
 
Kalina cycle introduced in the early 1980s, is an alternative to conventional organic Rankine 
cycle [5]  which is suitable for operation with heat source temperature between 100°C–250°C 
[6]. The Kalina cycle is a thermodynamic cycle used to convert heat energy into electrical 
power. It is similar to the Rankine cycle, which is used in conventional power plants. The 
working fluid in the Kalina cycle is typically a mixture of ammonia and water, which has a 
lower boiling point and a higher specific heat than pure water. This allows for better heat 
transfer and improved efficiency compared to the Rankine cycle. The exact composition of the 
working fluid can be adjusted to optimize the cycle for specific operating conditions. The 
Kalina cycle involves several processes, including evaporation, compression, mixing, and 
expansion. The basic processes of the Kalina cycle are as follows: (1) Evaporation: The 
working fluid is heated in a heat exchanger, or boiler, to produce a high-pressure, high-
temperature vapor. (2) Compression: The vapor is then compressed to a higher pressure and 
temperature, which increases its enthalpy. (3) Mixing: The compressed vapor is then mixed 
with a lower-pressure, lower-temperature vapor from the evaporation process, typically at a 
ratio determined by the specific cycle design. (4) Expansion: The mixture is then expanded 
through a turbine, which extracts work from the fluid and converts it to mechanical energy. (5) 
Condensation: The low-pressure, low-temperature vapor is then condensed back into a liquid 
state, typically in a separate heat exchanger. Such cycles can be effectively used for integration 
with SOFC based systems as bottoming cycle. 
 
Previously many researchers investigated SOFC based energy systems. The utilization of 
methane as fuel was studied by Mojaver et al. [7] in a combined heat and power system, which 
resulted in reported electrical energy efficiency and exergy efficiency of 48.03% and 46.33%, 
respectively. Roy [8] conducted a thermodynamic analysis of a hybrid system that combined 
SOFC, externally fired gas turbine (EFGT), and Stirling engine (SE), and reported a net power 
output of 572.07 kW and an exergy efficiency of 51.54%. Alns and Sleiti [9] investigated 
methane fuelled SOFC based electricity and cooling system and reported optimum overall 
efficiency of 73%.  The performance of SOFC-GT integrated systems using different fuels 
were investigated by Rupiper et al. [10]. According to their findings, the hybrid configuration 
displayed maximum electrical efficiencies of 64.7% for H2 fuel, 60.3% for CH4 fuel, 60.9% 
for C3H8 fuel, 61.7% for JP-4 fuel, 61.0% for JP-5 fuel, and 61.2% for JP-10 fuel. Zhang et al. 
[11] examined an integrated system that combined a plasma gasification facility, SOFC, 
supercritical CO2 cycle, and double-effect absorption refrigeration (ARC), and reported net 
electrical and exergy efficiencies of 50% and 47%, respectively. Mei et al. [12] investigated a 
combined system that integrated SOFC, thermoelectric generator, and absorption heat pump 
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and reported the highest electrical efficiency of 44.7%. Quach et al. [13] investigated ammonia 
fed SOFC system for distributed power generation. They investigated anode gas recirculation 
and reported highest system efficiency of 67.5%. In their research, Shafie et al. [14] analysed 
the incorporation of an SOFC-GT system with a CO2-to-ethanol conversion facility and 
determined that the system can attain an overall efficiency of 72.5% and an electrical efficiency 
of 66.5%. Quyang et al. [15] investigated biomass gasification facility integrated SOFC-dual 
loop ORC- SCO2 cycle and heat recovery system and reported 52% energy efficiency can be 
achieved. Kasaeian et al. [16] studied an integrated system combining gasification facility, 
SOFC, Rankine cycle and ORC, and reported electrical and overall efficiencies are 51.43% 
and 81.13%, respectively. Song et al. [17] investigated thermodynamic performance 
assessment of combination of SOFC, Rankine cycle and Kalina cycle and reported and exergy 
efficiency of 39.34%. 
 
From the previous discussion it can be seen that though SOFC- Kalina based systems were 
previously investigated, effect of cathode gas recycling fuelled by ammonia was not 
extensively investigated. In this study a hybrid system has been proposed integrating SOFC at 
the toping cycle and Kalina cycle at the bottoming cycle.  Cathode off gas recirculation has 
also been applied in the system arrangement. The proposed was investigated with the aid of 
energy and exergy analyses. 

 

System description 

 
Figure 1: Schematic of SOFC- Kalina based integrated system with cathode recycling 

fuelled by Ammonia 
The proposed system consists of a SOFC unit, a Kalina cycle unit, and a cathode recycling 
system. The SOFC unit converts the ammonia fuel into electrical energy and waste heat, which 
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is then supplied to the Kalina cycle unit to generate additional electrical energy. The cathode 
recycling system recycles the unused cathode air back to the anode side of the SOFC unit to 
increase the fuel utilization and improve the overall efficiency of the system. Figure 1 illustrates 
the schematic of the proposed integrated system based on SOFC-Kalina. In this study, a Co-
flow planar SOFC is considered. The air is preheated in the air heater (AHE) and is supplied 
to the cathode channel of the SOFC with a blower. A separate blower is considered for cathode 
stream recirculation. The fuel used in the system is liquid ammonia stored at -33°C, which is 
supplied by a pump and heated by a fuel heater (FHE) before being supplied to the anode 
channel of the SOFC in the gaseous form. The flue gas produced by the afterburner is utilized 
to heat up the incoming air and fuel to the SOFC. Additionally, the waste heat from the heat 
exchanger (HEX1) is utilized to operate a Kalina cycle. 
The following assumptions were considered in the model development [13, 18]: 

a) Negligible ammonia decomposition reaction in the heat exchanger. 
b) Identical temperature for the inlet and outlet of the anode and cathode streams. 
c) Steady-state conditions were assumed, with no consideration for changes in kinetic and 
potential energies. 

d) Neglecting pressure losses in the pipelines. 
e) Assuming that the gas mixtures behave as ideal gas mixtures. 

f) Assuming that unreacted gases are fully combusted in the afterburner. 
 

System Modelling  
Solid oxide fuel cell: 
The current density distribution in the x-direction across the cell area is computed in the SOFC 
model. Assuming negligible losses in the electrochemical reactions taking place in a particular 
cross-section x of the fuel cell, the voltage can be determined using the Nernst equation, and it 
would be equal to the reversible cell voltage. 

𝑉!,# = 𝑉$ + #%
&'
𝑙𝑛 &(!",$%

&.(×()",%*
()",%*

× 𝑝*+,,$.. )   (1) 

The actual cell voltage of fuel cell can be estimated by the following relations 

𝑉*+,, = 𝑉!,# − ∆𝑉,/00	   (2) 

The current density is now assumed to be directly proportional to the voltage loss, and the 
proportionality constant is denoted by the equivalent cell resistance,𝑅12#, drawing an analogy 
with Ohm's law. If it follows, then current density in the cross-section x is defined as 

𝑗! =
∆4+,--
#./0

  (3) 

The cell current can be estimated as follows 

𝐼*+,, =
51×62,%*,3*

72,+,%*
× 0𝑦8"

$ + 𝑦29$ + 𝑦284
$ 2 × 2𝐹  (4) 

 The power produced by the SOFC module can be determined by using the following equation: 

�̇�:9'2 = 𝑁*+,, × 𝐼*+,, × 𝑉:9'2 × 𝜂;<=  (5) 

where 𝑁*+,,denotes the number of cells and 𝜂;<= is invertor efficiency. 
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Kalina cycle: 
The power output from the turbine is estimated by the following relation 

�̇�% = �̇�>2(ℎ;< − ℎ/?@)  
where, �̇�>2  and h represent mass flowrate in the Kalina cycle and specific enthalpy, 
respectively. The subscripts “in” and “out” represents inlet and outlet streams 

Performance parameters: 
The net power developed from the proposed SOFC-Kalina system is estimated as follows: 

�̇�0(0 = �̇�:9'2 + �̇�% − �̇�A?!;,;BC(   (6) 

where �̇�% and �̇�A?!;,;BC( are power output from turbine and auxiliary power requirement, 
resepetively. 

Energy efficiency of the integrated system is estimated by the following equation 

𝜂0(0 =
Ḋ-5-

	Ġ167+	×H84922,*3%
   (7) 

The exergy efficiency of the integrated system is evaluated using the following equation. 

𝜂+!+CI( =
Ḋ-5-

1!-5-,3*
   (8) 

where, 𝐸𝑥0(0,;< denotes exergy inlet to the system. 

 

Results 
Based on the given thermodynamic model as depicted in the previous section a performance 
evaluation of the proposed plant has been estimated to get the essence how the system exhibits its 
energetic performances. The overall detailed thermodynamic performances are depicted in Table 
1 and Figure 2.  

Table 1: Performance parameters of the system at base case 

Name of the Parameter Value Unit 
Fuel input 515.76 kW 
SOFC power output 289.43 kW 
Waste heat from SOFC 159.24 kW 
Auxiliary power consumption in SOFC unit 5.89 kW 
Heat input into Kalina cycle 159.24 kW 
Turbine output of Kalina cycle 124 kW 
Auxiliary consumption by Pump of Kalina cycle 57.7 kW 
Total Net Power Output 349.84 kW 
Overall Energy efficiency of the plant 67.83 % 

It can be observed that the proposed plant is consuming 515.76 kW of energy through liquid 
ammonia as fuel input. The SOFC unit generates 289.43 kW of power and 159.24 kW of waste 
heat at the downstream which is going to be supplied as the heat input to the Kalina cycle. 
However, the SOFC unit has a total 5.89 kW of auxiliary power consumption to run its fuel 
compressor, air compressor and other auxiliary devices. Without the incorporation of Kaina cycle, 
the overall electrical efficiency of the system is estimated to be 54.98%. On the other hand, the 
turbine of the proposed Kalina cycle generates 124 kW of power. But the pump associate with the 
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proposed Kalina cycle consumes 57.7 kW of power. As a result, the net power output from the 
Kalina cycle is only 66.3 kW. Taken together the net power output from the SOFC unit of about 
283.54 kW, the whole plant generates a total net power output of 349.84 kW. It can be observed 
from Table 1 that the proposed plant's total energy efficiency is 67.83%.  

 
Figure 2: Energy flow of the proposed system 

By altering the fuel utilization factor, a sensitivity analysis was conducted on the system, and the 
total power generated, and energy efficiency of the system are illustrated in Figure 3. The system's 
maximum power output and energy efficiency were calculated to be 490.6 kW and 70.43%, 
respectively, which occurred at UF values of 0.6 and 0.9, respectively. 

 
Figure 3: Effect of Fuel Utilization Factor on Net Power output and Energetic Efficiency of 

the system 
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Discussions 
The results obtained from this study showed that the proposed system is a promising alternative 
for generating green energy, with an overall energy efficiency over 70%. The combination of the 
SOFC and the Kalina cycle offers a highly efficient way of generating electricity from ammonia, 
a sustainable and green energy source. Ammonia has emerged as a potential fuel for SOFCs due 
to its high hydrogen content and the ability to be easily stored and transported. Ammonia is also 
a green alternative to fossil fuels and offers a promising solution for reducing greenhouse gas 
emissions. This analysis highlights the potential for further optimization of the proposed system 
to achieve even higher efficiency and power output. 
The integration of SOFC with cathode recycling in the proposed system offers several benefits. 
The cathode recycling mechanism allows for the recovery of the excess oxygen and reduces the 
need for air supply. This reduces the auxiliary power consumption of the SOFC unit, which was 
observed to be 5.88 kW in this study. The reduction in auxiliary power consumption increases the 
overall efficiency of the system and reduces operating costs. 
The proposed system offers a promising and efficient approach for generating green energy 
through the integration of SOFC and Kalina cycle, fueled by green ammonia. The high energy 
efficiency and power output of the system make it a potential candidate for commercial 
applications, and further optimization can lead to even higher efficiency and power output. The 
use of green ammonia as a fuel for the system offers a sustainable alternative to fossil fuels, 
reducing greenhouse gas emissions and contributing to a greener future. 

Conclusions  
The proposed green ammonia fuelled combined system integrating solid oxide fuel cell with 
cathode recycling and Kalina cycle is a promising and efficient approach to generate power from 
a renewable source. The base case performance results show that the system is able to generate a 
net power output of 349.84 kW with an overall energy efficiency of 67.83%. The sensitivity 
analysis shows that the system's performance can be further improved by increasing the fuel 
utilization factor, which can result in a higher power output and energy efficiency. The system's 
maximum power output and energy efficiency were calculated to be 490.6 kW and 70.43%, 
respectively, which occurred at UF values of 0.6 and 0.9, respectively. Overall, this research 
provides valuable insights into the potential of green ammonia as a fuel and the benefits of 
integrating various technologies to generate clean energy. The findings of this study can be used 
to inform the development of more sustainable and efficient power generation systems in the 
future. Further research is needed to optimize the design of these systems and to investigate their 
economic viability. 
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Abstract  

 

Gas driven heat pumps can contribute to a decarbonization of the building stock. A two-bed 

adsorption gas heat pump (TAGH) for multi-family buildings has been developed based on 

validated model. Due to the chosen sorption pair SAPO34/water, the heat pump can provide a 

temperature lift up to 42 °C, which is not sufficient for domestic hot water (DHW) 

preparation in stock buildings with circulation systems. Thus, the DHW preparation was 

achieved in a direct gas burner mode in order to prevent legionella contamination in the DHW 

circuit. This contribution analyses system aspects of hydraulic integration of a stratified heat 

storage and adapted controls for achieving two goals. First, a pre-heating of DHW in heat 

pump mode. Second, an increase in the seasonal system-level gas utilization efficiency 

(SGUE). In this regard, the analysis consists of three steps. First, the effect of system 

environment such as weather condition and design parameters have considered. Second, the 

hydraulic design, which includes the selection of extraction and insertion layers, plays its role 

in heat consumption and production. Finally, finding proper control strategy is a key factor in 

the analysis. To further increase of the SGUE, the system hydraulic configuration is 

redesigned with the help of second thermodynamic efficiency.  

 

Keywords: Two bed adsorption heat pump, stratified storage, heating demands, control 

strategy, second thermodynamic efficiency, seasonal gas utilization efficienc 

 

Introduction  

The primary objective of the AdoSan project was to develop a two-bed adsorption gas heat 

pump (TAGHP) [1-3]. This was achieved through experimental validation and calibration of 

its individual components [4]. The specific focus of the project was to supply the heating 

demand in a space heating circuit, considering the guidelines mentioned in the VDI 4650-2 

[5], with a nominal supply temperature of 55°C and a return temperature of 45°C [6]. The 

researchers sought to improve the gas utilization efficiency of the TAGHP at the system level 

by integrating various low temperature sources, including a borehole heat exchanger or 

building exhaust air [7]. The primary focus of the study was to assess the applicability of the 

two-bed adsorption gas heat pump (TAGHP) in a middle multi-family house (MMFH) [6] 

setting. In this context, a specialized storage unit called " hydraulic separator " was employed. 
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The study further evaluated the system's performance and achieved an annual gas utilization 

efficiency of 1.21 when utilizing a borehole heat exchanger. However, it is important to note 

that the TAGHP with a SAPO-34/water working pair in sorption mode has limitations in 

heating water beyond temperatures of 42°C. To fulfill higher temperature requirements, as 

specified in standards like VDI 4650-2 with 45/55°C [5], the heating process necessitates a 

"direct heating mode" where the gas burner directly supplies heat, bypassing the adsorption 

modules.  

Given this context, the purpose of the investigation is to explore a system that addresses both 

water heating and space heating requirements by utilizing a two-bed adsorption gas heat pump 

(TAGHP). The main objective is to identify an integrated combi storage system and control 

scheme that enables the TAGHP to efficiently preheat domestic hot water (DHW), while 

simultaneously achieving gas savings in comparison to the reference configuration where 

DHW is consistently provided through direct heating mode. 

 

System description 

In the overall system configuration of the case study, two main components are considered. 

Firstly, there is the heat production component, which consists of TAGHPs utilizing both a 

high temperature source and a low temperature source, specifically a borehole heat exchanger. 

The TAGHP, composed of two modules, comprises one adsorber and one 

evaporator/condenser within a single casing. Its primary function is to generate heat. 

Secondly, there are two heat consumption components: a space heating circuit and a water 

heating circuit. These components make use of the heat generated by the TAGHP for their 

respective purposes.  

 

In the case study configuration, there is also a combi-storage with 16 layers that acts as a 

central point of connection between the heat consumption and heat production components 

(see Figure1). This combi-storage is designed to store the excess heat and distribute it as 

needed.  

 

To utilize the high-temperature source of TAGHP for heating the upper part of the combi-

storage, a heat exchanger called HX_BRN_Stor is used. It links the combi-storage to the high-

temperature source, transferring heat from BRN_HX_HT to the upper part of the tank. 

Moreover, HX_MTS connects TAGHP to the combi-storage, providing heat for the space 

heating circuit In Figure 1, it can be observed that the supply temperature is derived from 

layer 8 and is divided using a three-way valve. Approximately 0.1[kg/s] of the fluid is 

directed towards BR_HX_MT, while the remaining portion is directed towards HX_MTS. 

The return fluid from both HX_MTS and BR_HX_MT is then reintroduced into the combi-

storage using an ideal inserter. This inserter ensures that the fluid is inserted into the nearest 

temperature layer within the tank, optimizing the heat distribution process. On the other hand, 

connecting the heat consumption parts to the combi-storage involves two steps. Firstly, there 

is a fresh water station (FWS) positioned between the user component and the combi-storage. 

The supply water is taken from the top layer of the combi-storage and directed to the FWS. 

The return fluid then flows back to the combi-storage with the help of an ideal inserter. 
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For the heat consumption component specific to a middle multi-family house (MMFH), it is 

connected to layer 6 of the combi-storage for the supply fluid and using an ideal inserter for 

return fluid to the combi-storage. This means that the heat produced by TAGHP and stored in 

the combi-storage is used to supply and circulate heat within the MMFH. 
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Figure 1: Schematic configuration in system level  
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Control Strategy 

In this case study, there are three levels of control: component level, module level, and system 

level. At the component level, the mass flow rate of the pump for the user side of the Fresh 

Water Station (FWS) follows a loading profile every 10 minutes. The FWS serves a multi-

family house (MMFH) with 12 apartments (4 with 1 occupant and 8 with 2 occupants). The 

mass flow rate on the user side of the system exhibits two distinct values. The first value 

corresponds to instances when tap water is being drawn off, and this value is determined 

based on the power profile for a multi-family household (MMFH). The second value is 

applicable when there is no demand for tap water, and in this case, the mass flow rate is set to 

0.015 kg/s.    

On the storage side, water is extracted from the top layer   to create a temperature difference 

of 5°C in both sides of the heat exchanger. The mass flow rate of the pump in the storage side 

is controlled by a PI controller to maintain a user-side temperature of 60°C. The PI controller 

considers the user temperature as the measured value and the set point as 60°C. The output of 

the PI controller is multiplied by the maximum mass flow rate required for the user side. The 

return fluid from the FWS is directed to the combi-storage using an ideal inserter to store the 

lowest return temperature in the bottom part of the storage. In this case, the maximum 

temperature in the storage is 65°C, while the lowest temperature is around 16°C. 

Moving to the other component control level, the space heating circuit is controlled by a PI 

controller that adjusts the mass flow rate of the supply water, extracted from layer 6, to 

maintain a room temperature of 20°C. The return water from the radiator is inserted back into 

the storage using another ideal inserter. For the heat production component, water is extracted 

from layer 2 and heated in HX_HTS, and then the return hot water is inserted into the top of 

the storage. Both pumps are controlled at the system level when the temperature of the top 

layer falls below 65°C. 

At the module level, the control strategy of the heat pump (GHP) involves multiple processes 

such as adsorption, desorption, heat recovery, and direct heating mode. The GHP is activated 

based on two specific conditions. Firstly, the return temperature from the heating circuit 

should be below 34°C, considering the characteristics of the working pair SAPO-34/Water. 

Secondly, the evaporator inlet temperature needs to exceed 7°C. Once the outlet temperature 

in the adsorber reaches 90°C, the desorption process is ceased, and the heat recovery mode is 

initiated. During this mode, heat is transferred between the two modules to raise the 

temperature of the adsorption module while simultaneously cooling down the desorption 

module in preparation for the subsequent cycle. In the direct heating mode, the BRN_HX_HT 

is directly connected to the HX_MTS. This mode is activated when the power supplied to the 

space heating circuit falls below the power demanded. In such cases, the TAGHP exclusively 

focuses on heating up the storage using the high-temperature source until the supplied heat 

exceeds the heating demand. At the system level, the priority is to maintain a user temperature 

of 60°C. If the temperature in layer 1 falls below 63°C, the system prioritizes supplying the 

water heating circuit over the space heating circuit.   

 

Discussion and Results 
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Figure 2 illustrates the RC (Resistor-Capacitor) diagram, providing a visual representation of 

the thermodynamic processes and heat transfer within the TAGHP system. In this diagram, 

each capacitor corresponds to the thermal mass of the materials, while each resistor represents 

the specific heat transfer mechanism, including conduction or convection. The diagram helps 

to understand the flow of energy and identify the various components involved. To further 

analyze the system's efficiency and identify areas of irreversibility, Table 1 provides a 

comprehensive list of factors and phenomena contributing to losses within each component of 

the TAGHP. This information enables a detailed assessment of the system's performance. In 

addition, a mathematical model has been implemented in Dymola to evaluate and quantify the 

system's overall efficiency and behavior. This modeling approach allows for in-depth analysis 

and optimization of the TAGHP system. 

R_A[n]

I

D

R_BR_C

R
_
F

R_E[n]R_GR_H

R_Tube[n]Casing

R_Tube[n]Casing

HTF

HTF

Phase seperator

Adsorbent [n]
 

Figure 2. RC Diagram of the adsorber and Evaporator/Condenser  

 

 

Table 1 

Ireversibility source originate from 

A Mass and heat transfer between HTF and tube in Evaporator/Condenser 

B Heat transfer between Tube and Phase Separator 

C Heat transfer between Phase Separator and Casing 

D Desuperheat in Evaporator 

E Mass and heat transfer between HTF and tube in Adsorber 

F Heat transfer between Adsorber and Evaporator/Condenser 

G Heat transfer between working pair and Tube 

H Heat transfer between Tube and Casing 

I Superheat in Adsorber 
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Figure 3: Ralative Irreversibility for various parts in Two-Bed Adsorption Gas Heat pump 

(TAGHP) 

 

Figure 3 displays the annual relative irreversibilities for different parts of two bed adsorption 

gas heat pump. 

It is clear that the largest source of irreversibility in the TAGHP system arises from the mass 

and heat transfer processes occurring between the Heat Transfer Fluid (HTF) and the tubes in 

the Adsorber. This particular aspect contributes significantly to the overall irreversibility 

within the system. Furthermore, the second-largest portion of relative irreversibility can be 

attributed to the presence of a finite temperature difference between the adsorber and the 

evaporator/condenser, as well as between the working pair and the tube. Additionally, the 

mass and heat transfer processes occurring between the HTF and the tubes, specifically within 

the evaporator and condenser heat exchanger pipes, play a significant role in comparison to 

other sources of irreversibility in the overall annual relative irreversibilities of the system. 
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Table 2 

        Rate of Entropy generation in each component 

                   
Sum of Entropy generation rates in condenser/evaporator and 

adsorber 

                      
Power insert to the storage from HX_HTS to supply power for 

water heating circuit 

                      
Power insert to the storage from HX_MTS to supply power for 

space heating circuit 

             Power insert to the water heating circuit from storage 

             Power insert to the space heating circuit from storage 

        Power source in net caloric value 

                        
Rate of Exergy transfer by mass to the storage from HX_HTS to 

supply power for water heating circuit 

                        
Rate of Exergy transfer by mass to the storage from HX_MTS  to 

supply power for space heating circuit 

   Exergy loss through heat loss 

  Entropy loss through Heat and Mass transfer inside of the storage 

          Average storage temperature 

           Power loss from the storage 
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Figure 4: Annual energy flow in case study 

The Annual Energy Flow diagram in Figure 4 provides a comprehensive overview of the 

energy production and consumption within the system. It clearly illustrates the energy 

generated by the Adsorption Gas Heat Pump (AGHP) and the burner, as well as the energy 

consumed by the various components. One of the primary objectives of this research is to pre-

heat the water for the water heating circuit using the AGHP. Figure 4 highlights that the 

HX_HTS heat exchanger transfers 9.04 MWh of energy to the upper part of the storage tank, 

which is then utilized for the water heating circuit. However, the annual energy demand of the 

water heating circuit is 11.67 MWh, indicating a shortfall in energy supply. To bridge this 

gap, the AGHP steps in and supplies the remaining energy required for the water heating 

circuit. 

 

The performance of both the system and the AGHP is assessed using two key parameters: the 

first law of thermodynamics and the second law of thermodynamics. The first law efficiency 

considers the net caloric value of the input gas power to determine the efficiencies of the 

system and the AGHP. On the other hand, the second law of thermodynamics considers the 

ratio of exergy output to exergy input, providing insights into the system's thermodynamic 

performance. 

 

Additionally, to gain a more comprehensive understanding of the system's performance, the 

annual storage efficiencies have been calculated. These efficiencies, depicted in Figure 4 and 

Table 3, provide valuable insights into how effectively the system stores and distributes heat 

over the course of a year. By considering these storage efficiencies, a deeper understanding of 

the system's overall performance can be obtained. 
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Table 3 

Efficiency Value [-] 

               1.18 

              1.19 

                0.99 

                0.86 

 

Figure 5 provides important temperature information for each layer, including the minimum, 

maximum, quartile, and median values. In this case study, the return fluid from each 

component is directed into the storage tank using an ideal inserter, except for the component 

that heats the upper part of the tank. The supply water for the high temperature source is 

obtained from layer 2, while the return temperature is directed to the top of the storage tank. 

Layer 1 represents the supply temperature for the Water Heating Circuit, whereas layer 6 

corresponds to the supply temperature for the Space Heating Circuit. Layer 8 supplies the 

water for the GHP, enabling the utilization of the condenser and adsorption process heat. It's 

worth noting that the lowest temperature of the return fluid from the fresh water station 

determines the bottom temperature of the storage tank, and this temperature is also shown in 

figure 5. 

 
Figure 5: Annual storage temperature in different layers. 

 

To prevent Legionella contamination in the water heating circuit, the system incorporates 

circulation to maintain a temperature of 55°C for the water inside the pipes when there is no 

water consumption. As a result, as shown in figure 6, the annual water temperature on the user 

side of the fresh water station (FWS) is consistently around 60°C. This measure helps ensure 

the water remains at a temperature that discourages the growth of Legionella bacteria. 
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Figure 6: Supply temperature to the user in water heating circuit 

 

Figure 7 presents the correlation between room temperature and outside temperature 

throughout the span of one year in Potsdam. The graph depicts this relationship by using 

lighter colors to indicate instances when the room temperature remains relatively stable at 

around 20°C, particularly during the cold season when the outside temperature drops below 

15°C. It is worth noting that the annual simulation of the case study does not consider the 

presence of air conditioning. Therefore, as the outside temperature rises, the room temperature 

also experiences a corresponding increase. 
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Figure 7: Change of room temperature with respect to the outside temperature over one 

year 
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Introduction 

More than 50% of greenhouse gas emission in the City of Vancouver is due to the heating of buildings [1]; 

with a growing trend due to extreme weather events caused by Climate Change.  Simon Fraser University 

(SFU) has buildings constructed from the 1960s to 2020 scattered in three regions of Metro Vancouver. A 

large number of these buildings are equipped with out-of-date facilities, piping, and insulations, whose 

operations may be also inefficiently scheduled. There is a  potential to decelerate the increasing rate of 

energy consumption and as a result the greenhouse gas emissions and air pollution. An intuitive but costly 

approach to improve the existing buildings is to replace them with new green buildings. However, due to 

the investment limit, no more than 1% to 3% of the buildings can be replaced by green buildings annually  

A popular way to improve energy performance is building energy efficiency retrofit (BEER ) [2], which 

not only can provide energy savings with less investment than replacement, but also, can reduce the fossil 

fuel consumption, greenhouse gas emissions as well as improving the building market value [3]. However, 

as there exist several retrofit solution scenarios and numerous variables, it will be difficult to solely design 

the systems based on experience. As such, there is a need to use a systematic approach to establish an 

optimized solution. 

In this study, our goal is to design a custom Optimized Building Retrofit Strategy Tool (OBRST) focusing 

on regenerative ventilation systems for the HVAC systems to be used in the targeted existing SFU buildings 

aiming to reach the 2025 target for greenhouse gas reduction. The proposed approach uses several 

theoretical models to simulate the heating, cooling, and ventilation load based on the building geometry 

and geographical location, then, using the models, the emission reduction for each retrofit scenario will be 

evaluated. Finally, using an optimization tool the optimized combination of the scenario for a case study 

building will be presented. 

Methods and data collected 

A systematic approach has been adopted to perform this study, which consists of three steps: i) building 

information collection, ii) building modeling, and iii) feasible scenario selection.  

SFU Discovery 2 Building: characteristic and history 

The building is located at the SFU’s Burnaby campus, 8900 Nelson Way, Burnaby, BC V5A 4B5, shown 

in Fig. 1 a. The building was constructed in 1990 and has a lot area of 1,800 m2 and a total floor area of 

3,000 m2. It has two floors and a mechanical room located at the rooftop of the building. The outside 

envelope of the building is a metal plate colored light brown with thermal insulation inside them, and 25% 

of the total surface is glazed. The building had two retrofit projects, one in 2006 and another one in 2015. 

The 2006 retrofit included redesigning the lighting system, HVAC ducting, room redesigning and 
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implementation. Currently, almost 60% of the electricity consumption and 95% of natural gas consumption 

of this building are due to its HVAC system. In terms of emissions, the situation is even worse. The HVAC 

system is responsible for 90% of the total yearly emission, where the total emission of the building is 37 

ton CO2 per year. Two condensing boilers are used for the building heating system to generate hot water 

which is used for i) domestic hot water, ii) heating the ventilation air, and iii) 38 water source heat pumps 

to heat the building. To cool the building, there is one cooling tower on the roof that cools water for the 38 

heat pumps to air condition the building. 

Retrofit scenarios 

To find feasible retrofit scenarios, we included the following  factors in our analysis: i) technology readiness 

level (TRL), ii) geographical suitability; and iii) market availability and cost. To measure each of the above-

mentioned factors, research was performed and consultations were conducted with the experts in the field 

as well as the suppliers of each technology. The following scenarios were simulated to establish a roadmap 

to net-zero, i) envelope upgrading, ii) installation of solar photovoltaic panels, iii) use of biomass boiler, 

iv) heat recovery system, v) heat pump upgrading, vi) CO2 capturing system, vii) seasonal heat storage, and 

viii) the following three combinations. 

• Heat recovery ventilator (HRV) + seasonal thermal energy storage + heat pump change 

• HRV + biomass boiler + upgrading to heat pumps to new generation water sourced heat pump 

+ carbon capture 

• HRV + air source heat pump 

Building modeling approach 

Building model is based on a new modelling approach developed in our lab, based on machine learning, 

and was  presented in our previous publication [4]. The method utilizes the temperature, relative humidity, 

air quality (particle concentration, CO2 concentration, humidity and total chemicals concentrations) and 

electricity consumption of the heat pump using the data gathered from one zone of the building and is 

generalized the zone consumption to the entire building based on the orientation of the walls, solar zenith, 

and azimuth angle and plant coverage. The model has been validated using the measured natural gas and 

electricity consumption of the building by factoring out the non-heating and non-cooling energy demands 

during monthly energy consumption. Based on the results, the relative difference of less than 10% was 

observed between the model and collected data. To evaluate the current envelope performance, an Energy-

plus Model [5] was also developed and used [6]. 

Results and outcomes 

To validate the data driven modeling results, monthly natural gas and electricity consumption of the 

building were used as a reference for energy consumption. Based on the results, the monthly predicted 

consumption overestimates both the electricity and natural gas consumption. Because, the occupancy of the 

building is not as reported and some zones are unoccupied, we have planned to add CO2 concentration 

measurement to the model to make the result  more accurate. Even with this uncertainty, the average relative 

difference of the model is less than 10% for electricity and 12% for natural gas consumption. 

The emission reduction potential for Discovery 2 Building is shown in Fig. 1 b, emission reduction potential 

are, in order, i) usage of biomass boiler, with 33.5 ton CO2 reduction per year; ii) air source heat pump, 

with 30 ton CO2 reduction per year; iii) seasonal energy storage systems, with 29.8 ton CO2 reduction per 

year. The least will be installation of solar PV system (10 kW as a feasible power based on technology and 

market availability). 

These results can be expected due to, i) the electric grid in British Columbia is mostly clean (~90% from 

hydropower [7]), and ii) high availability of biomass as a fuel. The other parameter that was probed was 

the cost of emission reduction. Figures 1c and d show the cost (in CAD dollars) of GHG emission reduction 

per ton for each technology and scenario. The cost of emission reduction per ton of CO2 is an order of 
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magnitude higher for seasonal battery energy storage and PV.  Heat recovery ventilators and biomass plants 

have a minimum value of almost $4,000 per ton (based on a 10 kW power plant;  quoted by a Canadian 

supplier, Solarom Inc). Along with the energy reduction scenarios, building application management has 

also great impact on building energy consumption. Based on a survey, the remote working days in the 

building is not consistent and there are several air conditioned rooms empty during the working days. 

Moreover, the zone temperature control of the building is based on the previous application and the current 

residence scattering cannot make use of zone control system due to scattered departments between zones. 

Managing the application to make one empty zone each day, can reduce the energy consumption up to 5%. 

 

a 

 

b  
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c  

 

d 

Figure 1: a) The case study building, SFU Discovery 2 Building. b) Emission reduction potential of each 

retrofit scenario. c) Cost of emission reduction based on each scenario. d) Cost of emission reduction 

based on blending of scenarios to reach net zero.  
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Summary and conclusion  

Almost 60% of electricity consumption and 95% of natural gas consumption is dedicated to the heating, 

ventilation, and air conditioning (HVAC) system in SFU Discovery 2 building. The HVAC system alone 

is responsible for 90% of the building’s total yearly CO2 emissions, which is 37 tones. The findings of this 

study can be highlighted as: 

1) Biomass boilers have the maximum emission reduction potential at an affordable cost. Furthermore, 

adding a carbon capturing system to the biomass boiler will eliminate the carbon footprint of the building’s 

electricity usage and make it a net-zero building. 

2) Air source heat pumps can reduce the carbon footprint of the building and reduce the emissions to the 

2030 targets. 

3) Managing the building’s working schedules by keeping the remote working days consistent for the 

occupants and make use of the zone temperature control of the building can affect the building energy 

performance with negligible cost. 
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Abstract 

Thermocline sensible thermal energy storage is a promising option for large-scale energy 

storage applications. In this study, a thermocline tank was combined with an indirect 

thermochemical energy storage (TCES) reactor as a temperature booster during thermal 

discharge. Molten salt was used as a sensible storage material for the thermocline and heat 

transfer fluid of the indirect TCES reactor. A TCES composite was synthesized using calcium 

oxide and silicon-impregnated silicon carbide foam. The molten salt discharged from the 

thermocline tank was heated from 504 to 566 °C using the exothermic hydration of calcium 

oxide performed at a pressure of 0.6 MPa, demonstrating the temperature boost operation 

using the TCES reactor. The proposed hybrid system can potentially offer cost-effective 

sensible storage with a temperature booster and flexible discharge performance. 

Keywords: Thermocline thermal energy storage, Thermochemical energy storage, Molten 

salt, Calcium hydroxide. 

 

Introduction 

Thermal energy storage (TES) has applications in cost-effective large-scale energy storage 

owing to the low cost of TES media. Furthermore, thermocline sensible storage is 

inexpensive compared to the two-tank molten salt storage systems. However, sensible heat 

storage systems require improvements in the flexible discharge temperature; hence, this study 

combined a thermocline tank with a thermochemical energy storage (TCES) reactor based on 

a calcium oxide/water reaction system. Herein, we aimed to demonstrate the temperature-

boost operation using a TCES reactor. 

Materials, systems and methods 

Molten salt, known as HITEC [1], was employed as the sensible storage medium in the 

thermocline tank and heat transfer fluid (HTF) of the TCES reactor. A TCES composite (55 

mm in diameter and 1 m in length) was prepared using calcium hydroxide and silicon-

impregnated silicon carbide foam [2]. The thermocline tank and the TCES reactor were 

connected in series (Fig. 1(a)). During thermal discharge, the molten salt flowed from the 

bottom of the thermocline tank (Fig. 1(b)) and top of the TCES reactor (Fig. 1(c)). 

Thermocouples were installed inside the thermocline tank and TCES reactor, as shown in Fig. 

1(b) and (c), respectively. 
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Figure 1 Experimental setup: (a) hybrid TES unit; (b) thermocline tank; (c) indirect fixed-

bed TCES reactor. 

Discussion and results 

The molten salt at approximately 483 °C was stored in the thermocline tank at the beginning of 

thermal discharge, except for the lowest baffle plate on which T4 was placed. During thermal 

discharge, the temperature inside the tank decreased because low-temperature molten salt at 

approximately 300 °C was supplied from the bottom (Fig. 2(a)). Before reaching the HTF inlet 

of the TCES reactor, the molten salt from the thermocline tank was preheated to 504 °C using 

auxiliary heaters. The center temperature of the composite exceeded 600 °C during hydration at 

a pressure of 0.61 MPa, and THTF outlet attained 566 °C, thereby demonstrating a temperature 

boost using the TCES reactor. 

 

Figure 2 Thermal discharge using the hybrid TES: (a) temperatures inside the thermocline 

tank; (b) temperatures and hydration conversion of the TCES reactor. 

Conclusions 

This study investigated a hybrid TES system wherein molten-salt thermocline storage was 

combined with thermochemical energy storage as a temperature booster during thermal 

discharge. The temperature boost was successfully performed using the TCES reactor and the 

molten salt was heated from 504 to 566 °C. The results indicate that the hybrid system can be 

applied to large-scale TES with a flexible discharge performance. 
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Abstract  

Solar evaporators are an excellent example where efficient heat utilisation can empower water 

treatment and desalination contributing to ease one of the pressing United Nations Sustainable 

Development Goals that of Clean Water and Sanitation for all. Despite the wealth of research 

carried out on the topic, thermally localised evaporators current production rates are far from 

theoretical thermodynamic limits. For efficient solar evaporation, water transport from the bulk 

to the evaporator as well as unimpeded diffusion of the vapour away from the evaporator must 

be facilitated. In this work, we report on the solar evaporation enhancement owing to the 

synergistic cooperation of a superhydrophilic copper foam coated and graphene oxide with 

evaporation rates reported up to 10% higher than current ones. Design reported here benefits 

this and other heat power cycles where fluid transport in both phases must be maximisied.  

Keywords: solar evaporator, phase-change, superhydrophilic copper foam, graphene oxide, 

synergistic cooperation. 

Introduction 

Sunlight is unexaustable and provides the necessary energy to power solar evaporators for the 

production of clean water [1]. The production rates of thermally localized evaporator range 

from 1 L m-2 h-1 to 10 L m-2 h-1, which are far away from their thermodynamic limit [2].  For 

efficient utilisiation of the sunlight, thermal localisation avoiding heat loses into the bulk liquid, 

high light adsorption empowered by the presence of graphene oxide and enhanced water 

transport via wetting along the superhydrohoilic skeleton and diffusion of its vapour through 

the pores, are needed. These shortcomings are addressed here by the implementation of a 

superhydrophilic copper foam skeleton coated with graphene oxide in an inverted cone shape.  

Results and Discussion 

A 3D inverted conical evaporator was proposed empowering thermal localisation and high light 

absorption at the interface as sketched in Figure 1a. The evaporator comprisses a copper foam, 

which has been further etched to create the micro- and nano-structures as represented in Figure 

1c. And thereafter coated by graphene oxide by immersion. The functional evaporator was then 

wrapped up in an air-laid paper ensuring the transport of water towards the evaporaot interface, 

and monted a top of an insulating layer of air and polyethylene foam separating the evaporator fro 

mthe bulk water so to meinimise heat loses towards the bulk water as in Figure 1b. 
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Figure 1 – (a) Schematics of 3D inverted conde solar evaporator proposed with black micro-

/nano-structures empowering enhanced water transport and light absorption, (b) Schematics of 

the 3D evaporator including air-laid paper, polyethylene foam and air insulation layers, and bulk 

water, (c) black micro-/nano- superhydrophilic copper foam via wet etching treatment [3]. 

The different configurations fabricated as superhydrophilic, pristinie copper foam with and 

withouth air laid paper, and superhydrophilic configurations coated with graphene oxide at 

different concentrations were tested in the setup represented in Figure 2a with evaporation rates 

results over a period of 9 hours reported in Figure 2b. Overall, superhydrophilic configuration 

enhances wetting and liquid transport while the presence of micro- and nano-structures enhances 

light absorption. Graphene oxide also enhances light adsorption, water transport and vapour 

diffusion through the pores. Though immersion in an optimum concentration of 2.5 yields the best 

results with a maximum efficiency of 93% and a maximum evaporation rate per unit area of 

1.71 kg·m-2·h-1 under 1 -Sun illumination [3].  
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Figure 2 – (a) Solar evaporator experimental setup schematics including light surce, electronic 

balance, data aquisistion system and 9 thermocouples. (b) Evaporation rate results in kg m-2 h-

1 for the different configurations studied with the best performance for the SHiCF-GO-2.5.  

Summary/Conclusions  

The synergistic explotation of the enhanced wetting and liquid transport ensuing in 

superhycrophilic micro-/nano-structured copper foam and graphene oxide coupled to the 

unimpeded vapour diffusion through the graphene oxide pores, the insulation of the evaporator 

from the main bulk water and the high light absorption empowered by the micro-/nano-

structures and the graphene oxide is demonstrated with evaporation rates per unit area as high 

as 1.71 kg·m-2·h-1 under 1-Sun illumination. Such synergistic cooperation may be explored in 

other heat power cycle applications were fluid transport needs to be maximised. 
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Abstract 

Hydrogels are highly versatile polymer networks with the remarkable capability to uptake and 

release substantial amounts of water vapor, making them well-suited for utilization in 

atmospheric water harvesting applications. This investigation examines an alginate-based 

hydrogel from both experimental and theoretical perspectives, with a focus on identifying the 

key factors that contribute to the optimization of sorption/desorption cycles, including water 

capacity, kinetics, temperature, and vapor diffusion. The impact of the concentration of alginate 

networks and the reticulation initiator, calcium chloride, was assessed through an experimental 

investigation in which the material experienced controlled desorption and sorption cycles. The 

results revealed that higher concentrations of salt and lower levels of alginate within the 

composition led to enhanced sorption kinetics. The acquired data was subjected to fitting via 

three distinct models to quantify and compare the transport properties of various samples. 

Keywords: Hydrogel, alginate, biopolymer, diffusion. 

Introduction 

Hydrogels are three-dimensional hydrophilic networks of polymer chains with the 

remarkable capability to uptake and release substantial amounts of water [1-2]. Due to their 

properties, hydrogels have been widely used in biomedical applications such as drug delivery 

[3-4] and tissue engineering [5]. Hydrogels can also be used for water remediation of oil 

contaminations [6], the removal of heavy metals [7-8], and other pollutants [9]. 

Currently, extensive research is being conducted on bio-derived hydrogels, to develop 

composite sorbents with superior hygroscopic properties for applications such as agriculture 

[10-11]. These hydrogels can reduce water consumption by conditioning the ground to augment 

water-holding capacity [12-13]. 

In particular, these hydrogels are being investigated for atmospheric water harvesting, where 

the biocompatibility of materials is crucial to produce drinkable water from the available 

moisture in the atmosphere [14-15]. Thermal cycling is utilized for this application, which 

requires heat input to regenerate the sorbent material. As with other thermally-driven sorption 

cycles, an optimal trade-off between the sorbent's water capacity and kinetics properties is 

critical. The regeneration temperature of the sorbent material is a crucial element that greatly 

impacts the overall energy efficiency of sorption/desorption cycles and diffusion rates. The 

duration of the sorption/desorption cycles is typically limited by diffusional resistance during 

both phases, whereas process-level maximization of kinetics is crucial to increase the number 

of cycles per day, resulting in higher moisture harvesting and water production. This analysis 

requires the use of the main theories of vapor diffusion through porous media, which involve 

mathematical modeling to predict and optimize moisture transport [16-17]. On the other hand, 

experimental techniques such as gravimetric analysis, dynamic vapor sorption, and scanning 

electron microscopy can also provide valuable information about the sorption and desorption 

behavior of the hydrogel, helping to improve the efficiency and effectiveness of moisture 

harvesting and water applications. 
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This work investigates the potentiality of a calcium alginate (CaAlg) hydrogel employing an 

experimental approach to evaluate the influence of CaCl2 concentration and the amount of 

sodium alginate (NaAlg) on the hydrogel’s equilibrium water uptakes and respective kinetic 

performance. CaAlg is a hydrogel obtained through the cross-linking of NaAlg with Ca2+ as a 

linking agent. NaAlg is the sodium salt of alginic acid, a natural polysaccharide extracted from 

brown seaweeds, and it is commonly used in food, pharmaceuticals, and other industrial 

applications where gelling agents are required. Ionotropic gelation is the mechanism by which 

crosslinking occurs between various chains of sodium alginate and Ca2+ cations in the hydrogel 

[18–20]. When the multiple chains of NaAlg come into contact with a solution containing 

divalent cations (e.g., CaCl2 water solution contains Ca2+ ions) the Na+ present in the chain is 

substituted with the cation. The presence of Ca+ initiates the generation of free radicals that 

react with the crosslinking agent, forming a crosslinked polymer network usually called “egg-

box” structure [21]. This analysis entails conducting experimental tests to determine the water 

vapor capture and release rates during the sorption and regeneration of the material and 

subsequently utilizing Fickian diffusion theory and the Linear Driving Force potential to derive 

and quantify the diffusion coefficients of the different hydrogel samples and formulations. 

Materials and Methods 

Sample Preparation and Testing 

Following the aforementioned reaction, a setup was devised wherein a mixture of sodium 

alginate (NaAlg) and deionized water was dripped into a bath solution of calcium chloride 

(CaCl2), resulting in the formation of beads comprising the final polymer. This composition was 

designed to isolate and assess the impact of only two parameters, NaAlg concentration and CaCl2 

concentration, based on the material preparation procedure. 
Four different samples of NaAlg gel were prepared, mixing the mass of NaAlg with a fixed 

amount of deionized water (150 mL), obtaining two sets of samples respectively with 1%wt and 

2%wt of NaAlg concentration. To obtain a homogeneous solution, the components were mixed 

with a magnetic stirrer at 500 rpm for two hours and then degassed under a vacuum between 200-

500 mbar for 20 minutes. In parallel, 4 different CaCl2/water solutions were prepared using 3 L 

of deionized water, two with 5%wt and the other two with 10%wt of anhydrous CaCl2 (99% 

purity). The solution was mixed with a magnetic stirrer at 3000 rpm until the heat of the 

exothermic reaction was completely rejected to the environment, obtaining a final solution 

temperature equivalent to the lab environment. The NaAlg was ejected with a peristaltic pump 

through a 2 mm nozzle, dropping spheres of the gel directly into the reticulation bath. Once the 

gel interacts with the bath, the reticulation reaction occurs immediately for the outer surface of the 

sphere, preserving the geometry of the bead, while the complete reticulation of the internal part is 

constrained by the diffusion of Ca2+ ions through the radius of the beads. Then, to obtain a 

stabilized configuration, the solution was conventionally let rest for 24h. The resulting beads of 

CaAlg were drained and deeply rinsed with deionized water to remove the excess solution from 

the external surface. Finally, the beads were dried at 70 °C for 24 h removing the excess water 

resulting from their preparation. Four different samples were produced: sample S1 with NaAlg at 

1%wt and CaCl2 at 5%wt; sample S2 with NaAlg at 1%wt and CaCl2 at 10%wt; sample S3 with 

NaAlg at 2%wt and CaCl2 at 5%wt; sample S4 with NaAlg at 2%wt and CaCl2 at 10%wt. Figure 

1 reports a group of magnifications of the final result focused on the outer surface and the 

transversal section of sample S2, obtained through an FEI Quanta Scanning Electron Microscope. 

For each sample, the experimental tests followed the same procedure to evaluate both the 

maximum equilibrium water uptake at fixed conditions of regeneration/adsorption and the 

respective kinetics during both stages. Samples were first conditioned in a closed environment at 

21°C and 50% of relative humidity, for more than 24 h to reach equilibrium with the conditioning 
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environment. Then samples were regenerated at 100 °C and ambient vapor pressure, in a thermal 

balance (KERN DBS60-3, with a linearity error of 3 mg) to evaluate mass variation during the 

transient, for 180 minutes. Right after the regeneration the sample was conditioned again in the 

closed environment and weighed every 10 minutes per 6 times, then every 15 minutes per 8 times, 

and finally every 30 minutes per 4 times, covering an entire period of 5 hours. This experimental 

procedure was repeated for each sample and results are reported in terms of water uptake in Figure 

(2). 

Data Analysis Procedures 

Experimental tests were analyzed using two different theoretical approaches: the Fickian 

diffusion (FD) theory and the Linear Driving Force (LDF) potential. 

The FD model is based on the empirical observation of diffusive processes characterized by a 

proportionality between the mass flux J [kg/(m2s)] and the opposite of the gradient of 

concentration C [kg/m3] of a substance, fluid or gas, over a direction n, and the diffusivity D [m2/s] 

of the diffusing substance in a specified medium [17]. Under the hypotheses of isotropic material, 

constant and not deformable volume, isothermal process, independency of diffusivity over time, 

and geometry with spherical symmetry (quantities do not vary with the angular coordinates, but 

only along the radius r [m]), the formulation of variation of concentration over time is: 

𝜕𝐶

𝜕𝑡
= 𝛻 ⋅ (𝐷𝛻𝐶) = 𝐷 ⋅ (

𝜕2𝐶

𝜕𝑟2
+
2

𝑟
⋅
𝜕𝐶

𝜕𝑟
) (1) 

Given the big difference between the diffusivity of the same substance in free air when 

compared to a porous sorbent (e.g., the diffusivity of water vapor in the air is around 2x10-5 

m2/s, while this value dramatically drops down to the order of 10-11 m2/s when the medium is 

silica gel [22]) the boundary layer generated by the diffusion around the sorbent sphere can be 

neglected. Therefore, the most external surface of the sorbent brings immediately to the bulk 

concentration of the surrounding environment. As a consequence and in addition to the other 

mentioned hypotheses, the outer layer is considered in equilibrium with gas-side 

concentrations. 

When the gas-side volume is sufficiently large, the presence of the adsorbent does not influence 

the gas concentration, which can be considered constant (𝐶∞), and the same concentration is 

found at the radius 𝑟 = 𝑅𝑝 (radius of the particle of volume 𝑉𝑝). With the hypothesis of an 

initial uniform concentration different from zero, the initial and boundary conditions associated 

to eq. (1) are: 𝐶|𝑟,𝑡=0 = 𝐶0; 𝐶|𝑟=𝑅𝑝,𝑡 = 𝐶∞; 
𝜕𝐶

𝜕𝑟
|
𝑟=0

= 0. The solution is [17]: 

𝐶(𝑟, 𝑡) = 𝐶0 + (𝐶∞ − 𝐶0) ⋅ {1 +
2𝑅𝑝

𝜋𝑟
⋅∑ [

(−1)𝑛

𝑛
⋅sin (

𝜋𝑛𝑟

𝑅𝑝
)⋅ 𝑒

−𝜋2𝑛2(
𝐷⋅𝑡

𝑅𝑝
2 )

]

∞

𝑛=1

} (2) 

Within eq. (2), the concentration depends on time and space. For practical applications the 

detailed knowledge of the spatial distribution is less useful than the total amount within the 

particle volume. For this reason, it is more convenient to formulate the eq. (2) in terms of the 

spatial average of sorbate concentration 𝐶̅ as defined in equation (3) over a particle 𝑝, obtaining 

the resulting formulation in eq. (4): 

𝐶̅(𝑡) =
1

𝑉𝑝
⋅ ∫ 𝐶(𝑟, 𝑡) ⋅ 𝑑𝑉
𝑝

=
3

𝑅𝑝
3 ⋅ ∫ 𝐶(𝑟, 𝑡) ⋅ 𝑟2𝑑𝑟

𝑅𝑝

0

(3) 
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𝐶̅(𝑡) = 𝐶0 + (𝐶∞ − 𝐶0) ⋅

{
 

 

1 −
6

𝜋2
∑

[
 
 
 
𝑒
−𝜋2𝑛2(

𝐷⋅𝑡

𝑅𝑝
2 )

𝑛2

]
 
 
 ∞

𝑛=1
}
 

 

(4) 

On the contrary respect to FD, the LDF model assumes the proportionality of the sorption 

driving force to the difference between the gas-side bulk concentration (𝐶∞) and the average 

sorbate concentration 𝐶̅(𝑡) within the material: 

𝑑𝐶̅(𝑡)

𝑑𝑡
= 𝐾 ⋅ [𝐶∞(𝑡) − 𝐶̅(𝑡)] (5) 

𝐾 is a proportionality factor equal to: 

𝐾 =
𝐹0 ⋅ 𝐷

𝑅𝑝2
(6) 

, where 𝐹0 is a shape factor, equal to 15 for spheres [23]. Note that the diffusivity 𝐷 here 

reported is the very same diffusivity defined through Fick’s first law. Applying the same initial 

and boundary conditions as for the FD, the LDF solution can be easily derived by integration 

of eq. (5), and it results: 

𝐶̅(𝑡) = 𝐶0 + (𝐶∞ − 𝐶0) ⋅ (1 − 𝑒
−
𝐹0⋅𝐷

𝑅𝑝
2 ⋅𝑡
) (7)

It is important to remember that eq. (7) follows by integrating eq. (5) under the hypothesis of 

constant coefficient 𝐾 over time. In reality diffusivity depends, among the others, on 

temperature, which may change over time. It has been proposed a modified version (LDFm) of 

the LDF model [22] in which the adimensional test temperature normalized to a reference value 

𝑇𝐶 and adimensional time (𝐷/𝑅𝑝
2)𝑡 are corrected with exponents 𝑛 and 𝑚, respectively, as in 

eq. (8): 

𝐶̅(𝑡) = 𝐶0 + (𝐶∞ − 𝐶0) ⋅ (1 − 𝑒
−𝐹0.(

𝑇
𝑇𝐶
)
𝑛
(
𝐷

𝑅𝑝
2⋅𝑡)

𝑚

) (8) 

Given the typical gravimetric approach used for experimental tests, the use of concentration as 

the main variable is less useful than the definition of water uptake (𝑤) as the amount of sorbate 

within the material over the dry mass of the sorbent. When the volume of the particle is 

constant, the ratio of the instantaneous concentrations over the equilibrium concentration can 

be translated in terms of water uptake as: 

𝐶̅(𝑡) − 𝐶0
𝐶∞ − 𝐶0

=
𝑤(𝑡) − 𝑤0
𝑤∞ − 𝑤0

=

{
 
 
 
 

 
 
 
 

 

for Fickian Diffusion (FD):              1 −
6

π2
∑

[
 
 
 
𝑒
−π2𝑛2(

𝐷⋅𝑡

𝑅𝑝
2 )

𝑛2

]
 
 
 ∞

𝑛=1

for Linear Driving Force (LDF):                            1 − 𝑒
−
𝐹0⋅𝐷

𝑅𝑝
2 ⋅𝑡

for modified LDF (LDFm):                     1 − 𝑒
−𝐹0⋅(

𝑇
𝑇𝑐
)
𝑛
⋅(
𝐷

𝑅𝑝
2⋅𝑡)

𝑚
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Since the experimental campaign involved adsorptions and regenerations at constant 

temperatures (21 °C and 100 °C respectively), for the purpose of this paper it is supposed 

(𝑇/𝑇𝐶)^𝑛 = 1. Thus, the modified version of LDF (LDFm) only involves parameters 𝐷 and 𝑚. 

Additionally, the formula can be extended to desorption, making it even more useful.  

These three models (FD, LDF, and LDFm) have been applied to the experimental results 

reported in the following section, using a fitting procedure. The main purpose is to evaluate 

and compare the diffusive coefficient to discuss the influence of the two main parameters 

analyzed in the design of the experiment process: the concentration of the crosslinking initiator 

CaCl2, and the concentration of alginate monomers chains NaAlg. Further on, models are used 

to analyze the influence of cycle duration on the maximization of the water uptake variation 

over time. 

The quantification of the model parameters was performed through the minimization 

of the least square root error [24]. This consists in searching for the values of the model 

parameters which minimize the sum of the squares of the differences between each 

experimental point and the model output evaluated at the same input. Given a generic function 

𝑓 to model experimental data, dependent on time and on multiple parameters such as 

𝑓(𝑡, 𝑝1, 𝑝2, … , 𝑝𝑀), the error function 𝑒𝑟𝑟 is: 

𝑒𝑟𝑟(𝑝1, 𝑝2, … , 𝑝𝑀) =∑[𝑓(𝑡𝑖, 𝑝1, 𝑝2, … , 𝑝𝑀) − 𝑦𝑖]
2

𝑁

𝑖=1

 

, where (𝑡1, 𝑦1),  (𝑡2, 𝑦2),   … , (𝑡𝑁, 𝑦𝑁) are the coordinates of the 𝑁 experimental points of the 

test to be fitted, while 𝑒𝑟𝑟 is a function of the sole model parameters. In this research the 

function 𝑓 is the water uptake 𝑤 while 𝑡 is the time of the experiment. The list of parameters, 

as well as the function 𝑤, change according to the selected model: 

- for LDF, 𝑀 = 1,  𝑝1 ≡ 𝐷 

- for LDFm, 𝑀 = 2,  𝑝1 ≡ 𝐷,  𝑝2 ≡ 𝑚 

- for FD, 𝑀 = 1,  𝑝1 ≡ 𝐷. 

The identification of the best fitting model parameters follows the objective research of values 

𝑝1,  𝑝2,   … ,  𝑝𝑀 which minimize 𝑒𝑟𝑟. The minimization algorithm used is the Nelder-Mead 

simplex [25-26], in particular: 

- for the fitting of the LDF model, it was searched the positive value of 𝐷 which 

minimizes the function 𝑒𝑟𝑟(𝐷), starting from a 1st-iteration value of 𝐷 = 10−11 𝑚2/𝑠; 
- for the fitting of the LDFm model, the positive values of 𝐷 and 𝑚 which minimize the 

function 𝑒𝑟𝑟(𝐷,𝑚), starting from 1st-iteration values of 𝐷 = 10−11 𝑚2/𝑠 and 𝑚 =
1.0; 

- for the fitting of the FD model, the positive value of 𝐷 which minimizes the function 

𝑒𝑟𝑟(𝐷), starting from a 1st-iteration value of 𝐷 = 10−11 𝑚2/𝑠. 

 

Discussion and Results 

In Figure 1 three SEM magnifications show the external surface of a bead of CaAlg dried 

polymer and its transversal section. The polymer has a pseudo spherical shape, with an equivalent 

radius of 0.969 𝑚𝑚, and has a highly rugged surface with multiple openings. Additionally, 

concentric traces are visible from the outer surface to the inner surface, presumably linked to the 

progression of the diffusion front and crosslinking of Ca2+ ions. The openings start from the outer 

surface, and they go through the radial direction involving a thickness lower than 200 µm. In the 

grain inner section, a predominantly solid microstructure exists, apart from the occurrence of 
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regions exhibiting significant void spaces which can be attributed to inadequate removal of air 

during the degassing process. 

 

Figure (1). SEM magnifications of a grain of sample S2. (left) a view of the external surface 

of a pseudo-spherical particle of dried CaAlg; (center) transversal section of a particle of 

dried CaAlg with the same composition of S2; (right) magnification of the image at the 

center, focused on the external surface structure. 

Figure (2) displays the results of adsorption and regeneration tests as variations in water 

uptake. The graph on the left presents the results of the test conducted on sample S1, which 

consisted of a desorption cycle (first 3 hours) followed by an adsorption cycle (next 5 hours), 

illustrated by a solid line. The points on the adsorption curve correspond to the experimental 

measurements, while during desorption, the mass of the sample was measured every 5 seconds. 

The adsorption process was terminated after 5 hours before the material attained its equilibrium 

mass, which requires approximately 12 hours. However, after 5 hours, the water uptake reached 

a value 𝑤5ℎ of approximately 80% of the equilibrium value, as shown in Table 1. 

The dotted line depicts the relative humidity (RH) during the experiment, while the RH after the 

box is left to evolve for a sufficiently long time (RHeq) is illustrated above with the horizontal line. 

The RH in the conditioning chamber varies over time because the box was opened to place the 

sample and the conditioning chamber is not large enough to avoid being affected by the adsorption 

process. The combination of these factors causes the equilibrium concentration experienced by 

the material to change over time. This suggests that the use of the models should involve a time-

dependent function of 𝐶∞(𝑡) rather than a constant value. The graph on the right of the same 

figure reports the same kind of test for all four different samples. 

The sample composition affects the adsorption and regeneration behaviors. For example, 

sample S2 shows a greater equilibrium water uptake, while sample S3 has a weaker adsorption 

capacity. Sample S1 performs better in desorption, exhibiting a steeper behavior. Increasing the 

CaCl2 content (at a fixed alginate content) the equilibrium value increases. The same conclusion 

applies to the comparison of S2 with S1 and S4 with S3. Conversely, increasing the alginate 

content (at a fixed salt content) reduces the steepness of the adsorption process and the equilibrium 

water uptake at regime conditions, as shown by the comparison between tests S2 and S4, and tests 

S1 and S3. 

It should be noted that the steepness of a sorption/desorption curve is correlated to the diffusive 

coefficient value as well as to the equilibrium value. If the LDF is used to model the phenomenon, 

the 𝐷/𝑅𝑝
2 parameter acts as the inverse of a characteristic time 𝜏 in a generic exponential 

expression in the form: 𝑥(𝑡) = 𝐴 + 𝐵 ⋅ exp(−𝑡/𝜏). Sorption/desorption tests with steeper 

behavior at fixed equilibrium value will be fitted using lower transient characteristic times, which 

in turn correspond to higher diffusive coefficients. 
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Figure (2). (left) test results of sample S1: time t on the x-axis, water uptake 𝑤 on the left y-axis, 

relative humidity RH on the right y-axis; (right) comparison of test results for all the samples S1, 

S2, S3, S4. The graphs report a regeneration at 100°C and adsorption at 21°C and RH=50%. 

Table 1 shows the numerical values of water uptakes alongside the initial and equilibrium RH 

values measured in the conditioning chamber during the adsorption process. The value of 𝑤 at the 

beginning of the regeneration is denoted as 𝑤0, which is equivalent to the equilibrium value that 

the sample in adsorption would have reached if the experiment had not been interrupted after 5 

hours. For each sample, the water uptake at the end of the regeneration process corresponds to the 

initial water uptake of the adsorption process, given the experimental procedure. This value was 

assumed as the “zero” point to define the dry mass and for the definition of water uptakes.  

Table 1. Initial and final water uptakes and RHs, for tests S1, S2, S3 and S4. 

Test 
REGENERATION ADSORPTION 

𝑤0 (𝑔/𝑔) 𝑤5ℎ(𝑔/𝑔) 𝑅𝐻0(%) 𝑅𝐻𝑒𝑞(%) 

S1 0.683 0.562 28.0 48.1 

S2 0.880 0.706 30.0 46.2 

S3 0.412 0.326 38.1 48.4 

S4 0.695 0.542 30.5 47.5 

The analytical solutions provided above (FD, LDF, LDFm) are valid for a fixed geometry where 

the radius is constant, while a real process on hydrogel spheres, or other polymers, may lead to a 

significant change in the volume of particles. For this reason, and to reach better fittings between 

the models and real data, the 𝑅𝑝 was the average (avg) value of the equivalent spherical particle 

over the entire transient: 

𝑉𝑎𝑣𝑔 ≈
𝑉0 + 𝑉∞
2

 →  𝑅𝑝 ≡ 𝑅𝑝,𝑎𝑣𝑔 = √
𝑅0
3 + 𝑅∞

3

2

3

  

Where the subscripts 0 and ∞ represent the initial and the equilibrium condition of each adsorption 

and regeneration stage. One average value between the four samples was used to fit regenerations 

and one for adsorptions. In particular, the average value of the radius during regeneration was 

510 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

𝑅𝑝,𝑎𝑣𝑔,𝑟𝑒𝑔 = 0.937 𝑚𝑚 (𝜎𝑅,𝑟𝑒𝑔 = 0.130 𝑚𝑚), while the average value of the radius during 

adsorption was 𝑅𝑝,𝑎𝑣𝑔,𝑎𝑑𝑠 = 1.12 𝑚𝑚 (𝜎𝑅,𝑎𝑑𝑠 = 0.097 𝑚𝑚). 

The proposed analytical solutions assume constant concentration on the gas-side. However, 

because changes in relative humidity affected the concentration in the conditioning chambers, this 

assumption is not acceptable for this kind of experiment. For this reason, the FD model was 

properly manipulated by incorporating a step-wise change in gas-side concentration that reflects 

the varying relative humidity (RH) levels during the experiment. Initially, the concentration would 

be lower than the equilibrium value due to lower RH levels, but it would increase as the RH levels 

rise. Assuming that the relationship between concentration 𝐶∞ and RH is linear, one could model 

the increase in 𝐶∞(𝑡) over time as being proportional to RH(t). Thus, when RH=RHeq, 𝐶∞ would 

be equal to 𝑤∞. 

The time interval is subdivided into N steps, and the FD model is used in its original expression 

at each step with the same diffusivity to evaluate the new increment in concentration. By 

increasing the resolution of the step-wise approach (by increasing the number N of discrete 

subdivisions of testing time) the resulting approximation is expected to improve. This is confirmed 

by Figure (3), which shows on the left how the step-wise FD (swFD) model better fits 

experimental data as N increases. For N=1, the swFD model degenerates into an ordinary FD 

model applied on the whole test time interval, with a consistent overestimation of the water uptake 

during the first part of the transient, and a symmetrical underestimation for the second part of the 

transient. When the number N of discrete increases in RH is set to 2 the approximation improves, 

as the model predicts a lower equilibrium value at the start of the adsorption process. As N 

increases, the curve becomes even closer to the experimental data, and the fitted value of 

diffusivity 𝐷 (as shown in Figure (3) on the right for all four tests) varies more slowly, except for 

numerical oscillations at higher N resulting from interpolation algorithm. The value of 𝐷 for 

N=100 is assumed as the outcome of the fitting procedure with the swFD model. The deviation of 

the curve from the experimental data may be due to the violation of other hypotheses of the FD 

model, such as constant particle volume and constant diffusivity, as well as the assumption about 

the linear relationship between 𝐶∞ and RH. 

 
Figure (3). (left) experimental data of test S1 and step-wise FD (swFD) model for a different 

number of steps N; (right) change in the fitted value of coefficient 𝐷 with increasing N, for 

tests S1, S2, S3, S4. For N=1, swFD is equivalent to the original FD model. 

The final results of the FD model calculations are reported in Table 2 and Table 3, where the 

infinite sum was approximated using its first 300 items since the contributions beyond the first 50 

terms of the sum were insignificant. Indeed, the additional iterations after the 50th affect the total 
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water uptake with a magnitude of approximately 0.01 g/g, and similarly, the contributions on the 

fitted diffusion coefficient are negligible dropping below 1e-14 m2/s. 

The modified equation of LDF is versatile and can be applied to fit experimental data for 

both adsorption and regeneration. However, it should be noted that the coefficients in the LDFm 

model do not have an immediate physical interpretation. Indeed, the corrective coefficient causes 

the deformation of the resulting curve to better fit the experimental data. The introduction of new 

mathematical degrees of freedom reduces the overall error, but at the expense of an unclear 

interpretation of the diffusivity coefficient 𝐷. This creates consistency problems when it is carried 

out a comparison of diffusivities between the different modelling approaches. For this reason, it 

is more appropriate to use a model based on physical principles, such as the FD or classic LDF, 

which have a clear physical interpretation. 

Figure (4), for example, reports the fitting obtained through each of the different models (LDF, 

LDFm, and swFD) shown above, in comparison with the experimental data. The absolute error 

over time is shown below. 

 

Figure (4). (above) LDF, LDFm, and swFDN=100 models in comparison and against the 

experimental data of the test on sample S1; (below) absolute error over time made by each 

model, in regeneration and adsorption. 

It can be observed that all three models perform well in modeling the adsorption process, while 

the regeneration phase exhibits higher errors. The LDFm model is the most precise in both 

adsorption and desorption, but this could be simply related to the introduction of an additional 

degree of freedom (i.e., the exponent 𝑚) with respect to the other model versions. 

Table 2 reports the numerical values of diffusion coefficient 𝐷 obtained from fitting the different 

models with regeneration tests (REG), while Table 3 reports the same data for adsorption tests 

(ADS). Additionally the average absolute error �̅� (average of the instantaneous differences 

between the estimated and the experimental values) and its standard deviation over time 𝜎𝑒 are 

reported. 

Higher values of 𝐷 are associated with samples containing less alginate (S1 and S2), coherently 

with what was observed above. Such samples show a steeper behavior, i.e., a faster 

sorption/desorption process. Regarding the fitting of the LDFm model, the corrective coefficient 
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𝑚 was observed to have specific values for regeneration and adsorption. For the regeneration, the 

tests S1, S2, S3, and S4 had 𝑚 values equal to 0.708, 0.687, 0.555, and 0.795 respectively. On the 

other hand, for adsorption 𝑚 had values of 1.09, 1.00, 1.16, and 0.996 respectively. It is 

noteworthy that in these last cases the coefficients reached proximity to unity values. This 

indicates a scenario where the ordinary LDF model is already more than sufficient to effectively 

represent the material’s behavior. For example, this is evident in the test of S2 where the value of 

𝑚 rounded to the 2nd decimal place is 1.00, as consequence the value of 𝐷 coincides with the one 

evaluated with the simple LDF. On the contrary, desorption requires a more substantial adjustment 

of the coefficient 𝑚 to minimize the error that occurs during the LDF fitting process. The reason 

why adsorption is better suited to LDF modeling than desorption may be attributed to the fact that 

the linear potential is more suitable for simulating the sorption phenomena at lower temperatures. 

Table 2. REG diffusion coefficients and errors resulting from LDF, LDFm, and swFDN=1 fittings. 

Test 

LDF LDFm swFD 

𝐷 

(
𝑚2

𝑠
) 

�̅� 

(
𝑔

𝑔
) 

𝜎𝑒 

(
𝑔

𝑔
) 

𝐷 

(
𝑚2

𝑠
) 

�̅� 

(
𝑔

𝑔
) 

𝜎𝑒 

(
𝑔

𝑔
) 

𝐷 

(
𝑚2

𝑠
) 

�̅� 

(
𝑔

𝑔
) 

𝜎𝑒 

(
𝑔

𝑔
) 

S1 7.6  

e-11 

-1.29 

e-2 

1.83 

e-2 

2.7 

e-11 

-5.05 

e-3 

1.10 

e-2 

6.8 

e-11 

-6.65 

e-3 

1.62 

e-2 

S2 4.4 

e-11 

-1.95 

e-2 

3.72 

e-3 

1.4 

e-11 

-3.33 

e-3 

1.82 

e-2 

3.9 

e-11 

-5.94 

e-3 

2.56 

e-2 

S3 6.5 

e-11 

-1.14 

e-2 

2.21 

e-2 

8.9 

e-12 

-2.87 

e-4 

4.74 

e-3 

5.5 

e-11 

-4.64 

e-3 

1.14 

e-2 

S4 4.8 

e-11 

-9.23 

e-3 

1.65 

e-2 

2.5 

e-11 

-3.19 

e-3 

8.29 

e-3 

4.4 

e-11 

-2.57 

e-3 

1.95 

e-2 

 

Table 3. ADS diffusion coefficients and errors resulting from LDF, LDFm, and swFDN=100 fittings. 

Test 

LDF LDFm swFD 

𝐷 

(
𝑚2

𝑠
) 

�̅� 

(
𝑔

𝑔
) 

𝜎𝑒 

(
𝑔

𝑔
) 

𝐷 

(
𝑚2

𝑠
) 

�̅� 

(
𝑔

𝑔
) 

𝜎𝑒 

(
𝑔

𝑔
) 

𝐷 

(
𝑚2

𝑠
) 

�̅� 

(
𝑔

𝑔
) 

𝜎𝑒 

(
𝑔

𝑔
) 

S1 7.5 

e-12 

2.66 

e-3 

9.61 

e-3 

9.5 

e-12 

2.35 

e-5 

2.67 

e-3 

8.1 

e-13 

4.10 

e-3 

1.13 

e-2 

S2 7.0 

e-12 

3.34 

e-3 

5.51 

e-3 

7.0 

e-12 

-8.21 

e-4 

4.56 

e-3 

5.9 

e-13 

5.66 

e-4 

5.92 

e-3 

S3 6.3 

e-12 

3.63 

e-3 

9.35 

e-3 

9.3 

e-12 

-8.14 

e-4 

3.62 

e-3 

3.0 

e-13 

3.38 

e-3 

8.89 

e-3 

S4 7.0 

e-12 

-2.11 

e-3 

3.77 

e-3 

7.0 

e-12 

-7.25 

e-4 

4.01 

e-3 

6.3 

e-13 

-9.37 

e-4 

3.86 

e-3 
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Even if its parameters do have not a direct physical interpretation, the LDFm best models the 

curves of water uptake over time. For this reason, it has been selected to simulate the behavior of 

the material when it is subject to cyclic desorption and adsorption processes. 

For example in real applications requiring the harvesting of atmospheric water vapor, the thermal 

cycle can undergo short fixed times, and repeated many times per day. As a result, materials will 

hardly reach equilibrium conditions over multiple cycles. Nonetheless, after a few repetitions, the 

process will reach a regime behavior in which the water uptake, at the beginning of each 

regeneration, is reduced to a new value lower than the maximum potential related to actual 

atmospheric conditions. Here, the chosen durations of regeneration and adsorption cycles are such 

that the decrease in water uptake during regeneration is identical to its increase during adsorption. 

Initial water uptake, regeneration time, and adsorption time at a given regime are not independent, 

as one follows the other two (once they are fixed). If the initial water uptake is established as a 

percentage of the equilibrium water uptake (e.g. 85% of the equilibrium value), the variation in 

water uptake (Δ𝑤) observed during each cycle reaches a regime which is solely determined by the 

regeneration time and cycling conditions (such as temperatures and relative humidities), as 

evidenced by the results in Figure 5 (graph on the left). 

Moreover, the total cycling time 𝛥𝑡, which encompasses both regeneration and adsorption 

processes, is limited by the regeneration time since adsorption only restores the material’s water 

uptake to the value obtained at the beginning of regeneration. It can be useful to evaluate the 

quantity of water uptake rate (i.e., the ratio between the 𝛥𝑤 and 𝛥𝑡 of each cycling option, for 

each partial regeneration time), which is a crucial performance metric if the goal of the application 

is to maximize the water vapor collection in a fixed duration. In Figure (5) (on the right) this metric 

is plotted against each possible partial regeneration time, for different initial water uptakes. 

 

Figure (5). (left) settled cycling curves (simulated through LDFm for regeneration at 100°C and 

adsorption at 21°C and RH=50%) at different fixed regeneration times, in fixed environmental 

conditions and for sample S1; (right) the water uptake rate on the y-axis plotted against each 

partial chosen regeneration time, for different initial water uptakes expressed as a fraction of the 

equilibrium value. 

The graph on the right of Figure (5) reveals two interesting observations. Firstly, the curve of 

water uptake rate varies with the initial value (expressed as a percentage of the equilibrium value), 

with a maximum reached around 55% of 𝑤𝑒𝑞. Secondly, each curve achieves a peak value for an 

intermediate partial regeneration time of around 30-35 minutes. These effects are attributed to the 

changing steepness of the regeneration and adsorption curves. An optimal regeneration time and 

an optimal reg starting value can be identified such that the regeneration is long enough to yield a 

high 𝛥𝑤 but not too long to result in a high Δ𝑡 due to the adsorption time. 
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Conclusions  

This paper explored the influence of composition on the sorption and desorption 

performances of a family of alginate-based hydrogels and how the kinetics of such processes can 

be modeled. 

It was observed that higher contents of calcium chloride in the composition of the hydrogel imply 

better adsorption capacities; higher contents of alginate in the composition imply, on the other 

hand, worse adsorption capacities and longer characteristic times: this is confirmed by the values 

of the fitted diffusivities, which are higher in case of samples containing less alginate (S1 and S2). 

The models used to fit diffusivity were the Fickian diffusion (FD), the Linear Driving 

Force (LDF), and a modified version of the Linear Driving Force (LDFm). The latter resulted in 

the most accurate description of the kinetics of both regeneration and adsorption, but the resulting 

diffusivity value may be distorted by the introduction of a corrective coefficient, which does not 

allow a simple physical interpretation of the results. On the other hand, the FD and the LDF models 

both provided diffusivity values of the order of magnitude 10-11 m2/s in regeneration and values 

around 10-13 - 10-12 m2/s in adsorption. 

The LDFm model, given its mathematical accuracy, was used to simulate the cyclic behavior of 

one of the studied hydrogels, when non equilibrium cycles are applied with a fixed initial water 

uptake and at various regeneration times. The water uptake rate was defined as the amount of 𝛥𝑤 

gained in one complete cycle divided by the cycle time: such quantity is a key indicator in an 

application that requires to maximize the amount of water extracted in a fixed amount of time. 

The simulations allowed us to find that it exists an optimal initial water uptake, as well as an 

optimal regeneration time for each initial water uptake, in order to maximize the water uptake rate. 

Future research can investigate the potential of enhancing the adsorption and desorption 

performance of alginate-based hydrogels by incorporating other materials and additives, while 

also focusing on developing more accurate models that can account for transient environmental 

factors, volumetric variations, and the presence of multiple materials. 
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Abstract  

Organic Rankine Cycles (ORC) are efficient technologies for waste heat recovery (WHR). In 

principle, the most important factors affecting the performance of ORC are working fluid 

selection and expander design. Process design and optimization of heat-to-power cycles is a 

developed research area. Several studies dealt with the conversion of various sources of waste 

heat into power by means of different cycles and working fluids [1]. For low temperature heat 

sources, organic Rankine cycles demonstrated to be an advantageous technology [2]. When 

considering ORC design, several thermodynamic parameters should be considered, as well as 

a several organic working fluids and process configurations. Optimization could be 

performed both on thermodynamic and techno-economic parameters [3]. A main challenge 

related to small scale (<50kW) ORC cycles is to define the optimal process given a specific 

application when there is frequent variability in heat source. Many relevant applications will 

require robust ORC systems to perform under varying heat source [4]. This is an area where 

the body of knowledge is less developed. 

In order to facilitate technology maturation and support future deployment, we are 

developing a multi-scale optimization tool for optimal design of ORC systems considering 

fluctuating heat source and sink (Figure 1). The goal is to identify ORC designs that 

maximize the performance at the expected operating conditions specific to the selected waste 

heat-to-power application. The first focus will be on small-scale distributed energy systems 

(DES) but the methodology can be theoretically extended to any application.  

The first important characteristic of the proposed tool is to include off-design considerations 

into design optimization. Especially in distributed settings, ORC systems are required to 

operate in changing conditions, e.g., waste heat source conditions. Traditional design 

approaches target optimal performance at a selected design point but, often, lead to poor 

performance at other relevant operating conditions. In a previous study, we achieved an 

increase in accumulated power production of 5 % by considering the range of expected 

operations already during cycle design phase [5]. In this first implementation, the tool 

included a model for simulation of ORCs as well as simplified off-design models for 

predicting part load performances of key elements of the cycle. 

In this work, we further refined the methodology with a multi-scale approach. The tool is 

conceived as a flexible platform that allows including fit-for-purpose models of the key 

elements of the cycle. This brings two main advantages. First, it allows a more accurate 

representation of the cycle by including in-depth design considerations of critical equipment 

coupled to a holistic optimization procedure. One example is the design of the geometry of 

the expander, which is normally performed a posteriori, based on the boundary conditions 
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provided by the cycle optimization. In this case, the design of the cycle and of the expander 

are integrated, allowing to intrinsically explore their mutual influence. The second advantage 

is that the utilization of fit-for-purpose models of certain equipment ensures a more accurate 

description of their off-design performance. For example, a description of the expander 

characteristics allows a better estimation of the expected off-design behaviour. 

 

Figure 1. Multi-scale apporach to ORC design. 

The Rankine Lab tool is used as the underlying thermodynamic steady-state process model 

for the simulation and optimization of ORC systems [6]. It is an open-source tool coded in 

MATLAB that allows the analysis and optimization of several cycle configurations. The 

numerical optimization is conducted based on a gradient-based approach (i.e., SQP). 

Thermodynamic properties are retrieved by connections to relevant property databases, such 

as CoolProp or REFPROP. The expander model follows a mean-line approach, which 

assumes that the flow at the mean radius represents the flow at all radii [7]. This method 

adopts the conservation equations of mass, momentum, and energy, in addition to an equation 

of state and a loss model to predict the performance of the expander.  

The type of expander considered in this case is the single-stage axial turbine and the loss 

model described by the authors Benner, Sjolander, and Moustapha is adopted [8, 9]. This 

model represents modern trends in turbine design compared to conventional loss models such 

as [10], while also considering off-design performance due to incidence. These are important 

traits when analysing small-scale ORC systems for fluctuating heat sources. Other off-design 

aspects for the ORC are based on the correlations and approaches described in [11]. The 

inputs to the off-design model are the design parameters obtained by the solution of Rankine 

Lab at the design tested. 

As a case study of the multi-scale simulation tool, this work investigates ORC applications 

for low-temperature heat sources such as deep geothermal energy wells. Considering the heat 

source temperature of around 120 °C, a natural working fluid (a600a) is applied to the ORC. 

The maximum capacity of the ORC and the expander is in the range of 1 to 50 kWe to focus 

on small-scale applications. During the case study, variations in heat source and sink are 

applied to the multi-scale tool to identify an ORC design that maximizes the power output 

under a targeted time span. In this work, the fluctuations of heat and power demand can be 

taken into account for energy-efficient ORC design. The multi-scale tool also demonstrates 

the modular design approach where external expander and heat exchanger models can be 

connected to the framework.   

Keywords: ORC, multi-scale simulation, part-load, optimization. 
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Abstract 

Calciumoxide/Calciumhydroxide is a promising storage material system for 

thermochemical energy storage at temperatures between 400 °C and 600 °C. Its main 

advantages are a high storage density, broad abundance, low cost, nontoxicity and chemical 

stability. The low heat conductivity of the material is challenging. It restricts the power in- and 

output of the system. But it can be maximized by using fluidized bed technology. This results 

in special requirements regarding material stability throughout storage cycles.  

Decreasing mechanical stability of the material limits the applicability of the fluidized bed 

technology. Particle breakage with increasing number of storage cycles leads to an increasing 

share of fines in the fluidized bed and therefore an increasing risk of defluidization. This 

knowledge on particle properties and their changes throughout the storage cycles is crucial for 

reactor design. Of the numerous particle properties relevant in fluidization technology, in this 

work especially the Sauter mean diameter 𝑑3,2 and the particle density 𝜌𝑝 are accounted for.  

Both parameters are studied experimentally in laboratory and pilot-scale reactors. The 

laboratory reactor has a fluidized bed volume of up to 1.8 L and a height to diameter ratio of 

up to 4. The pilot-scale system has a reactor volume of up to 30 L at a height to diameter ratio 

of up to 2.3. The results are analyzed regarding fluidization charachteristics based on Geldart 

classification and theoretical minimal fluidization velocity. A theoretical transition from 

Geldart A to C through B is observed accompanied by decreasing minimal fluidization 

velocities. However, due to the broad particle size distributions in the system, solely Geldart B 

fluidization behavior is observed in the reactor systems. High deviations in calculated 

theoretical minimal fluidization velocities and theoretical bed porosities at minimal fluidization 

impede further experimental investigation.  

Keywords: Thermochemical Energy Storage, Calcium Hydroxide, Calcium Oxide, Heat, 

Fluidized Bed, Particle Properties, Reactor Development 
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Introduction/Background 

Heat generation and storage, e.g. to balance fluctuating generation of renewables in 

industrial applications, is often overlooked although heat applications play a major role in the 

grid of most countries. Thermal energy storage is favorable because of probable higher 

efficiencies and lower specific cost compared to other storage types for electrical energy. [1] 

Thermal energy storage can be subdivided into sensible, latent and thermochemical systems. 

Sensible heat storage is widely applied, e.g. as warm water storage in residential buildings [2]. 

It is based on the heat capacity of materials to store thermal energy by changing the temperature 

of the storage material [2]. This limits the applicability of the storage system due to the 

dependence of the storage power on the temperature of the storage material itself. The 

inherently needed high temperature difference of the charged storage material to the 

environment requires high insulation efforts to minimize heat losses [3].  

Latent energy storage utilizes the phase change enthalpy of a storage material. Different 

technological applications have reached a commercial technology readiness level, especially 

for low temperature applications. High temperature applications are more limited in their 

implementation. A smaller temperature difference at approx. melting/evaporation temperature 

of the used material likely results in higher storage efficiency because of smaller heat losses. 

Latent heat storage output temperature is dependent on the phase change temperature of the 

used storage material. Latent heat storage is therefore still prone to self-discharge due to heat 

losses and technological difficulties linked to the phase change itself. Applications focusing on 

elevated temperatures from 20 °C to 300 °C are reported in literature. [2] 

Thermochemical energy storage uses reversible chemical reactions with high reaction 

enthalpy. Typically, gas-solid-reactions are applied due to the easily possible separation of 

products in the charged state. This allows practically no energy losses during storage periods. 

Depending on the material system high application temperatures of up to 1500 °C are possible 

[2]. For providing process heat (300 - 500 °C) multiple materials (e.g. Ca(OH)2/CaO, 

MgH2/Mg [4,5]) have been suggested in literature [6]. Thermochemical heat storage therefore 

has the potential to close a gap in flexibilization of process heat technologies.  

Calciumoxide/Calciumhydroxide is a promising storage material system for 

thermochemical energy storage at temperatures between 400 °C and 600 °C recently gaining 

interest in literature [7]. Its main advantages are a high storage density, broad abundance, low 

cost, nontoxicity, and chemical stability [7]. Two challenges have been identified for its 

application. These are the low heat conductivity of the material system and the decreasing 

mechanical particle stability throughout multiple storage cycles [8]. 

The low heat conductivity restricts the power in- and output of the system. It can be 

maximized by using fluidized bed technology [8,9]. The decreasing mechanical stability of the 

material however is limiting the applicability of the fluidized bed technology. Particle breakage 

with increasing number of storage cycles leads to an increasing share of fines in the fluidized 

bed and therefore a higher risk of defluidization [8,10]. This limits the overall number of 

storage cycles that can be performed on one batch of storage material. Knowledge on particle 
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properties and their development throughout the storage cycles are therefore crucial for reactor 

development.  

Development of fluidized bed reactor systems is complex. Multiple material and fluid 

properties are relevant and interlock in ways not yet fully understood [9,11]. Of the numerous 

particle properties relevant in fluidization technology, investigations for technical applications 

are often started with determination of an equivalent particle diameter such as the Sauter mean 

diameter 𝑑3,2 and the particle density 𝜌𝑝. With these particle properties a first classification of 

the fluidization characteristics is possible. Based on the material classification according to 

Geldart [12] these define the fluidizability and indicate the fluidization behavior that is most 

likely to occur. From there the minimal fluidization velocity is to be determined and can be 

analyzed theoretically [11,13,14]. However, in most applications an experimental evaluation 

for this parameter is necessary due to the not yet fully understood correlations between minimal 

fluidization and particle properties especially for technical grade materials [9]. 

Additional challenges arise when the particle properties (e.g. 𝑑3,2, 𝜌𝑝) are not constant 

throughout the storage cycles of thermochemical energy storage using CaO/Ca(OH)2 as 

reported in literature for 𝑑3,2 [8,10,15]. In this manuscript the presented data on 𝑑3,2 from a 

recent study [10] is expanded by correlating data on 𝜌𝑝. Additionally, the presented storage 

procedure is scaled from a lab-scale to a pilot-scale [16] reactor. Multiple storage cycles are 

performed. Aim is to push the knowledge on performance and fluidization characteristics of 

the technical, particulate CaO/Ca(OH)2 system for application in fluidized bed thermochemical 

energy storage.   

Material 

CaCO3 (d3,2 = 219 μm) from the technical limestone product Kalksteinedelbrechsand 

provided by Märker Holding GmbH (purity of approx. 94 w-% CaCO3) is used as precursor. It 

is calcined within the respective experimental setup according to the conditions given in the 

respective section to produce the raw material CaO while CO2 is released. Water (conductivity 

σ < 5μS) or nitrogen (Grade 5.0) is used for fluidization. 

Experimental Setups 

The experimental setups operated here are described in detail by Morgenstern et al. [10] for 

the laboratory reactor and by Wuerth et al. [16] for the pilot reactor. Here, a short overview of 

the most important design parameters is presented in Table 1. 

Table 1: Design properties of the laboratory- and pilot scale reactors. 

Property Laboratory Reactor Pilot Reactor 

Diameter 80 mm 257 mm 
Max. height to 

diameter 
4,08 2,33 

Temperature Up to 850 °C Up to 700 °C 
Pressure Range 1 - 5 bara 1 - 7 bara 

Maximal gas velocity 0.3 m/s 0.39 m/s 

Fluidization Media 
Nitrogen/water 

vapor 
Nitrogen/water 

vapor/air 
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The reactors are built as cylindrical fluidized beds for operation in nitrogen or pure 

superheated steam atmosphere at varying superficial gas velocities u0, temperatures T, and 

pressures p. In both reactors tuyere-nozzle fluidization plates that are similar to the ones 

described by Ostermeier et al. [17] are used. The laboratory scale reactor is specialized for fast, 

high throughput experiments to efficiently reach high storage cycle numbers with a relatively 

small batch size of up to 1.8 L. The pilot reactor is used for material characterization in 

conditions close to application conditions and features a bed volume up to 30 L.  

Scaling in between the two reactors is performed to achieve a similar identity of the 

geometric values. Therefore, the bed height to reaction zone diameter can be kept identical in 

both reactors. An often-used measure for scaling relationships is the Reynolds number. [18] 

The setup periphery is designed to reach the same values for fluid flow at laboratory and pilot 

scale.  

In literature, the most commonly used scaling laws are presented in the full set by Glicksman 

et al. [19] Due to the same energy storage material used in both reactors the system is scaled 

based on the first and the fourth defined dimensionless number to achieve the maximal possible 

similarity. The first dimensionless number incorporates the Reynolds number around a single 

particle. The flow rate is to remain constant between the two setups during cyclization. The 

fourth dimensionless number by Glicksman et al. sets the bed height (H) in relation to the 

reaction zone diameter (D). The material volume used in each setup should result in a constant 

D/H-value for both setups. 

Experimental procedures 

The experimental procedure has been reported in detail for the laboratory reactor [10]. 

Results presented here are additional analytics on the samples reported there. The experiment 

conditions have been transferred to the pilot-scale reactor from feasible experiments at 

laboratory-scale using scaling numbers according to Glicksman et al. The Reynolds number is 

kept at 0.6 and the diameter to bed height ratio at 1.55 at the start of the experimental 

procedures. During the experimental procedure the bed height varies in both setups due to 

particle attrition, discharge of fine material, and particle sampling. The most important 

information about the procedure is summarized here. 

The storage material is produced by in-situ calcination in superheated steam atmosphere at 

bed temperatures of around 690 °C (Pilot) and 705 °C (Laboratory reactor) at fluidization 

velocities of 0.15 m/s and 0.27  m/s respectively. The discharging reaction (hydration) and the 

charging reaction (dehydration) are both performed in pure superheated steam atmosphere at 

reaction temperatures of 505 ± 5 °C and 540 ± 5 °C in both reactors respectively at 

atmospheric pressure. Each step of charging and discharging is carried out for defined times 

while ensuring full conversion. Full conversion was verified using thermogravimetric analysis 

on spot samples. 

The main difference in terms of experimental procedure between the two setups is the 

control of the fluidization velocity. In the pilot plant it is regulated according to the momentary 

temperature and pressure within the fluidized bed. A fluidization velocity of 20 cm/s is set 
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throughout the cyclisation procedure. In the laboratory reactor a fixed mass flow of water (1.4 

kg/h) is set and the true fluidization velocity is dependent on reactor temperature and pressure 

ranging from 0.18 to 0.26 cm/s during cyclization. Additionally, in the pilot reactor it is 

possible to take samples of the charged storage material (CaO) due to the advanced sampling 

system. This is not possible in the laboratory reactor due to construction limits. The sampling 

system of the pilot reactor consists of a probe to penetrate the fluidized bed via a linear guide 

system and is connected to a venturi nozzle, which creates a negative pressure relative to the 

reactor pressure. This leads to ejection of storage material via a piping system. The material is 

split from the gas stream via a cyclone. Therefore, in the pilot reactor samples can be taken 

during operation and fluidization. The nomenclature for describing the storage process cycle is 

presented in [10].  

Analytical Equipment and Methods 

The particle size distribution is measured with the Camsizer X2 from Retsch GmbH using 

the X-Jet module with a dispersion pressure of 30 kPa. The evaluation is based on the particle 

volume that results in the sum curve Q3. d3,2 is calculated as described in [10]. A sample divider 

is used for sample preparation. 

The particle density is measured using the mercury porosimeter Auto Pore IV 9500 in 

combination with the Pore-Cor program by Micromeritics Instrument Corp.. The volume 

intruded into the particle pores is measured at increasing pressure steps. Intrusion curves with 

53 logarithmically spaced pressure steps from 0.5 psi to 59989 psi are measured at equilibration 

times of 10 s for each step. Particle densities are calculated based on the intrusion volume by 

the algorithms provided by the supplier of the equipment. The volume attributed to a pore size 

(cylinder equivalent) smaller than 4 µm is regarded as pore volume. 

Discussion and Results 

The focus of the presented results is on the consequences that are to be expected from the 

changes of the Sauter mean diameter 𝑑3,2 and the particle density 𝜌𝑝 throughout the cyclisation 

of the storage material on its fluidization properties. Both are shown in the Geldart-diagram in 

Figure 1 for Ca(OH)2 (laboratory and pilot reactor) and CaO (pilot reactor only). 

Comparing the results from laboratory and pilot reactor similar trends in terms of particle 

size and particle density are observed. Both decrease with increasing cycle number while 

showing comparable development of particle density and breakage behavior. Thereby the range 

of particle densities are observed to be 1.97 g/cm3 (start of cyclisation) to 0.65 g/cm3 (end of 

cyclisation) while the Sauter mean diameter is observed to range from 355 µm to 14 µm. 
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Figure 1: Geldart diagram adapted from [12] for transition A-B and B-D, evaluated for 
water vapor at 500 °C and 1.5 bar and from [9] for the C-A transition. Experimental results 

on cyclisation of CaO/Ca(OH)2 in pure steam are depicted for laboratory scale reactor 
(0.6 kg Ca(OH)2) and the pilot scale reactor (26.4 kg Ca(OH)2). 

These high ranges indicate significant consequences for the design of storage reactors as 

fluidization characteristics may significantly change. The Geldart classification starts at B 

(bubbling) and proceeds through A (areatable) to C (cohesive). All three classes have different 

characteristics. Besides the general fluidizability, that is typically very difficult for Geldart C 

material in contrast to A and B, the main difference is in the horizontal mixing and heat transfer 

behavior [9]. Reactors which can operate on three of the four Geldart classes are difficult to 

design. However, the presented laboratory and pilot scale reactor can fully fluidize all presented 

samples.  

Following the classification in the second step of reactor development, the minimal 

fluidization velocity needs to be analyzed. Due to unavailability of sufficient sample amounts 

this is approached theoretically as a first step. An experimental investigation on 𝑢𝑚𝑓 and 𝜀𝑚𝑓 

is necessary and will be performed in future work.  

The analytical approach using the Ergun equation at minimum fluidization velocity as 

described by Kunii and Levenspiel [11] and an empirical model for particulate materials with 

broad PSD (𝑑10 𝑑90⁄   down to 0,031 after C40.5 [10]) according to Anantharaman et al. [13] 

is applied. For the first method 𝜀𝑚𝑓 is either estimated according to the approximation 𝜀𝑚𝑓,1 =

 𝜀0 = 1 − 𝜌𝑏𝑢𝑙𝑘/𝜌𝑝 [9] or Gibson et al. [20]. Calculations are performed for the Geldart A and 

B samples only. The results are shown in Figure 2.  
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Figure 2: Theoretical minimal fluidization velocity calculated according to Kunii and 
Levenspiel (𝑢𝑚𝑓,1 and 𝑢𝑚𝑓,2, [11]) and Anantharaman et al. (𝒖𝒎𝒇,𝟑, [13]) based on the particle 

density and Sauter mean diameter presented in Figure 1. For 𝑢𝑚𝑓,1 the theoretical bed 

porosity 𝜀𝑚𝑓,1 according to 𝜀𝑚𝑓,2 =  𝜀0 = 1 − 𝜌𝑏𝑢𝑙𝑘/𝜌𝑝 [9] and for 𝑢𝑚𝑓,2 the 𝜀𝑚𝑓,2 according to 

Gibson et al [20]. Gas properties are determined at the temperature and the pressure of 
the respective storage cycle. 

Regarding 𝜀𝑚𝑓 differences of up to 19.5 % depending on the estimation approach are 

determined transferring to deviations in 𝑢𝑚𝑓 of up to 56.5 % calculated using the theoretical 

approach presented by Kunii and Levenspiel [11]. Thereby the approach by Gibson for 𝜀𝑚𝑓 

results in lower values for the theoretical 𝜀𝑚𝑓. From there the 𝜀𝑚𝑓 values calculated for the 

empirical correlation by Anantharaman et al. [13] are again significantly lower. The high 

deviations in the calculated values are expected for technical material systems with broad 

particle size distributions as pictured here. This reinforces the need for specific experimental 

investigations of 𝑢𝑚𝑓 and 𝜀𝑚𝑓 in dependence of the material properties of the cycled storage 

material. The exceptionally low theoretical values smaller than 0.02 cm/s at 𝑑3,2 of 60 µm 

affirm this.  

Besides the absolute values the overall ranges and trends are as expected. Decreasing 𝑑3,2 

and 𝜌𝑝 result in lower 𝑢𝑚𝑓 and 𝜀𝑚𝑓. This has consequences for the process design regarding 

material hold-up in the reactor (bed porosity) and mechanical stress applied to the storage 

material through fluidization. The latter is typically characterized by the fluidization number 

(𝑢0/𝑢𝑚𝑓) [9]. A higher number relates to higher mechanical stress for the particles. Since the 

minimal fluidization velocity decreases with decreasing 𝑑3,2 the fluidization number increases 

with progressing storage cycle number if the fluidization velocity is kept constant and is not 

controlled dynamically during the cyclisation process. This may lead to a mutually reinforcing 
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effect as the particle stability likely decreases with decreasing particle density (compare to 

Figure 1).  

Conclusions  

The description of the particle properties 𝑑3,2 and particle density 𝜌𝑝, which is performed 

in this work, is crucial for the development of fluidized bed reactors. It could be shown that 

laboratory scale data of these properties are likely directly scalable. However, the broad ranges 

within 𝑑3,2 and 𝜌𝑝 reported as well as the theoretically calculated 𝑢𝑚𝑓 and 𝜀𝑚𝑓 may lead to 

significantly changing fluidization characteristics of the storage material throughout the storage 

cycles. Especially the Geldart C type material possesses high challenges in further technology 

development. It is aimed to develop technologies and operation strategies that allow relative 

constant material properties throughout the operation. In this work the first successful step in 

the pilot-scale reactor is presented. Further analysis of the results from the trials presented and 

following experimental investigations will be performed. Experimental characterization and 

strategies for handling of the changing material properties need to be pursued. 
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Abstract  

Photoreduction of CO2 into value-added chemicals and energy-dense hydrocarbons is an 

appealing technology to address the energy crisis and global warming issue. Metal-organic 

framework materials (MOFs) with their permanent porosity and tuneable band gap structures 

attracted great attention as promising materials for CO2 photocatalysis. However, low 

stability and low catalytic performance resulting from fast charge recombination of MOF 

materials present ongoing challenges. In this study, Al-PMOF and Mg-MOF-74 were 

synthesized via microwave and solvothermal methods, respectively. Both MOFs showed 

good light absorption in the visible range of  380-780 nm, which is one of the important 

photonic properties in photocatalysis. The wider range of visible light absorption for Al-

PMOF comes from the TCPP linker which is introduced as a good photosensitizer organic 

material. Al-PMOF and Mg-MOF-74 have narrow direct band gap energies of 1.85 eV and 

2.73 eV. Next, their conduction bands (CBs) and valance bands (VBs) will be determined to 

further assess their potential for CO2 photoreduction. 

Keywords: CO2 utilization, photoreduction, MOFs 

 

Background 

Human civilization strongly depends on providing energy from fossil fuel supplies such as 

natural gas, coal, and crude oil. However, consecutive and long consumption of these non-

sustainable sources due to population growth and economic expansion has not only made a 

serious energy dependence but has also caused environmental pollution specifically global 

warming. One of the most serious consequences is the emission of greenhouse gases (GHGs) 

with carbon dioxide (CO2) as the most prominent gas which contributes as one of the main 

reasons for this environmental concern [1, 2].  

To address this challenge, carbon capture and storage (CCS) has been considered as one of 

the possible technologies that could help decrease the concentration of CO2 in the atmosphere 

[3]. Utilization of captured CO2 (CCU) has significant growth along with CCS to produce 

value-added chemicals or fuels such as carbon monoxide, ethanol, formic acid, and methanol 

[4, 5]. 

Currently, some commercialized technologies such as the dry reforming process, reverse 

water gas shift (RWGS) , and methanol synthesis reaction are used for CO2 conversion [6]. 

However, as CO2 is a very stable molecule, breaking C=O bonds requires high activation 

energy (ΔfH
298

 = -393.51 kJ/mol), hence to overcome the energy barrier, commercial-scale 

technologies use harsh operating conditions using fossil fuels as an energy source [6], [7]. 
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Therefore, a sustainable and green technology that can overcome the challenges of 

conventional routes is highly required. Catalytic photoreduction of CO2 using solar energy 

and water could potentially resolve the current shortcomings associated with conventional 

CO2 conversion technologies [3]. Although CO2 photoreduction has many thermodynamic 

and kinetic challenges, it has emerged as an encouraging approach for addressing both energy 

supply shortage and global climate change, as it uses renewable energy without further 

producing CO2 [8].  

Photocatalysis is based on two half-reactions which are oxidation and reduction. Under light 

illumination, a semiconductor material can be excited if the energy of light is equal to or 

higher than the energy of the band gap (Eg) (the energy difference between the valance band 

and conduction band) of the semiconductor. This promotes the electrons in the valance band 

(VB) to the conduction band (CB) and leaves holes (h
+
) in VB. The photogenerated holes and 

excited electrons (e
-
 – h

+
 ) are responsible for the oxidation of water and the reduction of CO2 

respectively [3]. 

Metal-organic framework materials (MOFs), a class of porous crystalline materials 

assembled by coordination between organic linkers and inorganic metal clusters or metal 

ions, have gained much attention in photocatalysis [9]. In addition to the intrinsic properties 

of MOFs, the high surface area, permanent porosity, and tuneable structure and their ability 

to absorb visible light and transfer charges make them interesting and promising materials for 

various catalytic applications including CO2 photoreduction [10]. However, low stability and 

low catalytic performance due to the short lifetime of charge carriers in MOF materials 

present ongoing challenges. Different combinations of MOF materials with metal or metal-

free components (known as cocatalysts) have been studied with the aim of improving the 

stability, charge separation, charge transfer, and conductivity of MOFs [3]. 

The research presented here focuses on two objectives, first the synthesis of cocatalyst-based 

MOFs as photocatalysts for CO2 photoreduction. Second, the study of the performance of the 

photocatalysts in the photoreduction of CO2 into value-added chemicals. Based on a survey 

of the literature two MOFs, Al-PMOF and Mg-MOF-74 were selected due to their good CO2 

capture capacities, and visible light absorption [11, 12]. In order to improve the photonic 

properties and stability of these materials silver ( Ag) nanoparticles were selected as 

cocatalysts to be loaded on the surfaces of the MOFs. Ag was chosen as it is a noble metal 

and has been demonstrated to increase charge production and transfer due to its localized 

surface plasmon resonance (LSPR) property, which further results in enhancing the efficiency 

of the reaction by decreasing charge recombination [3].  

Discussion and Results 

Al-PMOF and Mg-MOF-74 were synthesized using a microwave reactor and solvothermal 

method, respectively, using modified literature procedures [13, 14]. Powder diffraction X-ray 

(PXRD) results showed a successful crystal formation. The main peaks at 7.5 θ and 13.5 θ for 

Al-PMOF and 6.7 θ and 11.7 θ for Mg-MOF-74 match well with samples previously reported 

[13, 14] (Figure 1a).  
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a) b)

 

Figure 1. a) P-XRD pattern for MOF materials, b) UV-vis absorption spectra 

UV-vis absorption spectrum of these MOFs is illustrated in Figure 1b, both two MOFs 

showed well visible light absorption (380-780 nm) with absorption edges of 450 nm and 700 

nm for Mg-MOF-74 and Al-PMOF, respectively. Considering the fact that 43% of the 

sunlight that reaches Earth’s surface is visible light, therefore, providing a photocatalyst that 

can absorb more light in the visible range is crucial. The band gap energy of these two MOFs 

was calculated using the Tauc plot method. The narrow direct band gap of Mg-MOF-74 and 

Al-PMOF (2.73 and 1.85 eV, respectively) can decrease charge recombination. Next, more 

studies on band gap structure will be performed to determine the energy levels of the valance 

band and conduction band for the MOFs in order to confirm if they are able to carry out the 

oxidation of water and reduction of CO2, along with performing tests for CO2 photoreduction. 

Conclusions 

In this work, two MOF materials have been selected with the aim of increasing CO2 capture 

capacity and improving visible light absorption for CO2 photoreduction applications. Silver 

as a cocatalyst has been selected to be loaded onto the MOFs to improve the photocatalysts' 

photonic characteristics and performance. The MOF materials were synthesized successfully 

and their light absorption capacity and band gap energies were measured. Next, after loading 

the cocatalyst materials, the performance of the photocatalysts will be studied in a bespoke 

photo-reactor setup using under simulated sunlight. The photonic properties of the 

photocatalysts will be studied using a three-electrode photoelectrochemical reactor. 

 

 

Acknowledgments 

We acknowledge the PrISMa and USorb-DAC projects for providing funding for this study. The 

PrISMa Project (No 299659) is funded through the ACT programme (Accelerating CCS 

Technologies, Horizon2020 Project No 294766). Financial contributions made from:  

Department for Business, Energy & Industrial Strategy (BEIS) together with extra funding from 

NERC and EPSRC Research Councils, United Kingdom; The Research Council of Norway, 

(RCN), Norway; Swiss Federal Office of Energy (SFOE), Switzerland; and US-Department of 

Energy (US-DOE), USA, are gratefully acknowledged. Additional financial support from 

TOTAL and Equinor, is also gratefully acknowledged. The USorb-DAC project is supported by 

531 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

a grant from The Grantham Foundation for the Protection of the Environment to RMI's climate 

tech accelerator program, Third Derivative. 

 

References:  

[1] Intergovernmental Panel on Climate Change, Climate Change 2013 – The Physical 

Science Basis, Cambridge University Press, 2014. 

[2] Nandal N, Prajapati PK, Abraham BM, Jain SL., “CO2 to ethanol: A selective 

photoelectrochemical conversion using a ternary composite consisting of graphene 

oxide/copper oxide and a copper-based metal-organic framework”, Electrochimica 

Acta, 2022 . 

[3] Li X, Yu J, Jaroniec M, Chen X., “Cocatalysts for selective photoreduction of CO2 

into solar fuels”, Chemical reviews, 2019. 

[4] Yu KM, Curcic I, Gabriel J, Tsang SC., “Recent advances in CO2 capture and 

utilization”, ChemSusChem: Chemistry & Sustainability Energy & Materials. 2008. 

[5] Song C., “Global challenges and strategies for control, conversion and utilization of 

CO2 for sustainable development involving energy, catalysis, adsorption and 

chemical processing”, Catalysis today, 2006. 

[6] Saravanan A, Vo DV, Jeevanantham S, Bhuvaneswari V, Narayanan VA, Yaashikaa 

PR, Swetha S, Reshma B. A., “Comprehensive review on different approaches for 

CO2 utilizatio n and conversion pathways”, Chemical Engineering Science, 2021. 

[7] White JL, Baruch MF, Pander III JE, Hu Y, Fortmeyer IC, Park JE, Zhang T, Liao K, 

Gu J, Yan Y, Shaw TW., “Light-driven heterogeneous reduction of carbon dioxide: 

photocatalysts and photoelectrodes”, Chemical reviews, 2015. 

[8] Habisreutinger SN, Schmidt‐Mende L, Stolarczyk JK., “Photocatalytic reduction of 

CO2 on TiO2 and other semiconductors”, Angewandte Chemie International Edition, 

2013. 

[9] Mo F, Zhou Q, Wang Q, Hou Z, Wang J., “The applications of MOFs related materials in 

photo/electrochemical decontamination: An updated review”, Chemical Engineering 

Journal, 2022. 

[10] Bathla A, Lee J, Younis SA, Kim KH,. “Recent advances in photocatalytic reduction of 

CO2 by TiO2–and MOF–based nanocomposites impregnated with metal nanoparticles. 

Materials Today Chemistry”, 2022. 

[11] Fateeva A, Chater PA, Ireland CP, Tahir AA, Khimyak YZ, Wiper PV, Darwent JR, 

Rosseinsky MJ., “A water‐stable porphyrin‐based metal–organic framework active for 

visible‐light photocatalysis”, Angewandte Chemie, 2012. 

[12] Jiao Y, Morelock CR, Burtch NC, Mounfield III WP, Hungerford JT, Walton KS., 

“Tuning the kinetic water stability and adsorption interactions of Mg-MOF-74 by partial 

substitution with Co or Ni”, Industrial & Engineering Chemistry Research, 2015. 

[13] Boyd PG, Chidambaram A, García-Díez E, Ireland CP, Daff TD, Bounds R, Gładysiak A, 

Schouwink P, Moosavi SM, Maroto-Valer MM, Reimer JA., “Data-driven design of 

metal–organic frameworks for wet flue gas CO2 capture”, Nature, 2019.  

[14] Caskey SR, Wong-Foy AG, Matzger AJ., “Dramatic tuning of carbon dioxide uptake via 

metal substitution in a coordination polymer with cylindrical pores”, Journal of the 

American Chemical Society, 2008 . 

 

 

532 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Heat and mass transfer analysis of an aqueous sodium hydroxide 

based thermal storage system 

Sai Yagnamurthy
1*

, Steven Metcalf
1
 and Robert Critoph

1 
 

1
School of Engineering, University of Warwick, Coventry, CV47AL, United Kingdom 

*
Corresponding author: sai.yagnamurthy@warwick.ac.uk  

Abstract  

To meet the global thermal energy demands, thermal storage system integration is necessary 

to cater to peak demands as well as to cater to fluctuating loads from renewables. 

Thermochemical storage systems are seen to offer amongst the highest energy densities in 

this regard. To contribute to the ongoing efforts in realising compact thermal energy storage 

systems, the present study carries out a heat and mass transfer evaluation on a spiral finned 

heat exchanger with aqueous sodium hydroxide solution. A parametric experimental study 

with varying solution flow rates and operating temperatures is carried out, wherein a 

temperature jump of around 10°C between the absorber and evaporator is observed to be 

optimal. Further, the heat and mass transfer coefficients are evaluated based on the 

experimental data, through a lumped parameter approach. The impact of the heat and mass 

transfer coefficient variation on the discharge power is studied to determine the maximum 

discharge power attainable. Further, the impact of a design modification viz. preheating 

section removal is studied through a lumped parameter approach. It is observed that without 

the preheating section the discharge power is lower by 10.9 % and beyond an overall heat 

transfer coefficient value of 1800 W/m
2
.K, there is no need of a preheating section. An 

improvement of up to 34.5% over the experimental discharge power is estimated to be 

attainable with the heat transfer coefficient improvement. Similarly, an improvement of up to 

31.6% is observed with a mass transfer coefficient increase. Finally, the impact of fin height 

improvement is experimentally investigated with and without the preheating sections to 

identify the critical parameter for performance. The present study helps to identify the design 

targets for maximising the discharge power and storage density of the thermal storage. 

Keywords: Absorption, Thermal storage, Sodium hydroxide, Heat transfer, Mass transfer  

Introduction 

Heating end use contributes to at least 50% of global energy consumption, out of which at 

least 46% was consumed for domestic heating applications [1]. In order to achieve the 

objectives set by the Paris agreement 2015 to keep the rise in global average temperature to 

below 1.5°C above pre-industrialised levels, there is a need for the adoption of renewables 

and alternate energy sources. In this regard, thermal energy storage plays an important role in 

the renewable energy integration of buildings for short term or inter-seasonal load reduction 

applications (IEA SHC Task 42). Among the various storage options, thermochemical 

storage is seen to have the highest energy density, lower heat losses and offers flexibility in 

storage temperature [2]. Absorption based thermochemical storage materials such as LiCl, 

NaOH, CaCl2, etc. are seen to offer higher energy densities over their adsorption 

counterparts, with their operating temperatures suitable for building applications [2] and also 

seen to improve heat transfer when used as salt solutions [3]. Further, liquid media based salt 

solutions are seen to improve heat transfer during discharging phases. The LiCl-H2O pair has 

been commercialised for heat storage applications, but has been restricted for short term 

applications due to the high cost. Crystallisation of salts has been shown to significantly 
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increase the storage density, but poses a challenge for the system design to manage the 

crystallisation [4]. The widely used NH3-H2O pair in absorption cooling systems, poses 

toxicity concerns when considered for a long-term storage application (due to the large 

quantity of ammonia required). Among the other widely used pairs in absorption systems,  

LiBr-H2O pair has been extensively studied for use in long-term storage applications and has 

shown to yield better performance over other water based pairs [5]. A relatively inexpensive 

option over the LiBr-H2O (4750 Euro/tonne) pair suitable for long-term storage applications 

is seen to be NaOH-H2O (1000 Euro/tonne) [6]. The pair has also been tested for long-term 

storage applications and it is seen to improve the storage density by 3 and 6 times for 

domestic hot water supply and space heating applications, respectively [7]. CaCl2-H2O pair is 

regarded as the most inexpensive option for long-term thermal storage but is seen to be 

limited by the temperature jump during absorption [8]. Thus, the NaOH-H2O pair can be 

considered to have significant scope for long term storage in domestic heating applications 

and is explored in the present study. 

The heat exchanger design plays a crucial role in determining the system’s performance and 

storage density [2]. N’Tsoupkoe et al. [3] carried out a dynamic analysis on a LiBr-H2O 

thermal storage system and studied the impact of varying heat exchanger area and solution 

flow rate on storage density. It is observed that solution flow rate is the most critical 

parameter and a low flow rate with good wettability are desirable for high storage density. 

Tube bundle heat exchangers with solution falling film have been used for their low cost and 

simple design [5,9]. However, the absorption performance of these heat exchangers have 

been reported to be limited by low surface wettability and solution exposure duration for the 

NaOH-H2O pair [10]. Other falling film based compact heat exchanger designs such as plate, 

membrane, etc., shown to be effective for cooling systems aren’t observed to be beneficial for 

improving the storage density for thermal storage systems. This is due to the lower 

concentration difference observed in these designs between the inlet and outlet streams. To 

address these issues Fumey et al. [11] proposed a spiral fin heat exchanger design which 

ensures sufficient exposure duration for the solution for absorption to maximise the 

concentration change over a single pass. The present study attempts to further the analysis on 

the spiral heat exchanger through a parametric investigation of the heat exchanger’s design, 

operation and heat and mass transfer characteristics. This can help to understand the impact 

of the critical parameters on the performance as well as the identification of the optimal 

operating and design conditions. 

 

System description 

 

The experimental test setup consists of two vessels with spiral heat exchangers for the 

solution and distilled water for absorption and evaporation processes, respectively, as shown 

in Figure 1 and described by Fumey et al.[11]. The solution heat exchanger specifications are 

shown in Table 1. The finned portion of the tube is around 1 m in length, of which the initial 

15 cm is insulated from the heat transfer fluid through a hollow PTFE tube of 2 mm thickness 

fitted internally. This insulation serves to achieve a rapid increase in the solution temperature 

to enhance the heat transfer rate, as shown in Figure 2. Figure 2 shows the typical 

temperature profiles of the thermocouples recorded at various heights of the heat exchanger, 

with thermocouple 2 being at the end of the preheating section. It can be seen that highest 

temperatures are recorded for thermocouple 2, with a temperature rise of up to 15℃ over the 

inlet. 
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Table 1. Spiral finned heat exchanger specifications 

Length (m) Outer diameter 

(mm) 

Pitch (mm) Fin height (mm) 

1.2 12.7 1.9 3 

 

 
Figure 1. Absorption and evaporator test vessels 

 

Absorption 
vessel

Evaporator 
vessel

Spiral fin heat exchanger

 
3 
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Figure 2. Typical temperature profiles of thermocouples positioned at various lengths along 

the solution heat exchanger 

 

The solution flow rate to the absorption vessel is regulated with a microflow Microflex
®
 

peristaltic pump with an accuracy of  ±1% as shown in Figure 3. The solution flow rates are 

measured using Coriolis meters of ±1% accuracy. The solution temperatures are recorded at 5 

equidistant locations on the heat exchanger and the heat transfer fluid’s (water) temperatures 

are recorded at the inlet and outlet using thermocouples of 0.1°C accuracy. The outlet 

solution concentration is assessed from the density and temperature measurements of the 

sampled solution from the outlet tank, which can be substituted into the concentration 

correlation mentioned in Fumey et al.[11]. 

 

 
Figure 3. Absorption test setup layout 
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Results and discussion 

 

Parametric studies 

The solution inlet concentration has been maintained at 50% for all of the absorption 

experiments. 

Impact of varying evaporator temperatures 

Table 2 shows the heat exchanger’s heating power and outlet concentration with varying 

evaporator temperatures. The absorption rate is seen to be nearly equal for evaporator 

temperatures between 12-20 °C and is seen to reduce for the case with 7°C. This can be 

attributed to the relatively higher outlet equilibrium concentration limit for this case over the 

others, resulting in slower absorption kinetics. 

 

Table 2. Absorption performance with varying evaporator temperature 

Evaporator 

temperature 

(°C) 

Solution flow 

rate (g/min) 

Cooling water 

inlet 

temperature(°C) 

Heating power Solution 

outlet 

concentration 

20 6.2 27.9 141.4 31% 

15.5 6.8 25.0 151.8 31% 

11 6.0 21.3 150.7 31% 

7 5.7 17.8 124.4 32% 

 

 

Impact of varying cooling water inlet temperatures 

The impact of cooling water temperature variation for an evaporator temperature of 11°C and 

the inlet solution concentration of 50% is shown in Table 3.  

Table 3. Absorption performance with varying cooling water inlet temperatures 

Case Solution 

flow rate 

(g/min) 

Cooling water 

inlet 

temperature(°C) 

Heating 

power 

Solution 

outlet 

concentration 

1 5.8 21.3 150.7 30% 

2 7.5 25.4 99.0 37% 

3 6.5 29.6 69.9 39% 

 

The heating power is observed to decline rapidly with the cooling water inlet temperature 

increase from 21°C to 25°C and then decrease at a lower rate. This can be primarily attributed 

to the trend of the vapor diffusion coefficient for the three cases as shown in Figure 4, which 

in turn depends on the solution’s viscosity.  
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Figure 4. Diffusion coefficient variation for the three cases of cooling water inlet 

temperatures 

Impact of varying solution flow rates 

Table 4 shows the impact of solution flow rate variation, with the evaporator temperature at 

11°C, the inlet solution concentration at 50% and the cooling water inlet temperature at 

around 25°C. 

 

Table 4. Impact of solution flow rate variation on absorption performance 

Case Solution 

flow rate 

(g/min) 

Heating 

power 

Solution 

outlet 

concentration 

Average 

solution 

temperature 

(°C) 

1 5.7 80.7 36% 34.4 

2 7.5 99.0 37% 36.4 

3 9 61.1 42% 32.3 

 

The fins are observed to be flooded for all the flowrates. The heating power can be said to be 

primarily dependent on the temperature difference between the solution and the cooling 

water, as is evident from the average solution temperature trend in the table. The solution 

temperature in turn depends on an interplay between the absorption heat generation rate and 

convection heat transfer to the cooling water. The absorption heat generation rate depends on 

the solution’s concentration profile at any given length of the tube. While the exposed surface 

can be assumed to be at equilibrium concentration, the concentration increases towards the 

tube wall. This concentration difference at any given lenght is expected to be lower for a 

lower solution flow rate owing to the higher absorption duration per unit mass of the solution 
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within the test rig. This can be confirmed from the trend shown in the table, where the outlet 

solution concentration increases with the increasing solution flow rate. For Case 3 with the 

highest solution flow rate of 9 g/min, the lowest heating power is observed despite a high 

concentration difference within the solution. It can be said that the convection heat transfer 

from the higher solution flow rate dominates over the absorption heat generation in this case. 

The optimal balance between both the heat transfer rates is observed for Case 2.  

 

Impact of heat and mass transfer coefficients 

From the results discussed in section 3.1, the optimal temperature jump between the 

evaporator and the absorber is seen to be 10°C. For these conditions, the average heat and 

mass transfer coefficients shown in equations (1)-(2) are computed as shown in Table 5. The 

energy and mass balance equations are given as follows: 

 

                                
                                 

    
                

                
 

  

 

         
   

    
      

   

    
         (1) 

 

 

    
   

    
      

                           

 
    (2) 

 

Where    is the mass transfer rate (kg/s), U is the overall heat transfer coefficient (W/ m
2
.K), 

A is the heat exchanger surface area (m
2
), k is the mass transfer coefficient (kg/m

2
.s), T is the 

temperature (K) and h is the enthalpy (kJ/kg.K). The subscripts htf stands for heat transfer 

fluid, in stands for inlet, out stands for outlet, eq stands for equilibrium, s stands for solution 

and v for vapor. 

 

Table 5. Heat and mass transfer coefficient evaluation 

Case 

No. 

Evaporator 

temperature 

(°C) 

Solution 

flow rate 

(g/min) 

Cooling water 

inlet 

temperature(°C) 

Heat 

transfer 

coefficient 

(W/m
2
.K) 

Mass transfer 

coefficient 

(kg/m
2
.s)×     

1 20 6.2 27.9 606.0 4.2 

2 15.5 6.8 25.0 669.0 4.9 

3 11 6.0 21.3 724.9 3.8 

4 7 5.7 17.8 667.0 3.4 

Average 666.7 4.1 

 

The impact of the heat transfer coefficient variation on the discharge power is analysed from 

equation (1) using Matlab
®
 2021 platform. The results for the operating conditions shown for 

Case 3 in Table 5 is shown in Figure 5. It can be seen that the discharge power tends to 

saturate at around 169 W with an increase in the overall heat transfer coefficient beyond 1266 

W/m
2
.K. This implies that the mass transfer coefficient becomes the limiting factor for the 
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heat exchanger’s performance beyond a certain heat transfer coefficient value for various 

operating conditions. 

 
Figure 5. Impact of heat transfer coefficient variation on discharge power 

An interesting aspect worth exploring in this context is the impact of the elimination of the 

preheating section on the discharge power, with varying overall heat transfer coefficient of 

the tube. For this purpose, the heat and mass transfer processes are analysed across two 

sections of the solution heat exchanger. The starting section involves a solution temperature 

rise where the enthalpy gain due to absorption dominates over the heat loss to the heat 

transfer fluid as shown in equations (3)-(5). It is assumed that the heat transfer fluid outlet 

temperature equals that of the solution temperature within a short span from the entry point 

and can be neglected in comparison to the length of the heat exchanger. The solution attains a 

temperature increase until the point of the outlet enthalpy of the solution being equal to that 

of the inlet enthalpy and the heat transfer area of this section is indicated by A1 as shown in 

the equations. In the preceding section of the heat exchanger, the heat loss to the heat transfer 

fluid dominates over the enthalpy gain due to absorption. The mass and energy balances 

across this section are shown in equations (6)-(7). The equations (3)-(7) are solved using an 

iterative approach such that the total surface area of the heat exchanger nearly equals its 

actual surface area as shown in equation (8). Equation (9) shows the correlation between the 

heat transfer coefficients of the heat exchanger with and without preheating sections 

considered in this evaluation. Since the heat exchanger with preheating section has only 85% 

of its surface area available for heat exchange with the heat transfer fluid (due to 15cms of 

preheating section length), a compensation factor of 0.85 is considered for the heat exchanger 

without a preheating section. 
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                            =   
   

  
    

 
  

    
      

  

    
       (7) 

 

             (8) 

 

                (9)The subscript np represents no-

preheating section and p represents with preheating section in this context. The subscript 1 

represents the section having the enthalpy rise of the solution dominant, 2 represents the 

section having the heat transfer rate to the heat transfer fluid dominant. 

 

The discharge power estimation from the heat exchanger without the preheating section for 

varying overall heat transfer coefficients is shown in Table 6. As shown in Table 6, the 

discharge power for each condition is evaluated such that the total heat exchanger surface 

area combining both the sections remains nearly equal. It can be seen that without the 

preheating section, the discharge power is lower by 10.9% over that with the preheating 

section for the same heat transfer coefficient. Upon improvement in the heat transfer 

coefficient the discharge power is seen to rise beyond that of the heat exchanger without the 

preheating section and saturates at around 200 W as shown in Figure 6. This improvement in 

the discharge power without the preheating section can be attributed to the increase in heat 

exchanger surface area for the latter case.  

 

Table 6. Impact of heat transfer coefficient on discharge power and surface areas for heat 

exchanger without preheating section 

U (W/m
2
.K) Discharge 

power (W) 

A1 (m
2
) A2 (m

2
) A (m

2
) 

741.8 132.4 0.006 0.036 0.042 

940.8 137.9 0.005 0.033 0.038 

1112.7 147.7 0.004 0.036 0.040 

1411.2 160.2 0.003 0.037 0.040 

1881.6 170.0 0.002 0.037 0.039 

2116.8 174.2 0.002 0.036 0.038 

2508.9 179.7 0.002 0.036 0.038 

2665.7 185.3 0.002 0.038 0.040 

3214.5 189.5 0.001 0.037 0.038 
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Figure 6. Impact of heat transfer coefficient on discharge power for heat exchanger without 

preheating section 

Impact of mass transfer coefficient variation 

Figure 7 shows the impact of mass transfer coefficient increase for the heat exchanger with 

preheating section with the same heat transfer coefficient and operating conditions of Case 3 

shown in Table 5. It can be seen that the discharge power saturates at around 180 W with an 

increase in the mass transfer coefficient beyond 0.2 kg/m
2
.s. This is due to the first order 

dependence of the uptake rate, wherein it reduces as the concentration approaches that of the 

equilibrium value. 

 

 
Figure 7. Impact of mass transfer coefficient variation on discharge power 
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Impact of fin height improvement 

 

The absorption performance has been tested on a heat exchanger with wider fins whose 

dimensions are shown in Table 7, to study the impact on the heat and mass transfer rates 

across the solution film. The testing has been carried out on a heat exchanger with and 

without preheating sections and the results are as shown in Table 8, where a performance 

reduction over the previous heat exchanger is seen. Further, it can be observed that the 

preheating section reduces the discharge power, implying that the reduction in the heat 

transfer surface area dominates over the heat transfer enhancement due to temperature rise. 

The reduction in performance with wider fins can be attributed to the increase in the solution 

film thickness, which increases the heat and mass transfer resistances of the film.   

 

Table 7. Wider finned heat exchanger dimensions 

Length (m) Outer diameter 

(mm) 

Pitch (mm) Fin height (mm) 

1.04 15.8 1.9 6.35 

 

Table 8. Absorption performance of wider finned heat exchanger  

Preheating Solution flow 

rate (g/min) 

Cooling water 

inlet 

temperature(°C) 

Discharge 

power 

Solution 

outlet 

concentration 

Without 8 27.7 138.6 36% 

With 6.7 28.0 127.5 36% 

 

 

 

Conclusions  

An experimental evaluation of a finned heat exchanger tube is carried out through a parametric 

evaluation of solution flow rates, evaporator and absorber temperatures. The key observations 

from the experimental study are as follows: 

 The diffusion coefficient of the solution is critical to vapor absorption, which further 

depends on the temperature jump between the absorber and evaporator. A temperature 

jump of 10°C is observed to be optimal. 

 A low solution flow rate is preferred over higher solution flow rates, owing to the 

dominance of absorption heat generation rate and a larger absorption duration. 

A heat and mass transfer analysis is further carried out using a lumped parameter approach 

and the experimental heat and mass transfer coefficients are determined. The observations of 

the heat and mass transfer analysis are as follows: 

 A discharge power improvement of up to 12.1% is observed with the heat transfer 

coefficient increase of the heat exchanger with preheating section. A higher heat 

transfer coefficient is observed to facilitate a further discharge power improvement 

by up to 34.15%, with the elimination of the preheating section. 

 A mass transfer coefficient of over 0.2 kg/m
2
.s and a heat transfer coefficient over 

4000 W/m
2
.K (without preheating section) are desirable to maximise the discharge 

power and storage density of the thermal storage system.  
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Further experimentation with wider finned heat exchanger has revealed that narrow fins yield 

higher performance owing to the lower solution film thickness. The findings of the present study 

anticipate identifying the appropriate design parameters and operating conditions for the solution 

heat exchangers of long term thermal storage applications. 
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Abstract  

The increasing energy consumption in buildings and its contribution to greenhouse gas 

emissions have created a pressing energy problem worldwide. As a result, there is a growing 

global demand for sustainable energy technologies and storage, and latent heat thermal energy 

storage (LHTES) based on phase change materials (PCMs) is one of the most promising 

technologies. Although PCMs have suitable thermal properties, they possess low thermal 

conductivity, a critical parameter determining how efficiently the material can absorb or 

transfer heat. This study investigates the thermal properties of a commercial mixture of fatty 

acids (OM55) as PCM enhanced with Graphene nanoplatelets (GNPs), mixed with Sorbitan 

monooleate (SPAN80) as a surfactant. The results of the thermal conductivity measurements 

concluded that the inclusion of the GNPs did not increase the thermal conductivity of the 

NePCMs as expected. Several factors, including potential agglomeration of the nanoparticles, 

may have contributed to this outcome, resulting in a thermal barrier. Furthermore, the results 

indicated that the addition of the surfactant had a negative impact on the thermal conductivity 

enhancement obtained from the inclusion of GNPs into the OM55; the SPAN80 has possibly 

caused a thermal resistance within the NePCMs, cancelling out the slight thermal conductivity 

enhancement obtained from the GNPs. 

Keywords: Phase change material; Graphene nanoplatelets; Thermal storage; bio-based.   

Introduction 

Energy consumption in buildings has increased yearly, contributing significantly to greenhouse 

emissions, resulting in an imminent energy problem. Thus, there is a growing demand for 

sustainable energy technologies worldwide. Thermal energy storage (TES) based on phase 

change materials (PCMs) is a promising technology. These systems offer several benefits over 

other types of TES systems (e.g., sensible heat), including increased energy density [1], making 

them ideal for applications where space is limited; also, their ability to store high amounts of 

heat at a quasi-constant temperature makes them suitable for temperature sensitive applications 

[2]. Although PCMs have suitable thermal properties, they possess low thermal conductivity, 

which is a critical parameter that determines how efficiently heat can be transferred to or from 

the material.  

Several studies have investigated the thermal properties of different types of PCMs to properly 

design LHTES systems which have significant discrepancies in the reported results [3]. 

Moreover, recently there has been a growing interest in bio-based materials, including PCMs, 

as they offer a sustainable alternative to traditional petroleum-based PCMs as paraffins [4]. 

Bio-based PCMs are often made from renewable resources such as vegetable oils, beeswax, 

and other natural sources; they are biodegradable and can provide the same benefits as the 

PCMs extracted from non-renewable resources. Murphy and Gumtapure [5] analysed the 
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thermal and volume-dependent behaviour of commercially available organic Bio-PCM OM55. 

OM55 is thermally stable within the operating temperature of 45-60ºC, with a degradation 

temperature of 154.6ºC, much higher than its operating temperature range. The authors 

suggested that for the optimum amount of energy storage and discharge in OM55, operating 

the LHTES unit over a temperature range between 46-59ºC for domestic hot water (DHW) 

applications would be recommended. Rolka et al. [6] conducted experimental tests of the 

thermophysical properties of the OM55, and two other medium-temperature PCMs, OM65 and 

RT55. The two studies conducted on the thermophysical properties of OM55 were in good 

agreement. 

Although OM55 is an excellent material for DHW applications and heating systems, its low 

thermal conductivity affects its overall performance and limits its commercial application. 

Different methods have been used to improve the thermal conductivity of PCMs, such as 

adding high-conductive particles. Adding nanoparticles, such as graphene nanoplatelets 

(GNPs) or carbon nanotubes (CNTs), can result in a faster and more efficient heat transfer 

within the PCM. The increase in the thermal conductivity of nano-enhanced phase change 

materials (NePCMs) is due to the high surface area-to-volume ratio of the nanoparticles [7], 

which creates a network of high-conductive pathways, allowing heat to transfer quickly and 

efficiently through the storage media material.  

Harish et al. [8] evaluated the improvement in the thermal conductivity of lauric acid with 

GNPs; the results showed that the inclusion of GNP improved the thermal conductivity of the 

base material by 230% at a loading of 1 vol%. The results showed an insignificant effect of the 

inclusion of GNPs in the latent heat or the melting temperature of the PCM. The microstructure, 

chemical and thermophysical properties of RT70/GNP composites were investigated by Liu et 

al. [9]. The thermal conductivity of the RT70 was improved by 21.6%, and the latent heat of 

fusion decreased by 10.5%, with 0.2 wt.% of GNPs. The synthesis process implemented in this 

study involved a two-step preparation method, where the NePCMs samples were mechanically 

stirred for 2 h, followed by ultrasonication for another 2 h, both at constant temperatures of 

80°C. The author conducted suspension stability tests for 6 days, concluding that the strength 

of the ultrasonication treatment substantially impacts the dispersion of the nanoparticles into 

the base material; the best stability results were obtained with a magnetic stirring at 400 rpm 

and ultrasonication at 200 W. Although the two studies described previously used similar 

synthesis processes and materials to prepare the NePCMs, there are significant discrepancies 

between the reported results for the thermal conductivity. It can be attributed and influenced 

by a complex interplay of various factors, including the size, shape, and orientation of the 

nanoparticles, to differences in the measurement methods and conditions used to evaluate the 

resulting different thermal conductivity values.     

Although the inclusion of nanoparticles enhance the thermal conductivity of NePCMs, due to 

the difference in density between the base material and the nanoparticles, challenges related to 

the stability and sedimentation have to still be solved [10]; and their susceptibility to Brownian 

motion further affects it. Different methods could be employed to mitigate the sedimentation 

issue, such as using surfactants or nucleating agents to prevent the aggregation of nanoparticles 

and maintain a homogeneous dispersion within the base PCM [3].  

Recently in literature, different surfactants have been used to prepare NePCMs, including 

anionic, cationic and non-ionic surfactants; their selection depends on the specific properties 

of the PCM and the nanoparticles [11]. Some of these surfactants include polyvinyl alcohol 

(PVA)[12], cetrimonium bromide (C-TAB) [13-16] , polysorbate 80 (Tween-80) [15], sorbitan 

monooleate (SPAN80) [16, 17] and sodium dodecyl sulfate (SDS) [13-15]. The thermal 

characteristics of various NePCMs incorporated with GNPs and different surfactants were 
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investigated by Sheikh et al. [18] to enhance the cooling properties and chemical stability of 

commercially available PCM. In their research, they evaluated surfactants such as sodium 

dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and sodium stearoyl 

lactylate (SSL). The results demonstrated different trends; for instance, the latent heat capacity 

decreases at high concentrations of GNPs when using SSL and SDS as surfactants. The highest 

thermal conductivity observed was for the NePCM with SDS and 5wt.% of GNPs, reaching a 

value of 1.03 W/m. K, with an enhancement of 368%.  

To the best knowledge of the authors from an extensive literature review, no study has been 

conducted examining the effectiveness of thermal conductivity enhancement through the 

incorporation of graphene nanoplatelets (GNPs) in the commercially available bio-based PCM 

supplies by PLUSS Technologies, OM55. The present study aims to investigate the thermal 

properties of the NePCMs based on OM55 and GNPs using Sorbitan monooleate (SPAN80) as 

the surfactant. A preliminary comparison study was conducted also with a cationic, industrial 

commercially available surfactant CTAB; a short chain water-soluble, biocompatible, and 

biodegradable Polymer with surface activity, PVA; as well as SDS and Tween-80.  

Methodology  

Materials  

In this work, the base PCM is OM55, a commercial mixture of fatty acids provided by PLUSS 

Technologies. Graphene nanoplatelets (GNPs, purity = 99.5 %) were purchased from Iolitec, 

with a specified thickness of 2 nm. Sorbitan monooleate (SPAN80), a non-ionic surfactant 

purchased from BLD Pharmatech Ltd., was used to improve the stability of the NePCMs. The 

raw materials were used as received without further purification.  

Table 1. Thermophysical properties of the Phase Change Material [19] 

Properties OM55 

Density [solid] [kg/𝑚3] 935 

Density [liquid] [kg/𝑚3] 941 

Specific heat capacity [solid] [kJ/kg. K] 2.68 

Specific heat capacity [liquid] [kJ/kg. K] 2.76 

Latent heat of fusion [kJ/kg] 188 

Thermal conductivity [solid] [W/m. K] 0.16 

Thermal conductivity [liquid] [W/m. K] 0.1 

Phase change temperature [ºC] 55 

 

Table 2. Key thermal properties of graphene nanoplatelets [20] 

Properties Values 

Thickness [nm] 2 

Specific Surface Area (SSA) [m2/g] 750  

 

Preparation methods  

The NePCMs were prepared using a two-step method described in Figure 1, as it offers better 

incorporation of the particles into the base PCM, as reported by many studies [21-23]. Firstly, 

70 grams of PCM in the solid state was melted using a hot plate stirrer (IKA TM RCT) at a 
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constant temperature of 80˚C. After being completely melted, 2, 4 and 6 wt.% GNPs were 

added to the PCM. Then, the NePCM was magnetically stirred at the speed of 800 rpm, keeping 

the temperature at 80°C for 30min. Afterwards, the molten samples were sonicated in an 

ultrasonic bath (BANDELIN “Sonorex digitec”) for 30 min at 80°C; to improve the dispersion 

of GNPs in the liquid PCM. The time for the ultrasonication was determined based on previous 

studies that reported favourable outcomes. An additional NePCM was prepared, mixing 4wt.% 

of GNPs with SPAN80 to investigate the thermal stability of the material; to properly disperse 

the nanoparticles in fluid and obtain a stable suspension, 28ml of SPAN80 was slowly added 

and continuously stirred for a period of 15 min. During the preparation process, the temperature 

was maintained at ambient temperature. After this, the nanoparticle with the surfactant mixture 

was added to the melted PCM, the synthesis process described previously was performed. The 

total mass fraction of the surfactant used is 40 wt.%. Figure 1 illustrates a complete schematic 

representation of the preparation of the NePCMs. 

 

Figure 1. Two-step method synthesis process on the preparation of the NePCMs through magnetic stirring and 

ultrasonication  

Characterisation measurements 

Morphology: The morphology and microstructure of the pure OM55, GNPs and nano-

enhanced OM55 were observed using scanning electron microscopy (SEM, TESCAN MIRA3) 

at room temperature. The samples were coated with a platinum coating (Quorum Q150V), 5nm 

in thickness, to increase the electrical conductivity of the samples. The SEM images were taken 

at an accelerating voltage of 3.5kV and the same view field to allow a better comparison 

between the samples. A lower accelerating voltage was used to capture the images as it offers 

many advantages for the type of samples we investigated (i.e., non-conductive specimens), 

such as reducing the potential damage of the sample, allowing a more accurate and reliable 

imaging; however, that can also reduce the penetration depth and signal intensity, limiting the 

imaging depth.  

Latent and specific heat, phase-change temperature: Thermal properties of the PCM and 

NePCMs, such as melting and crystallisation temperature, latent heat, and specific heat 

capacity, were measured using Differential Scanning Calorimetry (DSC, 131 SETARAM). The 

DSC measurements were performed at two heating and cooling rates, 2 K/min and 10 K/min, 

in a temperature range of 15 to 90°C for heating and 90 to 15°C for cooling, under a constant 

stream of argon gas atmosphere and nitrogen to control heating and cooling rates better. Three 

samples of 7-9 mg of each NePCM were prepared using a balance with a precision of 0.1 mg.   

Thermal Conductivity: The solid thermal conductivity of nanocomposites was measured by a 

thermal conductivity instrument (Linseis THB 100), with a measurement accuracy of 5%. The 

samples prepared were 50 mm ×25 mm with an average thickness of 5mm. The THB/B sensor 

with a measuring rate of 0.01 to 2 W/m. K was placed between the two solid block samples, 

and a weight of about 3 kg was used to improve the contact with the sensor. For a single-point 
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calibration, the sensor was calibrated using Polymethyl methacrylate (PMMA) with a thermal 

conductivity of 0.194 W/m.K. The solid thermal conductivity was measured at room 

temperature. Several measurements were taken for each sample, and the reported values were 

average.  

Discussion and Results 

Morphology analysis 

The morphology of the NePCMs based on OM55/GNPs/SPAN-80 was examined using the 

SEM to gain insights into the distribution and arrangement of the GNPs within the OM55 

matrix. The analysis aims to establish a relationship between the NePCMs morphology and the 

thermal properties, including the thermal conductivity. The images obtained are presented in 

Figure 2.  

 

 

Figure 2. Microscopic structures for: a) OM55 with 2 wt.% GNPs; b) OM55 with 4wt.% GNPs; c) OM55 with 6wt.% 

GNPs; and d) OM55 with 4wt.% GNPs/SPAN80 at a view field of 1.2 µm and scale bar of 200nm 

In the SEM images can be observed a substantial agglomeration of the GNPs within the four 

prepared NePCMs, indicating that the dispersion of the GNPs within the OM55 matrix is not 

uniform. This agglomeration can have various implications for the thermal properties of the 

prepared NePCMs, potentially affecting properties and factors such as thermal conductivity 

and heat transfer efficiency. Further investigation is required to evaluate the impact of this issue 

on the thermos-physical properties of the NePCMs and techniques to avoid it. 

Thermal property characterization of OM55/GNPs/SPAN80 NePCMs 

(a) (b) 

(c) (d) 

200 nm 200 nm 

200 nm 200 nm 

549 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

The following thermal properties of the pure OM55 and NePCMs were obtained, including the 

onset temperature and latent heat capacity for both the endothermic and exothermic processes, 

using the Differential Scanning Calorimeter (DSC). One cycle at a scanning rate of 10 K/min 

was included at the beginning of the cycling temperature programme to eliminate the thermal 

history of the samples before the measurements and reduce discrepancies and outliers from the 

measurements obtained. The measurements for the latent heat capacity were taken at 10 K/min, 

as at this scanning rate the error is minimized ensuring reliable and consistent results, while at 

2 K/min, the phase change transition (onset temperature) value tends to be more accurate; 

testing the samples at both heating rates allowed more accurate measurements of thermal 

properties stated [24]. The detailed data obtained by the DSC measurements are shown in Table 

3, and the DSC curve of the pure OM55 is shown in Figure 3 (b).  

Table 3. Variation on the latent heat capacity and phase change temperature for both melting and solidification 

processes in regard to loading content of GNPs and SPAN80 

Material Wt. % Melting 

temperature 

[ºC] 

Latent heat 

of melting 

[kJ/kg] 

Latent heat 

difference 

[%] 

Solidification 

temperature 

[ºC] 

Latent heat of 

solidification 

[kJ/kg] 

OM55 0 54.1 164.3 - 53.2 158.7 

2 53.9 160.0 -2.6% 53.5 156.7 

4 53.6 153.5 -6.7% 53.8 159.2 

6 52.9 144.1 -13.1% 53.4 142.9 

OM55/ 

40wt. % 

SPAN80 

0 52.5 124.7 -27.4% 51.7 128.3 

4 49.1 76.9 -72.5% 51.2 81.02 

 

As expected, the latent heat capacity of the NePCMs is reduced due to the incorporation of the 

GNPs and SPAN80 into PCMs; however, the reduction is slightly bigger than the reduction of 

PCM mass. Figure 3 (b) displays the melting and solidification processes of the pure PCM. 

During the melting process, the slope change in the heating curve reaches the endothermic 

peak/or the maximum point at 56.8ºC, and the end of the melting process is at 57.8ºC. The 

melting point of the OM55 was measured using the onset temperature of 54.1ºC, with the 

measured latent heat being 164.3 kJ/kg. 

The latent heat from incorporating the 2, 4 and 6 wt.% of GNPs during the melting process 

were 160.0, 153.5 and 144.1 kJ/kg and -156.7, -159.2 and -142.9 kJ/kg during the solidification 

process. There is a slight decrease in the latent heat capacity with the inclusion of the GNPs. 

However, it is not directly proportional to the inclusion of the nanoparticles; for instance, with 

the inclusion of 4wt.% of GNPs, there is a reduction of 6.7% of the latent heat capacity. 

SPAN80 was added to improve the sedimentation/stability issues between the base PCM and 

the graphene nanoplatelets. However, a considerable impact was observed on the latent heat 

capacity compared with pure PCM, melting at 76.9 kJ/kg and solidification at 81.02 kJ/kg, 

respectively.  
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Figure 3. (a) Effects of the inclusion of GNPs into the latent heat capacity of the NePCMs and (b) DSC curve of pure 

OM55 at a heating rate of 10 K//min 

Thermal conductivity 

Table 4 summarises the variation of the solid thermal conductivity of the OM55 and NePCMs 

with different mass fractions, 2-6 wt.%, and enhancement rates. The thermal conductivity 

measurements of the OM55/4wt.% GNPs and SPAN80 were also included. The solid thermal 

conductivity measurements were taken at approximately 20°C, and the tests were repeated 3 

times for each sample. The reported values are the average measurements obtained from 

multiple data points, and the corresponding standard deviations are included to indicate the 

variability observed among the measurements.  

Table 4. Effect of the mass fraction of GNPs on the Thermal conductivity of the NePCMs 

 

Material 

Wt. % Thermal 

conductivity [W/m. 

K] 

Thermal 

conductivity 

enhancement [%] 

Standard 

deviation 

[W/m. K] 

OM55 0 0.222 - 0.017 

2 0.252 12.7 0.009 

4 0.256 14.2 0.002 

6 0.259 15.4 0.011 

OM55/40wt. % 

SPAN80 

4 0.222 - 0.009 

Figure 4 shows the thermal conductivity results obtained from the different NePCMs prepared 

with the inclusion of the SPAN80. It is generally expected that the addition of graphene 

nanoplatelets would increase the thermal conductivity of the nano-enhanced OM55 due to their 

high thermal conductivity (range of 3000-6500 W/m.K [25]) and a high specific surface area. 

However, the thermal conductivity of the NePCMs did not increase as expected. Many reasons 

could explain this unexpected behaviour, including the possibility that the GNPs have formed 

agglomerations, which can create thermal barriers, reducing the thermal conductivity 

enhancement of the NePCMs. The thermal conductivity results of the OM55 with 2, 4 and 

6wt.% of GNPs, were 0.252 W/m.K, 0.256 W/m.K and 0.259 W/m.K, where the thermal 

(a) (b) 
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conductivity enhancement is 12.7, 14.2 and 15.4% when comparing with the thermal 

conductivity of the pure OM55, 0.222 W/m.K.  

 

Figure 4. Thermal conductivity of the NePCMs  

Table 5 presents a comparison of the thermophysical properties (i.e., latent heat of fusion, 

thermal conductivity and phase change temperature) among the supplier data, two different 

studies published in literature [5, 6], and the findings of the current study. The results obtained 

show a slight difference between the different sources. For instance, the measured latent heat 

of fusion differs by approximately 13.5% between the current study and data provided by the 

supplier, 164.3 and 188 kJ/kg, respectively. Many factors can be attributed to these 

discrepancies including the testing conditions to which the materials were subjected as well as 

the measurements methods implemented. In the current study, the DSC equipment was used to 

determine the latent heat of fusion and phase change temperature of the pure material, and the 

supplier used the T-history method. Besides, the latent heat of fusion and phase change 

temperature, evidently there are clear differences on the results obtained from the thermal 

conductivity. The difference between the two, measured data and supplier is 27%, 0.16 and 

0.22 W/m. K, respectively. As the latter properties, the equipment used does have a significant 

impact on the results obtained, for the current study the transient hot bridge (THB-100, Linseis) 

method was used. Conversely, the supplier used the KDS-Pro equipment, which uses a 

transient line heat source to measure thermal conductivity at a 60ºC temperature for the testing 

conditions.     

Table 5. Comparison of thermophysical properties between supplier data, literature review and current study  

Properties  Supplier Ref. [5] Ref. [6] Current study 

Latent heat of fusion [kJ/kg] 188 175 170.00±13.61 164.30±3.42 

Thermal Conductivity [W/m. K] 0.16 0.210±0.018 0.16 0.220±0.017 

Phase Change Temperature [°C] 55 54.8 55.30±0.80 54.10±0.22 

 

Investigation and selection of different surfactants  

This sub-section presents the investigation of six different surfactants, including Tween-80, 

SPAN80, Chitosan, PVA, C-TAB and SDS based upon the composition of the polarity of the 

head group (non-ionic, anionic, and cationic) in the stability of the NePCMs. The preparation 

process for all samples was identical, 4wt.% of carbon particles (graphite powder, 20 µm size, 

supplied by Sigratherm Carbon) were weighed, and the same concentration of surfactants was 

gradually added to the carbon particles. The samples were thoroughly mixed until a slurry 
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consistency was obtained. Subsequently, the melted PCM at 80°C was added to the carbon and 

surfactant mixture using the method outlined in Figure 1. Table 6 shows the type of surfactant, 

their charging type and product specification, including critical micellar concentration (CMC) 

which is defined as the surfactant concentration at which micelle starts to form in the solution 

[26]. All information is available from the suppliers.  

Table 6. Type of surfactants, their charging type and product specification  

Surfactant Charge CMC Molecular 

weight 

pH Viscosity Ref. 

Tween-80 Non-ionic 13-15 mg/liter 

(25ºC) 

- 5.5-7.5 400-620 cps [27] 

SPAN80 Non-ionic - 428.62 g/mol - - [28] 

Chitosan Cationic  - - - 200-800 cps [29] 

PVA (87-89% 

hydrolized) 

Non-ionic  - 13-23k 5.0-7.0 11.6-15.4 

cps 

[30] 

C-TAB Cationic 0.92 to 1.0 mM 

(25ºC) 

364.45 g/mol 6.0-7.5  - [31] 

SDS Anionic - 288.38 g/mol 9.1 - [32] 

 

Subsequently, all the samples, including the one without any surfactant added, were subjected 

to a heating and cooling cycle ranging from 20 to 80°C in an oven. During this process, the 

sedimentation of the particles was continuously monitored. Figure 5, illustrates the initial state 

of the seven different samples before the heating and cooling cycles. Most of the samples 

exhibit a homogeneous mixture, except the sample prepared with C-TAB, which displayed a 

distinct behaviour, as it appears the inclusion of C-TAB surfactant has caused a separation 

between the liquid solution and the mixture of PCM with carbon particles. This can be 

explained due to the unique surfactant properties. C-TAB is a cationic surfactant that is 

effective in solubilising and dispersing hydrophobic substances [33]; thus, when the 

hydrophilic part of C-TAB interacts with the water molecules, it results in a decrease in the 

wettability of the carbon particles by water, contributing to the separation of the surfactant 

solution from the PCM and carbon particles mixture [34, 35]. Figure 6 displays the image of 

the seven samples after undergoing seven heating and cooling cycles with a temperature 

programme ranging from 20 to 80°C and 80 to 20°C. Noticeably, it illustrated the separation 

between the PCM and carbon particles. The sample (a) prepared without surfactants exhibit a 

noticeable separation between the carbon particles and the PCM. This sample served as the 

baseline for comparison against the sample containing different phase change materials with 

carbon particles. Interestingly, the sample (e) which is the mixture prepared with PVA, a non-

ionic surfactant which in literature has been reported to have good properties to improve the 

sedimentation between the particles and PCM has exhibited the most significant separation 

compared to the other mixtures prepared. The sample (f) with C-TAB as the surfactant 

continuous to show a separation between the water and PCM and carbon mixture. Despite the 

clear separation between the PCM and particles observed in sample (c), the mixture prepared 

with SPAN-80, a non-ionic surfactant, this mixture exhibited the most favourable behaviour 

among the mixtures. Notably, the separated PCM region still contained a higher concentration 

of carbon particles. Thus, while the sedimentation is evident, the presence of SPAN-30 

improves the dispersion of the carbon particles. For this reason, this was the mixture selected 

to be taken forward.   
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Figure 5. Samples prepared with carbon particles and (a) No surfactant; (b) Tween-80; (c) Span-80; (d) chitosan; (e) 

PVA; (f) C-TAB; (g) SDS before any heating and cooling cycles were applied.  

 

Figure 6. Samples prepared with carbon particles and (a) No surfactant; (b) Tween-80; (c) Span-80; (d) chitosan; (e) 

PVA; (f) C-TAB; (g) SDS before any heating and cooling cycles were applied. 

The addition of surfactants is crucial to enhance the stability of carbon solutions. However,   

the type of surfactant used, whether cationic or anionic, depends heavily on the charge of the 

particles. To provide clarity on this matter, zeta potential measurements were performed for a 

bare solution of graphite carbon particles in a pure DI water. In addition, to understand the 

nature and character of the used particles, hydrophilic or hydrophobic, the surface tension 

measurements of a bespoke particles dispersed in a pure DI water by using a Profile Analysis 

Tensiometer (PAT 1) was performed.  

Surface tension Measurement 

The surface tension of the solutions, γ, was measured by the Profile Analysis (drop shape 

analysis)  Tensiometer (PAT) technique [36]. This method is based on the acquisition of the 

drop/bubble shape under gravity effect [37]. The surface tension is determined by fitting the 

theoretical profile of an axis-symmetric drop calculated through the Gauss- Laplace equation 

to each experimentally acquired drop profile. The Gauss-Laplace equation (Equation 1) 

describes the relationship between the curvature of the liquid meniscus and the surface tension: 

   

                                    ∆𝑝 = 𝛾 (
1

𝑅1
+

1

𝑅2
)                                 Equation 1 

   

where ∆𝑝 is the pressure difference across the interfacial layer, 𝛾 is the surface/interfacial 

tension of the solution, and 𝑅1 and 𝑅2 are the principal radii of curvature [38]. 

The interfacial tension of each solution was measured using a profile analysis tensiometer 

(PAT1M, SINTERFACE Technologies, Germany). The instrument allows the surface tension 

versus time, with an accuracy of 0.1 mN/m, to be measured using a pendant drop formed at the 

tip of a Teflon capillary of a 2 mm in diameter. The instrument allowed the drop/bubble surface 

area during the surface tension measurement to be automatically controlled by means of an 

automatic dosing system equipped with a precision syringe pump. In this study, the drop 

surface area was maintained at a constant value of 25 mm2 while the surface tension was 

(a) (b) (c) (d) (e) (f) (g) 

No cycles 

(a) (b) (c) (d) (e) (f) (g) 

7th Cycle 
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acquired over time until the achievement of the equilibrium value. All the measurements were 

performed at 25°C. Each solution and dispersion were put in an ultrasonic bath at room 

temperature for 30 min to maintain stability of dispersions during the measurements (avoiding 

precipitation). Then, the interfacial tension of each sample was measured and repeated three 

times to obtain the average amount and calculate the standard deviation. It is worth mentioning 

that prior to every single set of measurements the surface tension of pure water was checked. 

The water for the solution preparation was deionised and purified by a multi-cartridge system 

(Elix plus Milli-Q, Millipore) providing a resistivity greater than 18 MΩ· cm and a surface 

tension of 72.5 mN/m without any appreciable kinetics over several hours. 

Zeta Potential Measurement 

The surface charge of the investigated solutions of carbon was obtained by zeta-potential 

measurements, using a SZ-100 Nano Partica Analyser (Horiba, Japan). The zeta-potential was 

calculated from measurements of electrophoretic mobility (μe) obtained by laser Doppler 

electrophoresis technique [36]. All measurements were performed in disposable capillary cells 

at a fixed controlled temperature of 25°C (room temperature).  

The particle solutions have been prepared using a pure DI water added drop by drop to precisely 

weighted particle powder to obtain 0.1wt% dispersions. This concentration allows dispersions 

to be subjected for surface tension and z-potential measurements without visual precipitation, 

maintaining the tests at the appreciable stability level. The measurements of the surface tension 

of micro-scaled graphite with the concentration of 0.1 wt% in the pure water, reviled the value 

of the surface tension of 70.6382 ±0.2213 mN/m. No appreciable kinetics has been observed 

over time. The surface tension of the solution maintains a rather constant value close to that of 

pure water (70.6382 ± 0.2213 mN/m) for several hundred of seconds, as shown on the Figure 

7. 

 

Figure 7. Equilibrium surface tension of micro-scaled graphite 0.1wt% dispersion. The dash line represents the value 

of surface tension the pure water in the temperature of 25 ºC. 

The ξ-potential measurements reviled the positive charge of the micro-scaled graphite surface 

being +27.9 ±1,09mV. The value of surface tension was determined and compared with the 
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literature values whereas available. The obtained results are in agreement with the literature 

data [36]. 

Bespoke particles used for infusion with PCM were micron-scaled graphite particles as they 

were used to stabilize particles in water dispersion, and, to refine the mixing with PCM. The 

micron-scaled graphite was tested for zeta potential, and it was determined that the charge on 

the particles is positive, thus it revealed that reverse interaction of particles with C-TAB and 

its evident separation, can be explained by possible repulsion between positively charged 

carbon particles and surfactant molecules of the same electric sign (cationic surfactant). 

Moreover, it would be expected that SDS (anionic, negatively charged surfactant) would be 

the most suitable surfactant to use with already mentioned carbon particles. All above data 

confirm that the surfactant interaction with oppositely charges particles might be a potential 

way to improve PCM formulation and mixing, however it remains a lot of open questions, and 

to answer them more systematic research using a colloidal perspective is required. 

Conclusions  

This study aimed to characterise the thermophysical properties of a commercially available bio-

based fatty acid mixture, OM55, enhanced by incorporating different mass fractions of GNPs. 

Additionally, the stability of the NePCM was preliminarily assessed by preparing samples with 

several surfactants into the mixtures. Based on the characterisation measurements, the following 

conclusions can be drawn: 

• The DSC results reveal a slight decrease in the latent heat capacity for the melting and 

solidification processes when the different mass fractions of GNPs are incorporated. For 

instance, the measured latent heat capacity for melting in the case of OM55 was found to 

be 164.3 kJ/kg, whereas for the NePCM with 6wt.% of GNP was extrapolated as 144.8 

kJ/kg; representing a decrease of approximately 13%.  

• The results show that adding SPAN80 surfactant significantly decreased the latent heat 

capacity of the NePCMs, for the melting process a decrease of approximately 73%. 

• The thermal conductivity measurements indicate no direct correlation between the mass 

fraction of the GNPs and the thermal conductivity enhancement. This could have resulted 

due to many factors, including a possible agglomeration of the nanoparticles, acting as a 

thermal barrier. Further investigations are required. 

• The results demonstrated that the addition of the surfactant had a negative impact on the 

thermal conductivity enhancement obtained from the inclusion of GNPs into the OM55; 

the SPAN80 has possibly caused a thermal resistance within the NePCMs, cancelling out 

the slight thermal conductivity enhancement obtained from the GNPs.  

• The SEM analysis shows significant agglomeration of GNPs within the NePCMs. A 

systematic investigation is necessary to evaluate the impact of the preparation methods, 

mass fractions, and surfactant in the agglomeration of particles and improve the dispersion 

of the GNPs within the NePCMs. 

• The NePCM mixture containing SPAN-80 exhibited the most favourable behaviour in 

terms of sedimentation compared to the other surfactant mixtures studied.  

• The surfactant interaction with oppositely charges particles might be a potential way to 

improve PCM formulation and mixing. Further investigation of the charge of 

nanoparticles is required. 

• Surfactants could potentially be effective in improving the thermal stability of the 

NePCMs. However, it is essential to optimise the concentration of surfactants used, as 

excessive amounts can also negatively impact the thermal properties (i.e., latent heat 

capacity and thermal conductivity). Thus, selecting the appropriate surfactant and volume 
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concentration is extremely important to achieve the desired stability and thermal properties 

of the NePCMs.  
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Abstract  

We introduce here an optimised silicon grafted method to create hydrophobic coatings on 

silicon substrate to promote dropwise condensation and hence heat transfer rate. This can be 

achieved by making use of different fabrication parameters during silicone oil grafting (oil 

viscosity and/or volume/method, temperature, etc.) onto silicon substrates henceforth referred 

to as grafted surfaces and further oil impregnation to create Lubricant Infused Surfaces 

(LISs). We observe dropwise condensation behaviour on these grafted surfaces and LISs 

when compared to filmwise on bare substrates, which in turns shall increase the heat transfer 

rate. This study provides an understanding on various techniques that can be applied to create 

surfaces with high condensation heat transfer rates. 

Keywords: Heat transfer, Silicone oil grafting, Dropwise condensation, Droplet size 

distribution, LIS 

 

Introduction/Background 
Depending on the surface wettability, different condensation behaviours can be achieved. On 

hydrophobic surfaces, dropwise condensation has gained increasing attention due to 

enhanced heat transfer rates ensuing on these surfaces. It has been reported in literature that 

approximately 6-8 times higher heat transfer rate can be achieved if the condensation occurs 

in a dropwise manner instead of a filmwise manner [1]. Efforts have been carried out ever 

since to modify the surface to promote dropwise condensation [2, 3]. In this work, we prepare 

surfaces via an optimised grafting method utilising different silicone oils viscosities with 

varying volumes and deposition methods [4]. In addition, LISs are prepared by impregnating 

the grafted surfaces with silicone oils varying in viscosity (5-100 cSt). In this work we 

demonstrate that dropwise condensation mode is favoured on on silicone oil grafted surfaces 

as well as LISs when compared to the bare hydrophilic substrates typically displaying 

filmwise condensation behaviour. 

 

Results and Discussion 

Substrate fabrication and characterisation 

Surfaces prepared via grafting various viscosity (5, 20 and 100 cSt) and varying volumes 

deposited prior to grafting (up to 10 µL) via pipette and dip coating method of the silicone 

oils showed hydrophobic behaviour. In addition, these surfaces were impregnated further 
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with silicone oil (5, 20 and 100 cSt) to create LISs. Table 1 below includes the different 

configurations and fabrication details studied:  

Table 1: Summary of grafting and impregnation parameters for various viscosity oils 

Oil  

Viscosity 

(cSt) 

Oil 

application 

method 

Oil volume 

deposited per 

layer for grafting 

(µL) 

Number of 

layers grafted 

Viscosity of oil 

impregnated (cSt) 

with pipette Dip-coating 

5 Pipette 5 1 & 5 5 20 & 100 

100 Dip-coating 0.185 1 & 3 5 20 & 100 

 

Characterisation of the optimised silicone oil grafted surfaces as well as LISs show non-

wetting behaviour with contact angles (CA) of 105
o
 - 108

o
 and contact angle hysteresis 

(CAH) ranging from 1
o
 to 7

o
 (Figure 1a) [4]. In addition, the stability of the coatings was 

also addressed under various stability tests (Figure 1b) including mechanical vibration, 

solvent immersion and coupled mechanical vibration and solvent immersion. While these 

coatings showed good stability after such stability tests;, however coatings deteriorate when 

subjected to high temperature humid environment for more than 10-15 minutes.  

 

 

Figure 1 – (a) Contact Angle and Contact Angle Hysteresis of surfaces grafted with 5 cSt and 

100 cSt oil[4] (b) Apparent CA variation of 3 µL water droplet on grafted samples after various 

stability tests. 

Condensation setup 

Condensation experiments are yet to be performed on these novel surfaces, however based on 

previous research work [5-7], we anticipate condensation on these grafted surfaces as well as 

on LISs ensuing in a dropwise manner. Figure 2 shows the schematics of the condensation 

setup including a controlled humidity chamber and a temperature controlled Peltier stage, 

copper block and insulating block around, and the fabricated samples.  
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Figure 2 – (a) Schematic of humidity chamber design to perform condensation experiments. 

The different inlets and outlets for the humid air, humidity and temperature sensors, view port, 

and Peltier stage location are included (b) Set-up inside the chamber including Peltier stage and 

sample under observation. 

 

To perform the condensation experiments, the thermodynamic parameters inside the 

chambers are considered as follows: ambient temperature Tamb = 25 
°
C, Peltier stage 

temperature or substrate temperature Tsurf = 1, 5 and/or 10 
°
C, and relative humidity RH = 50, 

70 and/or 80%. Inlet humid air parameters are controlled via custom-built temperature & 

humidity control setup with a temperature and humidity sensor inside the chamber. Table 2 

provides a summary of the different thermodynamics parameters utilised in this study: 

Table 2 – List of conditions and thermodynamics parameters utilised for condensation 

experiments 

Conditions Tamb (°C) Tsurf (°C) RH (%) 

Values 25 1, 5, 10 50, 70, 80 

A cooling bath is also attached to the Peltier stage to absorb excess heat and to keep the 

temperature of the Peltier stage constant. Samples are attached to the Peltier stage via double 

sided copper tape so to enhance the heat transfer between sample and the cold Peltier stage.  

The following issues may be encountered when setting up the condensation experimental 

chamber and when carrying out the experimental campaign:  

 The chamber size may need to be enlarged depending on the strength of the variation 

of the relative humidity inside the chamber so to avoid any air flow inside, which may 

incur in additional ambient convection.  

 The Peltier stage temperature might vary more than ±1 °C.  This occurrence should be 

unlikely as other research works have approximated the temperature of the Peltier 

stage to that of the surface Tsurf since minor differences within ± 1 °C were found 

between these. [7]. 

 There might be some variation and dynamic influence of local RH changes as the 

setup is custom build and may take a bit longer to reach a set value. 
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Heat Transfer Resistance Based Model 

Experimental observations of water condensing on these samples will be recoded using high 

speed camera and will be analysed to observe the droplet nucleation, droplet size distribution 

and growth on the silicone oil grafted surfaces and LISs. We then coupled the droplet size 

distribution with a thermal resistance based heat transfer model shown in Figure 3, to 

provide a quantification on the heat transfer performance as reported in the literature [3,7,8]. 

In addition, the experimental setup allows for quantifying the amount of condensate collected 

during experiments, which can be further utilised to compare and/or validate the heat transfer 

model adopted. 

 

Figure 3 – Heat Transfer through single droplet of radius r condensing on our silicone oil 

grafted surface where Tcoat is the temperature of the coating, Tsurf is the temperature of substrate, 

Ti is the temperature at liquid vapor interface, Tsat is the temperature of saturated moist air, θ is 

contact angle of droplet on coated substrate, δ is the coating thickness. Ri, Rc, Rd, Rcoat are the 

interfacial resistance, resistance due to droplet curvature, conduction resistance through droplet 

and resistance due to coating respectively.  

By making use of the heat transfer resistance based model reported in Figure 3 adding all the 

different resistances in parallel, the following heat transfer equation, Equation 1, through a 

single condensing droplet can be established as: 

    
         

    

  

 
          

 
  

       
 

 
           

 

Where rmin is critical (minimum) nucleation radius, ΔT is temperature difference between moist 

air and substrate, kcoat and kc are the thermal conductivity of coating and condensate (water) 

respectively, hi is the interfacial heat transfer coefficient.  

Droplet pinning to a surface is typically related to the contact angle hysteresis CAH, where 

higher CAH yields higher degree of pinning. In our previous study, we tailored an approach to 

control the interaction of water droplet on silicone oil grafted surfaces by means of changing the 

viscosity, volume of oil and/or oil application method [4]. This led to different behaviour in 

terms of CA and CAH. On one hand, changes in CA were not apparent, while on the other hand, 

CAH hysteresis changed significantly, which altered the pinning behaviour (sliding) of droplets. 
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For low CAH surfaces, sliding angles of water droplets (3µL) are small and within few degrees, 

which anticipates that droplets will be very mobile during condensation on such low CAH 

surfaces. Whereas for higher CAH surfaces, presumably larger droplets will remain on the 

surface requiring grater growth, i.e., gravitational forces, to shed from the surface. The different 

droplet surface interactions anticipates then a different droplet nucleation and growth and hence 

a different droplet size distribution, which ultimately impacts the heat transfer performance.   

 

Conclusions  

A simple and easy coating method is introduced here to prepare hydrophobic surfaces and LISs 

on which dropwise condensation is promoted opposed to filmwise condensation ensuing on a 

hydrophilic surface. The different affinity of droplets to the various coated surfaces anticipates 

differences on the nucleation, droplet growth and shedding, i.e., on the droplet size density, 

which ultimately has an impact on the heat transfer rates. This work provides further 

fundamental insights to select the grafting parameters for preparing surfaces on which 

dropwise condensation is favourable. In addition, a control of droplet distribution and growth 

may also be achieved as discussed above.  

Acknowledgments 
Higher Education Commission of Pakistan, European Space Agency (ESA), International 

Institute for Carbon-Neutral Energy Research (WPI-I2CNER), and The Royal Society. 

References:  
[1]  Schmidt E., Schurig, W. & SellschoppW., Versuche über die Kondensation von 

Wasserdampf in Film- und Tropfenform, Technische Mechanik und Thermodynamik, 1930, 

1, 53–63. 

[2]  Miljkovic, N., Enright, R., and Wang, E.N., Effect of Droplet Morphology on Growth 

Dynamics and Heat Transfer during Condensation on Superhydrophobic Nanostructured 

Surfaces, ACS Nano, 2012, 6 (2), 1776-1785. 

[3] Weisensee, P.B., Wang, Y., Qian, H., Schultz, D., King, W.P., Miljkovic, N., 

Condensate droplet size distribution on lubricant-infused surfaces. International Journal of 

Heat and Mass Transfer, 2017, 109, 187-199. 

[4] Abbas, A., Well, G.G., McHale, G., Sefiane, K., Orejon, D., Silicone Oil-Grafted Low-

Hysteresis Water-Repellent Surfaces, ACS Applied Materials & Interfaces, 2023, 15, 11281-

11295. 

[5] Anand, S., Paxson, .A.T., Dhiman, R., Smith, J.D., Varanasi, K.K., Enhanced 

Condensation on Lubricant ImpregnatedNanostructured Surfaces, ACS Nano, 2012, 6 (11), 

10122-10129. 

[6] Phadnis, A., and Rykaczewski, K., Dropwise Condensation on Soft Hydrophobic 

Coatings, Langmuir, 2017, 33, 12095-12101. 

[7] Maeda, Y., Lv, F.Y., Zhang, P., Takata, Y., Orejon, D., Condensate Droplet Size 

Distribution and Heat Transfer on Hierarchical Slippery Lubricant Infused Porous Surfaces, 

Applied Thermal Engineering, 2020, 176, 115386. 

[8] Kim, S., and Kim, K. J. Dropwise Condensation Modeling Suitable for 

Superhydrophobic Surfaces, ASME Journal of Heat and Mass Transfer, 2011, 133(8), 

081502. 

 
 

 

564 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Materials screening, lab-scale testing and simulation for high-

efficiency adsorption desalination 

Y. Zhang
1
, V. Brancato

1
, D. Palamara

2
, L. Calabrese

1,2
, V. Palomba

1
, W. Mittelbach

3
, 

A. Frazzica
1,*

 
1
Istituto di Tecnologie Avanzate per l’Energia “Nicola Giordano” – CNR ITAE. Via S. Lucia Sopra Contesse, 5, 

98126, Messina, Italy 

2
Department of Engineering, University of Messina, Contrada di Dio Sant'Agata, 98166, Messina, Italy 

3
Sorption Technologies GmbH, 79144 Freiburg, Germany 

*
Corresponding author: andrea.frazzica@itae.cnr.it 

Abstract 

This study aims to develop a high-efficiency adsorption desalination system by materials 

screening, lab-scale testing and simulation. Silica gel-30% LiCl and vermiculite-45% LiCl 

composites were synthesized and characterized. Silica gel-30% LiCl was selected as the 

material candidate for higher predicted specific daily water production (SDWP). A T-LTJ 

(thermal-large temperature jump) apparatus was utilized to test the ad-desorption dynamics 

under various operating conditions. The influences of evaporation/condensation and 

desorption temperature on performances were analysed. The performance indicators- specific 

daily water production (SDWP) and optimized cycle time were calculated. Moreover, three 

design strategies, namely, 2-bed, 3-bed and 4-bed systems were proposed and compared. 

Finally, a mathematical model describing a general AD system is planned to be developed, 

which will be used to extensively evaluate the application potential of other composites that 

were developed in the lab. 

Keywords: Adsorption desalination, Dynamics, Composite sorbents, Water production. 

Introduction 

Adsorption desalination (AD) is a novel technology to supply high-quality freshwater 

driven by renewable energy. It has the possibility of cogenerating freshwater and cooling 

effect. Sorption materials are the core components, they extract the water vapour from the fed 

brine inside the evaporator during the adsorption process, and release the adsorbed water in 

the form of water vapour which is then condensed in the condenser to get the portable water 

during the desorption process. Composite adsorbents are promising candidates for high water 

uptake and tunable working operating temperature and pressure ranges. However, only a few 

composite sorbents have been developed and tested in adsorption desalination (AD) systems 

[1].  

In this study, two types of composites with different pore structures, silica gel-30% LiCl 

and vermiculite-45% LiCl were selected and measured. Their ad/desorption dynamics were 

tested and analyzed in a thermal-large temperature jump (T-LTJ) apparatus.  

Materials characterizations 

Silica gel-30% LiCl and vermiculite-45% LiCl composite were synthesized through the dry 

impregnation method. The sorption isobars and sorption kinetics under the selected typical 

operating conditions were measured by the dynamic vapor sorption (DVS) instrument. Sorption 

isobars show that both composites experience three adsorption stages: physisorption, hydration 

reaction + deliquescence and solution absorption. Vermiculite-45% LiCl presents higher 

equilibrium water uptake, but has stronger mass transfer resistance; On the contrary, silica gel-
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30% LiCl possesses better mass transfer, but the equilibrium water uptake is lower. The main 

reason for these phenomena is their different pore sizes. The calculation of the theoretical 

SDWP indicated that silica gel-30% LiCl can contribute to higher water production ranging 

from 43 to 60 m
3
/tonne/day for the selected typical conditions. 

Lab-scale testing of the adsorption desalination device 

The thermal large temperature jump (T-LTJ) apparatus (see Figure 1) consists of a vacuum 

chamber, an evaporator/condenser, four thermostats and a vacuum pump. A finned flat-tubes 

aluminum heat exchanger serves as the ad/desorber, and 74.4 g sorbent particles were packed 

between the fins. Fast temperature jumps/drops are operated by quickly switching the valves 

after reaching desorption/adsorption equilibrium, aiming to simulate practical adsorption and 

desorption process. The differential temperature of the inlet and outlet heat transfer fluid (HTF) 

contributes to calculating the adsorption/desorption characteristic time by: 

                        
 

      
                                           (

1) 

where ΔT∞ and ΔT0 are fitting parameters. τad/de refers to the characteristic time, reflecting the 

ad/desorption rates. The analysed results under various conditions (Teva/cond=5, 10, 15, 20, 

25
o
C, Tde=60,70,80,85

o
C) reveal that the τad/de of silica gel-30% composite increases with the 

raised Teva/cond and decreased Tde. Furthermore, the obtained τad/de and adsorption equilibrium 

were used to calculate the maximum SDWP for different system designs (2-bed, 3-bed and 4-

bed). It shows that the SDWP can reach 69 m
3
/tonne/day when Teva/cond=20 

o
C and Tde=80 

o
C 

by adopting the 3-beds-configuration. 

(a)

 

(b)

 

 

Figure 1 (a) Schematic diagram of the T-LTJ testing system and (b) pictures of the blank heat exchanger and the heat 

exchangers packed with silica gel-30% LiCl. 

Mathematical modelling 

The model is planned to be developed from the SorpLib, which is a library of components 

modelled using Modelica language and realised by the Institute of Technical 

Thermodynamics at RWTH Aachen university [2]. Its validation will be verified by the lab-

scale testing results, and then further estimations on the influencing factors on performance 

will be conducted. 

Conclusions  
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In summary, silica gel-30% LiCl was selected as a better candidate for adsorption desalination 

than vermiculite-45% LiCl, it has better mass transfer and can reach higher SDWP. Its practical 

ad/desorption dynamic in reactors was measured by a lab-scale adsorption desalination device. 

Results reveal that the ad/desorption rates are more sensitive to evaporation/condensation 

temperature than the desorption temperature. Both material characterizations and system 

performance indicate that silica gel-30% LiCl is an excellent material to build high-efficiency 

adsorption desalination systems. 
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Abstract  

This paper presents the design and lab-scale testing of a thermochemical storage reactor that utilizes 

composite adsorbents, i.e. silica gel/CaCl2. The development included the preparation and 

characterization of the storage materials and the identification of the optimal packing ratio of the 

reactor. The lab-scale testing was performed to evaluate the performance of the reactor and the 

composite adsorbent under various conditions, in terms of operating temperature and dynamic 

response. The results show that the reactor is capable of efficiently storing and retrieving thermal 

energy, with high energy storage densities and fast response times. The reactor design and 

performance results presented provide a valuable foundation for future work aimed at developing 

practical, large-scale systems for integration into the district heating network. 

Keywords: thermochemical storage; composite adsorbents; district heating; monthly storage 
 

Introduction 

The use of sorption storage for mid to long-term applications is gaining interest, not only for the 

residential areas but also in combination with district heating and cooling (DHC). Indeed, one of the 

most interesting fields of application is thermal-electric sector coupling. In this case, it is possible to 

use sorption storages as decentralized storages at district/substation levels or even at building levels, 

charging them directly from the main district heating/cooling ring or in combination with heat pumps. 

This is especially useful in the new generation of DHC, that approach the concept of “temperature 

neutral” network, in which the temperature is kept as close to ambient temperature as possible. At the 

same time, the new generation of DHC is intended to accommodate a larger share of renewables 

inside the grids (thermal and electric), which requires suitable storage systems for peak shaving and 

load shifting.  

Sorption storage allows to answer to such challenges, thanks to its high flexibility (it can be operated 

for heating and cooling purposes), virtually lossless operation and possibility of being installed also in 

residential areas or in buildings (differently from underground storage or aquifer storage). The main 

challenges that sorption technology has to face for the specific application are: possibility of using 

non-toxic materials and refrigerants, that would hinder installation in buildings; the need for high 

energy density and a charging temperature lower than the state-of-art application of sorption system, 

usually intended for charging with solar heat or industrial heat at temperatures higher than 80°C.  

Starting from such basis, the complete development of a thermochemical storage for the application in 

DHC was carried out, starting from the selection and preparation of the composite material and the 

lab-scale testing to evaluate its performance in terms of response time, power output and energy 

storage density. Results were also used for the calibration of an existing model of the storage. 

Material selection and preparation 

The material selection was carried out thanks to a dedicated preparation and characterization 

campaign at CNR-ITAE. Initially, 3 ionic liquids, namely [emim][Ac], EMIM DEP and DMIM DMP, 

568 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

and different salt hydrates, K2CO3, FeCl2, LiCl and CaCl2 were selected. Experimental tests were 

carried out on the pure materials using the Dynamic gravimetric vapor sorption analyzer (DVS) 

equipment from Surface Measurement Systems. Results from the tests, highlighted that the ionic 

liquids show a higher sorption capacity at lower relative pressures (up to 0.9 kg/kg for a 40°C 

isotherm for the DMIM DMP and up to 0.6 kg/kg considering the application in heat pump-assisted 

operation), but their cost is still too high for large scale application. The salt hydrates showed up to 

1.6 kg/kg of sorption capacity, but the vast majority of adsorption is shifted towards higher pressures 

(3 to 4 kPa for the K2CO3 isotherm at 40°C), thus indicating that a higher charging temperature might 

be needed. 

However, since salt hydrates showed leakage issues already during the small-scale testing, composite 

adsorbents using silica gel and LiCl and CaCl2 were prepared using the wet impregnation method. 

The composite prepared were tested in the DVS equipment and showed up to 0.6 kg/kg water 

adsorption.  

Due to cost and corrosion issues, the silica gel/CaCl2 (25% wt) composites were selected for the lab-

scale testing of the prototype. 

 

Experimental testing of the lab-scale prototype 

Testing facilities 

The experimental testing was carried out in a testing rig dedicated to the testing of thermal systems. It 

includes a 36 kWelectric heater connected to a 1 m
3
 water storage, and two air/water chillers 

connected to 0.75 m
3
 storages that act as heat sinks/sources at different temperature levels. The 

temperature inside the 0.75 m
3
 are also regulated by means of immersed heaters. Fast-response 3 way 

valves connected to a custom-made PID control in LabVIEW allow the continuous control of the inlet 

temperatures of the circuits. All circuits are thermally insulated. Temperature inlet/outlets are 

measured using Pt100 class 1/10 DIN sensors, temperatures inside the storage are measured using 

class A type T thermocouples, flow rates are measured using magnetic flow meters with ±2.5 % full 

scale accuracy. 

 

Heat exchanger preparation 

The composite material prepared was used for filling a heat exchanger (HEX) with external 

dimensions of 266 x132 x 445 (l x w x h) having aluminum fins and copper tubes coated with an 

epoxy resin to avoid possible corrosion from salt leakage. The heat exchanger was filled with a 

mixture of silica gel (Siogel® from Oker Chemie) and the composite, in 3 different ratios in volume: 

50(siogel)-50(composite), 40(siogel)-60(composite), 30(siogel)-70(composite). As shown in Figure 1 

, the heat exchanger was subsequently closed by means of a metallic frame. 

Figure 1: the heat exchanger with the composite material. 
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Testing methodology and results 

The tests were carried out considering the possible operating boundaries for the system, listed in 

Table 1. 

Table 1: Testing conditions. 

CHARGE DISCHARGE 

Heat source: 85°C / Condensation: 30°C Adsorption: 30°C / Evaporation: 15°C 

Heat source: 75°C / Condensation: 30°C Adsorption: 35°C / Evaporation: 15°C 

Heat source: 85°C / Condensation: 35°C Adsorption: 30°C / Evaporation: 10°C 

Heat source: 75°C / Condensation: 35°C Adsorption: 35°C / Evaporation: 10°C 

 

An example of the results during the discharge of the prototype is shown in Figure 2. It is possible to 

notice that there is a ΔT ranging between 6 and 2 K for about 2000 s, corresponding to a power of 0.5 

kW to 2.5 kW. If the system is used for contemporary cooling provision, a useful effect is also 

available at the evaporator. 

Figure 2: results of a discharge test. 

(a) (b) 

  

Results were also further analysed considering the achievable energy storage density in the various 

conditions. In the first preliminary tests carried out, up to 300 J/gadsorbent were achieved, which is about 

30% less than the theoretical energy storage density of the material, but still represents a promising 

result. 

 

Conclusions 

In conclusion, this paper presents the design and initial lab-scale testing of a thermochemical storage 

reactor that utilizes composite adsorbents. The results show that the reactor is capable of efficiently 

storing and retrieving thermal energy. The study provides important insights into the potential of 

composite adsorbents for thermochemical energy storage and highlights the need for further efforts to 

get close to the theoretical energy density of the material. Overall, this work represents a significant 

step towards the development of sustainable and efficient energy storage solutions for the district 

heating sector.  

 

Acknowledgements 

0

10

20

30

40

50

60

0 500 1000 1500 2000 2500

Te
m

p
e

ra
tu

re
 /

°C

Time /s 

ADS2_in ADS2_out ADS2_HEX1

570 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

This project has received funding from the European Union’s H2020 programme under Grant 

Agreement No. 101036656. 

 

571 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Screening and experimental evaluation of materials for water 

harvesting within Direct Air Capture thermally-driven cycles 

Valeria Palomba
1*

, Vincenza Brancato
1
, Andrea Frazzica

1
 

 

1
National Research Council of Italy – Institute for Advanced Energy Technologies (CNR-ITAE), Salita S.Lucia 

sopra Contesse 5, 98126 Messina, Italy. e-mail:valeria.palomba@itae.cnr.it 

 
*
Corresponding author: valeria.palomba@itae.cnr.it 

Abstract  

Direct Air Capture (DAC) of CO2 from atmospheric air is becoming a crucial topic. One of the main 

requirements for DAC systems to drive their practical application is the low energy needed for the 

process and the possible integration with other energy processes. Among the different routes, physical 

adsorption of CO2 from air has a promising potential, but still suffers some limitations, since its 

technological and economical feasibility is linked to the possibility of using low-temperature heat for 

driving the process with relevant efficiency. One of the main issues encountered in these type of 

systems is the presence of humidity in the air. Due to the much higher partial pressure of water 

compared to CO2, this leads to a negligible CO2 adsorption if a proper pre-treatment to reduce air 

humidity is not carried out. Within this paper, we discuss the materials screening and first 

experimental testing in relevant scale for a water harvesting pre-treatment for the integration of DAC 

units. To this aim, the theoretical water uptake to significantly reduce humidity is evaluated and 

different commercial and composite materials have been evaluated. Subsequently, the tests in a 

dedicated bench at CNR-ITAE to actually evaluate the dynamic of the process are presented. 

Keywords: direct air capture; water harvesting; materials screening; composite materials 
 

Introduction 

The increasing concentration of carbon dioxide (CO2) in the atmosphere due to human activities has 

led to significant concerns about global warming and climate change. Direct air capture (DAC) of 

CO2 has emerged as a promising technology to mitigate the effects of anthropogenic CO2 emissions 

on the environment.  

Thermally-driven DAC  is a type of DAC that uses heat to drive the CO2 capture process, by means of 

a temperature swing between an adsorption and desorption step. The use of heat in the capture process 

makes thermally-driven DAC particularly attractive since it allows for the use of low-grade heat 

sources, such as waste heat from industrial processes, solar thermal energy, or geothermal energy.In 

recent years, thermally-driven DAC has received increasing attention due to its potential for high CO2 

capture rates, low energy consumption, and the utilization of renewable energy sources. However, 

significant research efforts are still required to optimize and scale-up thermally-driven DAC 

processes, and improve their economic feasibility.  

One of the main limiting issues is the need to significantly reduce the amount of water in the air 

before CO2 adsorption. Indeed, the amount of water needed in the is order of magnitudes less than the 

amount in the inlet air, therefore highlighting the need for deep air drying.  

Aim of the present paper is to discuss the selection of materials suitable for such deep drying stage. 

To this aim, dedicated equilibrium curves measurements were carried out and the results of a 

thermodynamic and dynamic analysis are presented.  
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Material selection and preparation 

The material selection was carried out in vision of the practical application of such pre-treatment units 

in the specific context of a DAC system. Therefore, the following constraints were considered: 

 Low regeneration temperature; 

 Commercial availability of the material or its main components (in the case of composites); 

 Possible integration within heat exchangers either as a coated layer or loose grains. 

To this aim, a preliminary selection was carried out starting from either results of previous tests are 

CNR-ITAE or dedicated measurements. The materials selected include: Siogel® from OkerChemie, 

SAPO34 zeotype , SAPO5 zeotype, and two composites made using silica gel as matrix and CaCl2 

and LiCl inorganic salts. The preparation method for the composites is described in (Frazzica et al., 

2020). 

Experimental tests were carried out using the Dynamic gravimetric vapor sorption analyzer (DVS) 

equipment from Surface Measurement Systems. In particular, the effect of low relative pressure 

(corresponding to the case of low relative humidity in the air) was evaluated with dedicated testing.  

Thermodynamic evaluation 

Thermodynamic evaluation was carried out by evaluating the achievable water uptake for the selected 

materials. In order to get a correspondence between the water uptake in the adsorbent and the relative 

humidity of the air, the methodology proposed in (Aristov & Gordeeva, 2022) was used, which 

consists in the superposition of the isosteric curves of the adsorbent with the prsychrometric chart of 

humid air. The method mainly consists of the following steps: 

1. Measurement of equilibrium curves (isobars or isotherms) for the adsorbent; 

2. Calculation of isosteric lines Pwa(T)|w=const, where P is the pressure (bar), T is the temperature 

(K) and w is the water uptake (g/g). In order to calculate them, a fitting on the isotherms or 

isobars was carried out using Python software and Scipy package. 

3. Calculation of the lines at constant relative humidity T(x)|RH=const, where x is the humidity 

ratio (g/g) and can be calculated starting from equilibrium data of the material as   
      

      
, 

where M is the molar mass (g/mol) and “wa” and “da” refer to water and dry air, respectively.  

4. Superposition of these lines on the psychrometric chart of the air. This step was carried out in 

Python using the psychrochart package. 

An example of the  results is shown in Figure 1, where the initial and final conditions for the 

theoretical process are also identified. Initial conditions selected (air temperature of 35°C and 

60%RH) are considered representative of summer conditions in Mediterranean climates. As exiting 

condition, a relative humidity of 1% was considered, which would allow for an efficient adsorption of 

CO2 in the subsequent step of the process, thus expecting up to 4.5 molCO2/kgsorbent. 
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Figure 1. Thermodynamic evaluation by combination of isosteric lines and psychrometric chart. The case of 

Siogel. 

Using this methodology, a comparison of the materials selected was carried out. The results are 

reported in Table 1. As it is possible to notice, the Silica gel/CaCl2 composite shows the highest 

differential uptake and, at the same time, the lower regeneration temperature to reach the expected 

wdry. SAPO5 could also represent an interesting alternative, wheres SAPO34 and Siogel® would need 

extremely high regeration temperatures. Moreover, Siogel® is also the material with the lowest 

differential uptake under the expected conditions. 

Table 1. Results of the thermodynamic screening. 

 w_humid, g/g w_dry, g/g Δw, g/g Expected regeneration T 

Siogel® 0.22 0.03 0.18 140°C 

Silica gel/CaCl
2
 25%wt 0.39 0.07 0.32 100°C 

SAPO34 (Fahrenheit) 0.29 0.03 0.26 150°C 

SAPO5 (Fahrenheit) 0.25 0.03 0.22 120°C 

Dynamic evaluation 

Dynamic evaluation will be carried out at CNR-ITAE using a dedicated testing rig, whose rendering 

is presented in Figure 2. It mainly consists of a channel for the air to be pre-treated, which can be 

assembled in different sections, in order to have the flexibility of testing heat exchangers in different 

sizes. Since the regeneration of the adsorbent will be carried out using water as HTF for heating up 

1

2
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the material, hydraulic connections for thermostatic baths have been foreseen. Sensors to be installed 

include temperature, %RH, pressure difference and air velocity. The desired air flow rate will be 

guaranteed using a fan connected to a variable speed controller. The first testing activity will be 

carried out on a heat exchanger with Siogel in loose grains, which will represent the benchmarking 

material, followed by dedicated experiments with SAPO5/ SAPO34 coatings and the composites with 

loose grain configuration. 

 

Figure 2. The testing rig for dynamic evaluation of materials at CNR ITAE. 1. Fan; 2. Channel for the 

air in different sections, selected according to the dimension of the heat exchanger to be tested; 3. 

Heat exchanger to be tested; 4 hydraulic connections to thermostatic baths; 5. Sensors. 

On—going activities and future perspectives 

In conclusion, this paper presents the preliminary activity for the selection of an adsorbent material 

for air pre-treatment in a DAC unit. To this aim, several candidates were selected and their 

equilibrium properties were measured. Subsequently, a thermodynamic analysis was carried out to 

identify the expected Δw under the operating conditions, i.e. inlet air of 35°C and Δ%RH=59%. 

Results indicated that silica gel/CaCl2 composite and SAPO5 have a promising potential, but their 

dynamic performances need to be assessed. Tests are on-going in a dedicated testing bench and will 

complete the characterization procedure, including also the selection of loose grains or coating 

configuration. 
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Abstract 

The objective of this work is to prepare, characterize and compare silica gel/polymer and 

magnesium sulphate/polymer microfibers produced by electrospinning. Such microfibrous 

hygroscopic materials have been specifically conceived for open-cycle adsorption 

applications, in which water is adsorbed at medium/high Relative Humidity (RH). The 

adsorbent microfibers characterization was carried out by scanning electron microscopy 

(SEM), thermogravimetric analysis and differential scanning calorimetry (TGA-DSC), 

adsorption/desorption isotherms measurement, permeation test. Hydrothermal stability of 

realized samples was verified by repeated ad/desorption aging test. 

Keywords: Adsorption, Silica Gel, Magnesium Sulphate, Electrospinning, Open Cycles. 

Introduction 

Materials for water adsorption can be designed for a wide range of applications based on 

open or closed adsorption/desorption cycles in which the range of RH and temperatures can 

vary in a significant way. Adsorption closed cycles are commonly used in chillers and heat 

pumping systems which operating conditions require low partial pressures (low RH) and 

regeneration temperatures that depend on the heat source available, from medium (T = 350-

150 °C) to low (T < 150 °C) temperatures. Open cycles are typically used in air treatment 

(desiccant cooling), in adsorption desalination and thermal energy storage and are 

characterized by a wide range of RH and, generally, are characterized by low regeneration 

temperatures [1,2]. Recently, for instance, De Antonellis et al. demonstrated that silica gel-

based compounds can be employed to achieve an efficient air dehumidification and 

humidification processes [3]. The efficiency of these systems is strongly dependent on the 

adsorbing materials in terms of thermodynamic properties but also in the dynamic 

characteristics of the adsorption phenomenon, which is also connected to the transport 

properties of mass and heat through the adsorbent. One typical material used in these 

applications is silica gel for the satisfying adsorption capabilities and the low cost and large 

availability on the market. Silica gel, however, is generally used in granular or powdered 

form whit limitation in heat and mass transfer. Zeolites or hygroscopic salts suffer of the 

same limitation because synthesized in powder or pellets. Hygroscopic salts, moreover, are 

difficult to use because they can easily give rise to deliquescence or fusion in the most 

hydrated states even at low temperatures. In this work, a new generation of adsorbent 

materials for open cycles is presented, based on the synthesis of polymeric microfibers in 

which the adsorbent, silica gel or magnesium sulphate, is incorporated in the form of 

microcrystals. The particular microstructure of the hybrid microfibers allows to increase the 

surface area of the adsorbent bed compared to the granular configuration and, the most 
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important result, to hinder coalescence and fusion phenomena of the hygroscopic component 

[4]. 

 

Discussion and Results 

The production of hybrid microfiber mats was achieved by electrospinning, a simple, 

inexpensive and easily scalable process. The apparatus consists of a syringe, a grounded 

collector and a high voltage power supply. In the spinning process, the syringe is filled with a 

polymer solution and a high voltage is applied between the syringe nozzle and the collector. The 

interaction between the charged polymer solution and the applied electric field provides the 

extrusion force. The microfibers were realized starting from a polyacrylonitrile (PAN) polymer 

solution added with different weight concentrations of MgSO4 or silica gel. The solution is then 

electrospun against an aluminum foil target on which layers of randomly oriented microfibers 

are formed. Finally, the hybrid microfibers are let drying at 80 °C overnight. The adsorbing mats 

were characterized by scanning electron microscopy, SEM, thermogravimetric analysis and 

differential scanning calorimetry (TGA-DSC), adsorption/desorption cycles, permeation test. 

SEM images of hybrid microfibers (in Figure 1) show the typical morphology of the 

electrospun layers, in which the adsorbing particles, MgSO4 or silica gel, are embedded and 

homogeneously distributed inside the fibrosus matrix. This configuration contributes to 

maintain a high permeability to vapor diffusion through the adsorbent bed, a large reactive 

surface area due to the micrometric size of the particles and a high structural stability of the 

hygroscopic phase as it hinders sintering and granules growth. 

 

Figure 1. SEM images of PAN microfibers with MgSO4 (a) and silica gel (b). 

In Figure 2 the sorption capacity of the same samples at 50°C is reported. Results highlight 

that MgSO4 and silica gel particles are able to properly adsorb water vapor. The sorption 

capacity of the samples keeps high and only a limited part doesn’t work due to the presence 

of the polymer. 

 

 

 

 

  

a b 
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Figure 2. Adsorption isotherms (T=50°C) of microfibers with MgSO4 (triangle) and silica 

gel (square). 

Conclusions  

Morphological and functional characterization of electrospun hybrid microfibers have shown 

that the adsorption properties of silica gel and magnesium sulfate have been preserved and no 

negative impacts due to microfibers structure have been observed. The stability of microfibers to 

adsorption/desorption cycles is under evaluation but preliminary results are encouraging. 

Finally, the electrospinning technique is easily scalable and easily automatable for the 

production of self-supporting adsorbent sheets or coatings on metals. 
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Abstract  

In this paper, an innovative three-dimensional structure, constituted by SAPO-34 zeolite as 

filelr and sulphonated polyether ether ketone (S-PEEK) as matrix was obtained by using 

additive manufacturing (AM) technology, for thermochemical energy storage application. 

The lattice structure was tailored in order to optimize the synthetsi procedure and material 

stability. The complex three-dimensional lattice structure was obtained without a metal or 

plastic reinforcement support. The composite structure was evaluated to assess its structural 

integrity by morphological and mechanical analysis. Funrthermore, the adsorption/desorption 

capacity was evaluated by water vapor adsorption isobars at 11 mbar at equilibrium in the 

temperature range 30-120°C, confirming good adsorption/desorption capacity. 

Keywords: zeolite, composite sorbent, sulfonated poly(ether ether ketone), additive 

manufacturing 

Introduction/Background 

The growing need to propose more sustainable energy systems, based on a synergistic 

integration of different energy sources and the consequent development of technologies 

aimed at optimizing the recovery of waste heat has led to the investigation of innovative 

thermal energy storage technologies [1]. In this context, thermochemical heat storage 

represents a promising and viable technology, especially for long-term storage applications. 

However, its development on large-scale and realistic contexts has been partially limited by 

the need for more performing and suitable materials for fast and reliable storage design and 

tailoring.  

In previous works [2,3], a composite material was proposed consisting of a high content of 

zeolite (up to 90% by weight of SAPO-34) and a sulphonated poly(ether-ether-ketone) (S-

PEEK) binder. The S-PEEK matrix has a high water vapor permeability, thereby minimizing 

mass diffusion limits within the adsorbent composite bulk. Furthermore, this composite 

material has shown promising results in terms of mechanical, thermal and ad/desorption 

stability.  

Based on these promising results, the present paper aims to investigate the use of this material 

for the realization of three-dimensional lattice structures entirely made of adsorbent 

composite material (without metal support) with the aid of the additive manufacturing 

technique. 

Discussion and Results 
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A summary of samples/experiments/theories/simulations and a succinct discussion of key 

results presented in figures and/or tables should appear in this section. 

Figure 1 shows the proposed steps for the manufacturing of the 3D printed lattice sorbent 

structure. In particular: 

 CAD Design: Parametric design of the unitary lattice cell. Spatial replica 2x2x2 (Figure 1a).  

 Molding: Design of the negative molding of the lattice structure (Figure 1b) and subsequent 

additive manufacturing by using PVA support.  

 Composite filling: Preparation of the composite SAPO-34/S-PEEK slurry. The slurry is 

filled in the channel of the negative mold by using a micro-syringe. The slurry was added 

until the mold was fully filled (Figure 1c). The drying is performed in oven at 40°C for 1 

day. 

 Mold dissolution. To remove the negative PVA mold a dissolution procedure in water was 

applied. In particular, the materials were placed un an ultrasonic bath at 70°C for 5h until 

the complete dissolution of PVA support occurred. The residual material is the solid zeolite-

S-PEEK sorbent material with the shape of the chosen lattice structure (Figure 1d). 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 1. Manufacturing of the 3D printed lattice sorbent structure: a) parametric definition of 

the 3D cell; b) negative molding of the cell c) negative molding (PVA polymer) filled with 

composite SAPO-34/S-PEEK slurry; d) demolded lattice sorbent structure. 

The 3D lattice structure thus obtained was morphologically and structurally assessed with the 

purpose to well define the synthesis characteristic, structural homogeneity and integrity. The 

adsorption/desorption capacity was performed by water vapor adsorption isobars at 11 mbar 

measured at equilibrium in the temperature range 30-120°C (by using a DVS equipment). The 

results reported in Figure 2 , confirm that the matrix does not hinder the mass flow of water 

vapor and the zeolite filler participates in the adsorption/desorption process, indicating this 

material potentially suitable for thermochemical storage by sorption technology. 
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Figure 2. Water adsorption (filled marker) and desorption (empty marker) isobars at 11 mbar for 

80% SAPO-34 zeolite filled in S-PEEK polymer material 

Conclusions  

The present work investigated the synthesis and characterization of an innovative three-

dimensional lattice structure, exclusively constituted by an adsorbent composite material 

(SAPO34 zeolite and S-PEEK as filler and matrix, respectively), for thermal storage. The results 

highlight that: 

 The composite has an effective adsorption/desorption capacity, indicating that the 

polymeric matrix does not hinder the diffusion of water vapor towards the zeolite. 

 The additive manufacturing, by using a negative PVA mold, is a suitable technology in 

order to procedure adsorbent tridimensional lattice structures. 

 The 3D structure is structurally stable, regular, homogeneous and with a high surface area, 

indicating it as a promising solution for the construction of reactors for energy storage. 
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Abstract 

In recent years, the imperative to develop sustainable cooling systems has grown 

considerably as a result of increasing concerns over the impact of climate change and 

increasingly stringent regulatory standards for carbon emissions. Adsorption chillers powered 

by solar thermal energy have the potential to provide sustainable cooling for many hot 

regions with good solar irradiance. However, adsorption chillers need to be further optimized 

to be economically competitive. The objective of this study is to perform a thorough analysis 

of the the performance of two-bed adsorption chiller by implementing multiobjective 

optimization techniques that prioritise cost minimization in both the operational and design 

phases. The present study involved an analysis of a general optimisation for a specific model 

that utilised the same amount of adsorbent weight and validated it with experimental data 

from the published literature. A benchmark cost of 2100 $/kW was established, and 

optimisation results indicated improvements in Specific Cooling Power (SCP), Coefficient of 

Performance (COP), and cooling capacity, as well as a price reduction to 1100 $/kW. 

Keywords: Adsorption chiller, dynamic model, SCP analysis, capital cost, Multi-objective 

optimization  

Introduction/Background 

The issue of global warming has become a concern worldwide, leading to a growing demand 

for cooling systems [1]. Traditional refrigeration systems rely on burning fossil fuels, which 

harm the environment and indirectly raise energy bills.[2]. In 2016, the partner nations agreed 

to reduce hydrofluorocarbon production and consumption by 80% over the next three decades 

as part of the Kigali amendment, which is expected to prevent global warming by up to 0.5 ° 

C by the end of this century [3]. Water is considered an ideal refrigerant due to its non-toxic 

nature and lack of environmental impact [4]. Chilled water is widely used to cool air in 

buildings and equipment in industrial processes. Various methods are employed to produce 

chilled water, including cooling towers, compression refrigeration chillers, absorption 

chillers, and adsorption chillers, among others. Adsorption chillers, like absorption chillers, 

use water as the refrigerant fluid, but they use a solid adsorbent instead of an absorbent 

solution [5]. Adsorption chillers have several advantages over absorption chillers, including 

ease of maintenance and control due to the use of a solid adsorbent and no moving parts. 

They are also safer, as solid adsorbents do not leak and have no environmental impact during 

operation [6]. However, the capital cost of adsorption chillers is high [7]. Bawazir and Daniel 

[8] developed a simulation model that takes into account the energy, economic, and 

environmental aspects. The model compares the performance of solar-driven adsorption 
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chillers (ADCs) with the performance of VCCs in Riyadh, the capital city of Saudi Arabia. 

The aim of the study was to assess the efficiency of large-scale ADS using a TRNSYS 

simulation. The study findings suggest that the use of ADC leads to a reduction in annual 

energy cost and CO2 emissions compared to VCC, with reductions of 74% and 75%, 

respectively. Hong et al. [9] carried out an optimization study on a fin tube adsorption chiller, 

employing an experimental design approach to maximise specific cooling power (SCP) and 

coefficient of performance (COP). Li et al. [10] performed multiobjective optimisation 

(MOO) of a solar-powered adsorption chiller integrated with a heat pump with the aim of 

reducing the dependency on fossil fuels and improving the stability of the system. The 

authors used the curve-fitting method to calculate the SCP and COP of the adsorption chiller 

and optimised the primary energy consumption and annual cost objective functions using a 

genetic algorithm based on the Pareto front technique. Djubaedah et al. [11] performed the 

MOO of a solar-powered, two-bed adsorption chiller to determine the optimal operating cost 

and exergy destruction, with the area of the solar collector and the flow rates of the utility 

streams serving as decision variables. Although these studies compare and optimise the 

operating costs and performance of adsorption chillers, there is a lack of studies that also the 

capital costs of the system. However, adsorption chillers, like most low-carbon technologies, 

are capital intensive and it is crucial to include these costs in the optimisation.  

This investigation represents a pioneering effort in analysing the performance of a two-bed 

adsorption chiller by means of a cycle time study together with the reduced-temperature 

approach. To achieve a novel design solution that minimises the total cost of the adsorption 

chiller unit, the study will employ multiobjective optimization with genetic algorithms. 

Furthermore, this study will produce an estimate of the adsorption chiller technology, 

including an optimal cost with auxiliary devices per cooling capacity. The main focus of the 

study will be the Saudi Arabian market, which exhibits a high potential for adoption of this 

technology, facilitating a shift to cleaner cooling alternatives in the arabian peninsula region. 

Description of the evaluated system  

To benchmark the cost of silica gel for adsorption chillers, we used the experimental model 

developed by Saha et al. [12]. This model was developed in MATLAB and has been 

validated. Figure 1 illustrates the simulation results and their comparison with the 

experimental data obtained from the original work by Saha et al. [12].  

 

 

Figure 1 Comparison of the simulation results obtained in this work with the experimental data obtained from 

[12] 
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To ensure the precision of a mathematical model using MATLAB software, we evaluated the 

agreement between the simulation and experimental results. The simulation results exhibited 

an excellent fit to the experimental data as shown in Figure 1. According to the MATLAB 

simulations, the temperatures in the adsorption system were the same as in the experimental 

data. Only a minor deviation in the predicted adsorption bed temperature was observed at the 

end of the cycle time. 

To capture the full performance spectrum of the adsorption chiller, a straightforward reduced-

temperature method (Tred), can be utilised and represented as follows:  

     
            

          
          (1) 

Tred involves using two of the three variables as constant while varying the third variable 

within a specific range that depends on the cooling system operation. To capture the full 

performance spectrum of an adsorption chiller, the Tred study is performed for a range of 

cycle times. The results obtained are presented in a graph to show the relationship between 

the SCP and COP as shown in Figure 2.  

 

Figure 2 Tred based on inlet temperatures Tchilld =12°C with Tcond =25°C and Thot are variable 

The analysis started with the performance mapping of the adsorption chiller design in [13]. 

The study of Tred was carried out on the basis of the the effect of hot temperature range of 55 

° C to 80 °C; with a cooling temperature 25°C; chilled temperature 12°C; Tred range of 0.24 

to 0.43 and a cycle time study from 60s to 2000s, as shown in Figure 2.  

This study uses MOO to achieve the objectives of this study and generate new performance 

values for the two-bed adsorption chiller including cost, SCP, and COP. The optimisation 

used the decision variables within the specified range except for the weight of the adsorbent, 

which was kept constant at the level used in the original experimental data. Through 

iterations of optimization, a larger search space is explored and better solutions are 

discovered. This is because the adsorption chiller has a multitude of decision variables that 

possess a good range for each input parameter, allowing the algorithm to provide new 

solutions based on the best prior best answer and attempt to improve upon it with each 

iteration. The simulation generated an optimised design that has a lower specific cost per 

kilowatt of cooling capacity with better performance compared to the benchmark system 

[12]. 

The multi-objective optimisation strategy of the adsorption chiller has decision variables 

aimed at optimising various design and operational parameters, as presented in Table 1, such 
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as the heat transfer areas of the evaporator, condenser, and adsorption beds, as well as the 

inlet temperatures of chilled water, cooling, and hot water, and the cycle time. 

 

Table 1 The decision variables influence the optimisation of the adsorption chiller. 

Variable Unit Range 

         1- 10 

         1- 10 

        1- 10 

         60-800 

            8-20 

         25-35 

        55-90 

               0.5-2 

            0.5-2 

          0.5-2 

           0.5-2 

  

A flow chart of the optimisation algorithm for the adsorption chiller system, which was based 

on the work of Reddy and Kumar [14], is presented in Figure 3 .This method captures tlowest 

to highest performance of the adsorption chiller and allows the optimisation of the existing 

design in terms of operation and physical design parameters.  

 

Figure 3  Flow chart of multi-objective optimisation of the adsorption chiller process using the genetic 

algorithm based on the work of Reddy and Kumar [14]. 

585 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

Discussion and Results 

The principal objective of the optimisation process is to enhance the SCP by increasing the 

cooling capacity of the adsorption chiller and reducing the associated costs. As can be seen in 

Erro! Fonte de referência não encontrada. (a), it is evident that the application of 

optimisation techniques resulted in a 40% increase in SCP, particularly in the worst-case 

scenario of a chilled temperature of 8 ° C. The maximum SCP was observed at a chilled 

temperature of 15 °C, which is consistent with the temperature used in the experimental 

model. It is possible to achieve a substantial reduction in the capital cost of the adsorption 

cooling system by applying optimisation techniques. The data presented in Figure 4 (b) show 

a significant decrease in specific cost percentages for cold temperatures between 8 °C and 20 

° C, compared to the benchmarked price. This reduction suggests that optimisation can lead 

to a decrease in the cost per kilowatt of cooling capacity. The largest reduction in price per 

kW of cooling capacity occurs at 20 ° C due to the relatively lower stress on the evaporator 

resulting from the condenser temperature being around 27 ° C and the hot temperature being 

approximately 86 ° C. However, it should be noted that a price decrease is still effective even 

at lower chilled temperatures.  

 

(a) 

(b) 

Figure 4  Optimization for two-bed adsorption chiller system (a) SCP and (b) cost per kW 
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Conclusions 

In this study, a multiobjective optimization approach is employed to analyse the performance 

of a two-bed adsorption cooling system. The goal is to optimise the existing system design by 

improving the SCP and decreasing the associated specific costs per kilowatt of cooling 

capacity by increasing the cooling capacity. To achieve this objective, the optimisation 

process involves exploring a range of operational and physical design parameters. Following 

the establishment of a benchmark cost of 2100 $/kW, the optimisation process resulted in 

notable improvements in SCP, COP, and cooling capacity. Furthermore, optimization led to a 

significant reduction in the price of the system, which was reduced to 1100 $/kW. The next 

phase of this study will be to evaluate a range of operational and design parameters to 

optimise for a special case study specifically targeting the Middle East and Saudi Arabian 

chiller markets. 
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Abstract  

CO2-derived chemicals are expensive and only few will be able to meet the current market 

expectations, settled in decades of fossil fuel economy. Ethylene can be one of the few 

chemicals that can be produced from a 100% renewable route to the condition that specific 

targets are achieved. The SolDAC project endeavours in all scientific challenges preventing 

the demonstration of a sustainable route for renewable Ethylene. A process is proposed that 

captures CO2 from the air and convert it to Ethylene in an electrochemical unit. The process 

is powered by a highly efficient solar energy technology that collects the full spectrum of 

solar radiation.  

 

Keywords: Full Spectrum Solar Energy, Direct Air Capture, Photo-electrochemical 

conversion, carbon dioxide. 

Introduction 

Reducing carbon emissions also requires finding alternative pathways for producing organic 

chemical compounds derived from fossil fuels. Ethylene is an essential chemical intermediary 

for plastics, with an annual global production rate of 185 Mt [1]. Traditionally, its production is 

by steam cracking of crude oil in a high energy-demanding process, resulting in a global carbon 

footprint of 0.2 Gt [1] emitted annually. Renewable Ethylene can be obtained by electrochemical 

reduction of atmospheric CO2 using electricity from renewable sources that is a promising 

production route to close the carbon loop and mitigate CO2 emissions [2]. However, the 

technological viability of this process relies on the efficiency of the renewable source, on the 
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purification of extremely dilute CO2 and on affordable electrochemical catalysts that overcome 

critical factors such as poor activity, selectivity, and energy efficiency [3]. The Full Spectrum 

Solar Direct Air Capture and Conversion project (SolDAC) gathers eight research institutions 

and companies from four countries (UK: The University of Edinburgh and University of St 

Andrews; Spain: IREC, University of Lleida, LOMARTOV SL, Comet; Italy: CNR-ITAE; 

Belgium: EIM) and aims at demonstrating the sustainable production of renewable Ethylene 

from atmospheric CO2 and water through an innovative process. 

 

Overall process 

The process is organised into three sections: a Full Spectrum Solar collector (FSS), a Direct Air 

Capture unit (DAC), and a Photo-Electrochemical Conversion stack (PEC). The main energy 

and mass fluxes and the interrelations among units are depicted in Fig 1.  

 

Fig. 1 - The SolDAC process for conversion of atmospheric CO2 into Ethylene. 

 

Full Spectrum Solar Collector (FSS) 

A solar energy collection system able to capture the full spectrum of solar energy powers both 

DAC and PEC. The power from the FSS comes to the downstream processes in three forms: 

electrical, thermal, and optical. Ultraviolet light and infra-red are absorbed and transported in 

form of thermal energy. The visible spectrum wavelengths are collected and converted in 

electrical power and voltage saving. The overall process efficiency depends on the efficiency of 

the acceptance angle and the optical efficiency of the Fresnel Concentrator [4]. However, the 

efficiency needs to be evaluated from the receiver to the thermal and photo-voltaic (electric). 

Regarding the thermal efficiency, it is strongly dependent on the temperature of the carrier [5]. 

A higher thermal efficiency is observed in lower temperatures, due to the reduction of heat 

losses by convection to the ambient. The photo-voltaic (PV) efficiency is related to the photo-

carrier, like an optical fiber, and to the photo-voltaic cell, that converts light into electricity. The 

goal of FSS in terms of electrical efficiency is to convert the 22% of the incident power by 
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selecting the most efficient photons based on the PV spectral response. On the other hand, the 

foreseen thermal efficiency to be achieved by the hybrid receiver is expected to reach 38%, 

which means a target global efficiency of 60%. This figure goes beyond the state-of-the-art by 

increasing the efficiency of the reference system by 10% [4].    

 

Direct Air Capture Unit (DAC) 

A DAC unit consisting of a combination of capture and concentration adsorption beds [6] 

embedding different nanoporous materials is able to capture ultra-dilute CO2 (410 ppm) from 

ambient air and concentrate it before it is used in the PEC to produce ethylene. Usually, 

nanoporous materials with good CO2 affinity also present affinity for water. Due to that, a 

material with good CO2 capacity and step isotherm for water (H2O) is preferable in the process. 

To ensure a low water adsorption, a water harvesting step is considered to reduce relative 

humidity before the capture bed. A fraction of the water removed from air can be used in 

electrochemical conversion. The energy consumption in the DAC unit primarily comes from the 

temperature swings. Therefore, using low-temperature-heat (below the current state-of-the-art 80 

°C [7]) to regenerate the sorbent is preferable to make the process more economically attractive 

[8]. The project targets a regeneration at 60 °C, reducing the primary energy consumption to 

purify and compress CO2 from 8.51 MJ/kgCO2 (adapted from [9]) to 3 MJ/ kgCO2.  

 

Photo-Electrochemical Conversion stack (PEC) 

Previous studies have demonstrated that Cu is the only pure metal that can produce C2+ 

products with substantial selectivity [10]. For this reason, there have been several investigations 

on tuning the composition and morphology of Cu catalysts to optimise the conversion of CO2 

[11]. The PEC unit uses an energy flow (in the form of photons and/or electricity) in a copper-

based catalyst to convert CO2 to Ethylene. Cu-based catalysts (e.g. Ag, Bi, Sn) were prepared 

through optimised electrodeposition and wet-chemistry methods. The catalysts were deposited 

onto carbon paper (Gas Diffusion Layer) and were used as gas diffusion electrodes (GDEs). The 

use of GDEs has demonstrated the capacity to obtain high current densities (>200 mA cm-2) by 

supporting the catalyst on a microporous substrate at a gas-liquid interface [12]. For 

characterising the electrochemical performance of the catalysts, a flow electrolyser has been 

used to reduce the captured CO2 into the targeted renewable chemicals such as Ethylene with 

targeted faradaic efficiencies > 70%. Liquid products such as ethanol are also expected as by-

products, giving a combined C2+ efficiency > 85%.  Moreover, the PEC unit foresees the 

integration of photoelectrodes in the anode side, able to provide additional photovoltage under 

illumination, in order to decrease the overall energy requirement and to directly utilise photons 

from the FSS unit. 

 

Process Thermodynamics 

Likewise, many other renewable energy-powered chemicals from CO2, Ethylene can result 

unbearably expensive, with no real market acceptation. Furthermore, the life-cycle emissions for 

the construction of the sub-processes have to at least be compensated by the emissions avoided 

and by those stored underground (geological storage is one of the options present in in Fig. 1). 

The mass and energy balances of each one of the sub-processes and of the overall SolDAC 

process can help to identify if the SolDAC project has chances to be sustainable.  

Aiming to achieve a defined production rate of ethylene, the process mass balance starts from 

the PEC stack. A simplified mass balance was implemented based on the Faradaic efficiencies 
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for ethanol, ethylene and hydrogen, the electrode area and the current density used. An excess 

factor for the CO2 demand was introduced to ensure a reaction tending to ethylene and not the 

by-product (ethanol or hydrogen). The electrical energy required for reaction was calculated 

based on the specific energy to convert CO2 to ethylene and the overall process efficiency. 

For the DAC unit, a mass balance was used to relate CO2 purity, recovery, and flowrate at the 

end of the separation with the air composition and feed flowrate. Air composition was simplified 

in H2O, CO2 and N2. All other gases present in air were lumped in N2 concentration. An excess 

factor for CO2 was used in the Direct Air Capture, and the CO2 that surpasses the PEC demand 

was used for geological storage and consider in the economic analysis as carbon credits. The 

DAC unit is powered by electrical and thermal energy simultaneously. Electrical energy is used 

to power fans to move air through the system. The total electricity demand was calculated from 

the fan efficiency, pressure drop across the system, and the processed volumetric flowrate. 

Thermal energy is used to regenerate the beds and recover CO2 that was adsorbed. The heat 

power was obtained from the minimum work of separation and the efficiency of this process.  

The FSS area was calculated to supply the energetic requirements determined in the previous 

units. As discussed, the full spectrum solar is able to generate electrical, thermal, and 

photovoltaic power. The total electrical power needs to adequate the PEC and the DAC process 

requirements, while the thermal power complies with only the DAC unit. Solar energy (photons) 

is directly used in the anode side of the electrochemical stack with adapted photovoltaics to 

decrease cell potential and reduce electric energy demand. An energy balance for the FSS was 

developed to relate the energy generation with the Fresnel area. The calculations considered the 

conversion efficiency of light to electricity and to heat, the overall efficiency of the Fresnel, and 

the mean beam irradiance, to relate the energy generation with the Fresnel area. 

From the mass and energy balances described, a small plant with capacity to produce 1 

kg/day of ethylene needs to process 34 ton/day of air, capturing about 17kg/day of CO2. To 

power that pilot-plant, an area of 32 m² is required for the full spectrum solar. In this 

configuration, 9% of the CO2 that was captured is used for geological storage. 

In addition to the balances done, an economical and environmental check was performed to 

evaluate the feasibility of the proposal. Fig. 2 depicts the results from those studies. For the 

environmental analysis, the carbon footprint values of each unit were set at: 0.32 kg of CO2 

emitted per kg of CO2 removed for the DAC unit, 3.05 kg of CO2 emitted per m2 of the PEC 

unit, and 0.025 kg of CO2 emitted per kWhel generated in the FSS unit. These were based on 

the Life Cycle Assessments of similar technologies, published in other works [13, 14, 15]. 

For the economic analysis, chemical prices were assumed at their current market value. The 

costs of the technologies were estimated from published data to observe the price cost to 

accomplish a carbon-neutral process that is economically viable.  
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Fig. 2 – Results from the pilot plant to produce 1 kg/day of ethylene and 0.2 kg/day of by-product ethanol. 

If the objectives of the project are met, a total life cycle emission of 0.66 ton of CO2, sourced 

mainly by DAC emissions (99.4%). However, the CO2 removed from atmosphere by the 

process is counterbalanced in less than 6 months of operation. After 20 years of lifetime, the 

CO2 removed is more than 62 times greater than the amount emitted in a life cycle. 

The highest costs involved in the process are related with the full spectrum solar, representing 

79% of the plant total cost. For the current technology price [16], FSS costs surpass the total 

revenues, showing a necessity to reduce this price in half for a feasible process. This 

reduction can be achieved by buying down the technology specific cost or by reducing the 

area requirement of the FSS. In which, the area is a consequence of the individual process 

efficiencies and the energy conversion in the FSS. Therefore, by tuning the energy efficiency 

of the process, the calculations showed that the pilot-plant can be economically balanced 

while having a great carbon-negative potential.  

 

Conclusions 

The SolDAC project has an ambitious objective to prove a carbon neutral production of 

Ethylene by removing CO2 from air. The preliminary results obtained from the mass and energy 

balance shows the possibility to go beyond carbon neutrality and achieve a carbon-negative 

process, with 9 % of the CO2 captured being used for geological storage. Coupling a Direct Air 

Capture unit to the Photo-Electrical Chemical stack is a mandatory measure to produce ethylene 

from a non-fossil-fuel-derivative that is also zero-carbon emission. Finally, by using power 

obtained from an independent and renewable energy source, the project benefits from not adding 

pressure on the energy system while relying in a replicable setting of energy production (solar 

energy). Overall, the project shows promising results to be a pioneer in producing Ethylene with 

100% renewable route, that is energetically sufficient and modular carbon neutral, and it is 

replicable in a wide range of locations. The SolDAC project aims to reinvent the Ethylene 

industry by replacing the current carbon-positive routes. 
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Abstract 

Direct CO2 emissions from space heating and hot water production in buildings has been 

on a rising trend in recent decades. It is increasingly urgent to develop efficient and low-carbon 

heating technologies that can reduce energy consumption and shift the load to off-peak times. 

This work concerns thermochemical heat storage (TCHS), which has the potential to offer 

flexibility to bridge the energy supply and demand mismatches, and help with load shifting. 

One of the technical barriers for the use of TCHS is the variation of the outlet conditions for 

discharge process, which limits the implementation and competitiveness of the technology. 

Here we propose a new method to overcome the barrier. By using packed-bed based 

thermochemical reactors packed with silica gel, as an example, we use a Computational Fluid 

Dynamic (CFD) tool to understand the effectiveness of controlling and optimising the outlet 

conditions of the TCHS reactor. We demonstrated that, by optimizing the packed bed, a stable 

outlet temperature could be achieved. Furthermore, the whole TCHS performance could be 

enhanced, doubling the discharging power and prolonged discharge time by 4 times while 

keeping the same outlet temperature. 

Keywords: Thermochemical heat storage, Silica-gel, Decarbonization, Optimization. 

Introduction 

Heating and cooling for residential, commercial, and industrial purposes accounts for a 

significant share of total final energy demand [1]. In the European Union, these systems are 

responsible for about half of the energy consumed by buildings and industries. In 2021, fossil 

fuels accounted for over 60% of the energy used for heating buildings, resulting in a new high 

of 2500 Mt of direct CO2 emissions [2]. Hence, it is urgent to develop more efficient and low-

carbon heating technologies that can reduce energy consumption and shift the load to off-peak 

times [3]. Many innovative approaches, such as solar thermal heat and heat pumps have been 

proposed for the provision of options for the load shifting and efficiency improvement of 

heating systems. However, many of these technologies are unable to overcome the scale of the 

unbalanced demand with supply.  

Thermal Energy Storage (TES) provides a solution to address such a mismatch, which is 

particularly effective for balancing between energy demand and supply in heating and cooling 

systems. There are three main categories of TES technologies: sensible, latent and 

thermochemical. This work is concenred with thermochemical energy storage (TCES), which 

has the advantages of 5~10 times higher storage capacity [4] and negligibe heat loss during 

storage period. Such a technology, however, has several technical barriers such as varying 

outlet conditions, limiting the effectiveness of the technology and system efficiency. Research 
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efforts are therefore needed to develop new approaches for obtaining a more stable thermal 

output and a higher efficiency.  

Several lab-scale testing rigs and prototypes have been reported in the literature [5–7], but 

the system efficiency and thermal power were very low. For example, a lab-scale 

thermochemical heat storage with about 1 kg strontium bromide hexahydrate (SrBr2·6H2O) 

was established through an European project “thermal battery”. The system achieved a thermal 

capacity of 65 kWh with an efficiency of 0.77 [8]. However, the thermal output power was 

unstable. Jaehnig et al. [9] tested a closed system containing ~200 kg of silica gel as part of the 

Modestore project. Their experimental results showed that the system could provide a 

maximum output heating power of 400 W and achieve a temperature lift of only 5℃ during 

discharge process. The AEE-Institute for Sustainable Technologies in Austria developed a 

closed and integrated sorption heat storage system for a single-family house [10]. Their 

experimental results showed that the storage density was much smaller than both theoretical 

one and that measured one under the laboratory conditions. Zongdag et al. [11] built an open 

system based laboratory prototype containing 17 dm3 of Magnesium chloride (MgCl2·6H2O) 

for space heating. The system generated a maximum thermal power of 150 W with only 50 W 

transferred to the load. The low heat transfer might be due to large heat losses of the system. 

An open sorption system designed by Zettl et al. [12] consisted of a rotating drum reactor filled 

with 50-53 kg zeolites. The system showed an energy density of 0.55-0.53 GJ/m3 only when 

the desorption temperature was higher than 230℃ with very low initial water content in the 

material. 

Two major observations can be drawn from the above on thermochemical heat storage 

systems: first, the present thermochemical energy storage systems have shown low efficiencies 

compared to the theoretical one; second, very few studies were found on obtaining a stable 

thermal output. Here we report our work on controlling and optimising the outlet conditions of 

a TCHS reactor. A CFD modelling was conducted using COMSOL Multiphysics v6.0 

environment. The system was optimized , and we show that a stable outlet temperature could 

be achieved. Also, we showed that, the whole TCHS performance could be enhanced, e.g. 

enhanced discharging power and prolonged discharge time while maintaining the same outlet 

temperature. 

System description 

Figure 1 and Table 1 depicts the system diagram and provides process details for 

controlling operation parameter of a single reactor and using two reactors. The first objective 

of this paer, controlling the operation parameters of a reactor packed with 0.8 kg silica gel. The 

system was running in two modes: (a) charging mode, where the inlet air was heated up to 130℃ 

and passed through the reactor to dehydrate the materials; (b) discharging mode, where the air 

flows through a humidifier and carries moisture to the reactor for hydration; heat released 

during this process which can be used for heating applications. Thermochemical materials, 

such as silica gel, exhibit a peculiar behaviour during discharge process. Initially, the outflow 

temperature increases sharply before eventually decreasing. However, a more stable output 

temperature is desirable for practical applications. In the proposed system, if the temperature 

drops below the desired setting (in our case, 40℃), the inlet relative humidity (RH) is increased 

or decreasing the flowrate (V) to maintain the outflow temperature.  
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To investigate the effects of different control strategies on the output temperatures during 

discharge, we simultaneously studied the following five approaches: 

a) Constant_RH_V: Constant inlet relative humidity of 80% and flowrate of 33 LPM. 

b) Control_RH: The inlet flow rate held constant at 3 m3/h while inlet relative humidity varies 

from 20% to 80%.  

c) Control_V: Constant relative humidity at 80%, while flow rate varies from 25 LPM to 87 

LPM. 

d) Control_RH_V: Firstly, the inlet flow rate held constant at 50 LPM while inlet relative 

humidity varies from 20% to 80% for a certain time , then, gradually reducing the flowrate 

(minimum flowrate of 25 LPM ). 

e) Control_V_RH: Firstly, keeping the relative humidity constant at 80%, while inlet flow 

rate varies from 25 LPM  to 87 LPM for a certain time, then, gradually increacing the 

relative humidity (to a maximum value of 95%). 

The second objective of this paper is using two reactors for optimization, the reactors can 

be charged or discharged in series or parallel, which controls the flowrate through the reactors. 

In the proposed cases, during discharge, reactor 1 can be operated first. When the outflow 

temperature drops below 40℃, the exit air can be introduced to the reactor 2 to continue the 

discharging process. Using this control strategy, the mass ratio in both reactors can be 

optimized to achieve a maximum adsorption heat. In this case study, the total mass of materials 

in 2 reactors was 1.6 kg. The diameters of both reactors were the same while the mass ratio 

was varied from the heights.  
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Figure 1 System diagram and operation modes by cotrolling inlet parameters and using two reactors. 

Table 1 The operation modes for controlling inlet parameters and using two reactors. 

 

Energy conversion and sorption equilibrium 

This section presents the energy balance of the system and sorption equilibrium of silica 

gel. The adsorption heat Qads for discharging is calculated by 

 𝑄
ads

= ∫ (
𝑡

0

�̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 − �̇�𝑖𝑛ℎ𝑜𝑢𝑡)𝑑𝑡 (1) 

The adsorption rate of packed bed is given by the linear driving force (LDF), expressed 

as a function of time [13,14] 
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𝑑𝑤

𝑑𝑡
= 𝐾(𝑤𝑒 − 𝑤) (2) 

where w is the vapor amount absorbed by the absorbents and we is the vapor amount absorbed 

under equilibrium conditions. K is the overall mass transfer coefficient that is calculated by  

 𝐾 =
15𝐷

so
𝑒𝑥𝑝( −

𝐸𝑎
𝑅𝑇

)

𝑟𝑝
2

 (3) 

where rp is particle radius, Dso is the pre-exponential constant, Ea is the activation energy and 

R refers to the universal gas constant [14].  

The equilibrium water concentration 𝑤𝑒 is calculated using Temperature-Dependent Toth 

isotherm [14]. The fitted Toth parameters are given in Table 2.  

 𝑤𝑒 =
𝑎𝑃𝑤

[1 + (𝑏𝑃𝑤)
𝑛]1/𝑛

 (4a) 

 𝑎 = 𝑎0 𝑒𝑥𝑝(𝐸/𝑇) (4b) 

 𝑏 = 𝑏0 𝑒𝑥𝑝( 𝐸/𝑇) (4c) 

 𝑛 = 𝑛0 + 𝑐/𝑇 (4d) 

Pw means the partial pressure of water vapor in the airflow. 

The required input parameters to solve the above equations in Comsol model are given in 

Table 3. The model geometry has a cylindrical shape with inlet and outlet ports as shown in 

the left side of Figure 2. The reactor is fully insulated and three thermocouples have fitted in 

the centre of the reactor at different locations to monitor the temperature. 

 
Figure 2 Single reactor geometry of COMSOL modeling. 

Table 2 Temperature-dependent Toth isotherm parameters for water vapor on silica gel [14,15]. 

Parameter  Value  

a0 (mol/kg Pa) 0.1767 

b0 (1/Pa) 2.78E-8 

n0  -0.00119 

c (K) 22.13 

E (K) 1093 

Table 3 Input parameters for the numerical model [13,14,16]. 

Parameters Value  

Average particle radius (rp) 1.5 mm 

Bed height (L) 200 mm 

Bed diameter 86 mm 

Activation energy (Ea) 4.2E4 J/mol 

Gas constant (R) 8.314 J/mol/K 

Pre-exponential term (Dso) 2.54E-4 m2/s 
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Discussion and Results 

Figure 3 depicts a temperature contour during discharging in CFD modelling and reactor 

temperature profiles. The moist air at room temperature flows from the bottom to the top of 

reactor, heat released during adsorption process and then carried out by air flow for the 

application. The materials hydrated layer by layer, and the temperature first increases then 

decreases with absorbing more moisture.   

 
Figure 3 Temperature contours at (a) 0.15 hours, (b) 0.3 hours and (c) 3 hours of discharge; (d) temperature profiles of 

reactor at discharge process. 

Figure 4 shows the reactor outlet temperature and thermal power during discharging 

under various control strategies. By controlling the inlet relative humidity and flowrate, the 

system shows more stable output temperatures and higher than 40℃ for longer time though 

the thermal power reduce. For instance, with a constant relative humidity and flowrate (case a), 

the outflow temperature drops sharply lower than 40℃ after 1.75 hours that can not reach the 

target temperature for applications. However, by adopting control strategies (b) and (c), the 

output temperature remains stable at 40℃ for about 4 hours. Moreover, by applying control 

strategies (d) and (e), the output temperature remains stable at 40℃ for more than 6~7.6 hours. 

The discharge period extends more than 4 times compared to the constant inlet conditions, 

regardless themal power is low during extended period. Thus, the total adsorption heat at 

acceptable temperature, as shown in Figure 5, is increased of 88% to 174% with controlling 

of inlet relative humidity and flowrate leading to increase the total system effeciency. 
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Figure 4 (A) Reactor outlet temperatures and (B) thermal power of discharging under various controlling strategies. 

(a) c
onsta

nt R
H_V

(b) c
ontro

l R
H

(c) c
ontrl 

V

(d) c
ontro

l R
H_V

(e) c
ontro

l V
_RH

0

80

160

240

320

400

A
d
so

rp
ti

o
n
 h

ea
t 

(k
J)

 Adsorption heat

0

40

80

120

160

200

 Increment

In
cr

em
en

t 
(%

)

 
Figure 5 Usable adsorption heat under various control strategies. 
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By using two reactors, Figure 6 illustrates the temperature profiles of the reactor outlet and 

usable adsorption heat under various mass ratios during discharging. Using double reactors with 

any mass ratio extends the discharge period within the required temperature compared to a single 

long reactor scenario. For example, while the discharge period with a single reactor is 

approximately 5.4 hours, it is extended by 22% when using double reactors with mass ratios of 

(R1:R2) 70%:30%. Because the inlet temperature of reactor 2 is higher than ambient temperature 

which can activcate the adsorption process of silica gel. Therefore, the adsorption heat of double 

reactors with any mass ratio is higher than that of a single reactor. Moreover, it foud that the 

optimum mass ratio of the double reactors system is 40%:60%, that increases the adsorption heat 

by approximately 14%. This is because of using double reactors can reduce the pressure drop and 

improves the heat and mass transfer in the system. 
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Figure 6 (A) Reactor outflow temperature profiles and (B) usable adsorption heat for various mass ratios durging 

discharging. 

Summary/Conclusions  

This study focuses on thermochemical heat storage (TCHS) for heating applications. One 

of the technical barriers for TCHS is the variability of outlet conditions during the discharge 

process. To overcome this, we proposed a new method of controlling the inlet parameters so 

that we can control the reaction process, subsequently controlling the outlet conditions. The 

results show that by optimizing the inlet relative humidity and flowrate, rather than using 

constant conditions, the discharge period within the desired temperature can be extended by up 

to four times with a 174% increase in the usable adsorption heat. Additionally, optimizing the 

mass ratios of double short reactors, rather than using a single long reactor, can also extend the 

discharge period and increase the released heat. Compared to a single reactor, using double 

reactors results in 14% more heat released during discharging with optimum mass ratio of 

40%:60%. 
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Summary 

This paper investigates the dynamic behavior of a BlueGen BG15 solid-oxide fuel cell (SOFC) using 

natural gas or mixtures of natural gas and hydrogen as fuel. The measurements shows good 

repeatability of full-load and part-load operation. Rapid ramp up/down from minimum to maximum 

load (and vice versa), show this can be achieved within 30 minutes without considerable impact on 

its performance. These results make SOFC an interesting option as a combined heat and power unit 

for industrial processes. 

 

Introduction 

Currently the majority – approximately 80% - of energy used in industry is in the form of heat. This 

heat is often generated from natural gas. With increasing amounts of renewable electricity from 

wind and solar, a shift can be expected towards electrification of processes in periods of low 

electricity prices. However, as most industrial processes are designed to operate 24/7, a solution 

must be found during periods of low energy supply from renewables. Solid-oxide fuel cells (SOFC) 

can form an attractive solution as it can efficiently generate electricity whilst the excess heat can 

generate steam to drive industrial processes. This, however, requires dynamic use of the SOFC. In 

this paper a commercially available SOFC unit is tested under dynamic conditions where its response 

time to go from minimum to maximum load and its performance during this transition is determined 

together with its steady-state performance over a range of intermediate conditions. The current 

data is based on natural gas as fuel as well as hydrogen-natural gas mixtures with up to 40% 

hydrogen (v/v). Measurements using mixtures with higher hydrogen fractions and pure hydrogen 

will be done in the near future. 

 

Experimental setup 

A BlueGen BG15 is used as SOFC unit. This unit consists of a fuel cell with a maximum power output 

of 1500W electricity, a heat exchanger to provide hot water and a steam reformer to allow 

operation with natural gas. Various parameters including electric power output, fuel and steam use 

are monitored and made accessible through a Grafana web application. A Julabo thermostatic bath 

is connected to the BlueGen unit to measure the amount of heat extracted at 20°C. Using a mass 

flow controller the amount of hydrogen can be controlled as a fraction of natural gas used. The 

setup is schematically shown in Fig 1. 

The experiments consisted of steady-state measurements where the power output of the unit was 

changed in 250W steps between 1500 and 500W over a period of nine hours followed by 15 hours of 

steady operation at set power level. For the dynamic measurements, the power output setting was 

changed between minimum and maximum setting over a 15-minute interval, which the unit follows 
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as quickly as possible. This change was followed by a near 24 hour period of steady-state operation – 

resulting in one setting measured each day. 

 

Figure 1: Experimental setup containing BlueGen BG15 unit where a mass flow controller (MFC) controls 

fraction of hydrogen added to natural gas to create desired mixture(s). 

Results 

Fig. 2 shows the two measurements of thermal and electric power output and the fractions energy 

(electricity, heat and lost/unaccounted) as a function of time for the increase from 500W part-load 

operation to 1500W full load operation in 250W steps. It can be observed that the differences 

between the two sets of measurements are minor with only some variations in thermal efficiency 

and energy lost/unaccounted at the beginning of each measurement. The overall efficiency of the 

system is up to 90%. The increase in energy lost/unaccounted at the 1500W setpoint is due to 

insufficient cooling power of the Julabo thermostatic bath resulting in higher water temperatures. 

 

Figure 2. Electrical and thermal output and efficiencies of BG15 
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Fig. 3 shows the repeated change between 500W and 1500W load. The three colors (red, green and 

blue) show three separate measurements with otherwise identical conditions. The measurements 

show good reproducibility. The fraction lost drops to nearly zero during the change from maximum 

to minimum load. This is due to residual heat taken away whilst the unit is already operating at 

lower power settings. Similar to Fig. 2, the electrical efficiency is reduced on minimum loading 

operation. 

 

 

Figure 3. Repeated change from minimum to maximum load 

Fig. 4 shows the relation between the thermal and electric power for all measurements conducted 

with gas mixtures varying from 100% natural gas to 60% natural gas with 40% hydrogen (v/v). The 

conditions at 1500W have been omitted due to the cooling limits of the thermostatic bath. The 

results show with increasing amount of hydrogen, increasing amounts of heat are extracted. This is 

possibly related to a reduced need for heat to reform the natural gas. The thermal output is less 

strongly correlated to the electric power for the lower range (electric power <1000W) compared to 

higher electric outputs. 
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Figure 4. Thermal power as function of electric power 

Fig. 5 shows the dynamic behavior of the BG15 (100% natural gas) when rapidly changing the power 

setting from 1500W to 500W and back. From this figure it can be observed that power output 

change takes about 30 minutes to increase from 500W to 1500W and about 15 minutes to decrease 

from 1500W to 500W. The electrical efficiency shows no extreme variations and stays between 50 

and 60%. The thermal efficiency calculation suffers again from the lack of cooling power as part of 

the heat extracted is due to cooling of the bath rather than additional heat from the exhaust air. 

 

Figure 5. Dynamic behavior of BG15: power output and efficiencies as a function of time. 

 

Discussion and conclusions 

The results so far show good repeatability of performance using 100% natural gas. Increasing the 

fraction hydrogen from 0% to 10%, 20% and 40%, results in an increase in the available heat. This is 

possibly due to the reduced heat demand for the conversion of natural gas to hydrogen. 
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The unit is also capable of changing from minimum to maximum load (500W to 1500W electrical 

output) within half an hour, allowing sufficient flexibility to follow changes in sustainable electricity 

production from wind and solar and thereby able to take advantage of the variation in electricity 

prices. The decrease in electric efficiency at minimum load is acceptable as this setting will be used 

for periods of low electricity prices. 

The feasibility of the BG15 to operate with different gas mixtures, achieve high efficiency (>50%) and 

to quickly change power setting (approximately half an hour), makes SOFC a future proof option for 

application as Combined Heat and Power unit for industrial applications that require 24/7 operation. 

Using SOFC technology, the electrical output can be adjusted in accordance to electricity demand 

and supply, both on-site as well as on the electricity market. When operating using 100% hydrogen 

or by using CO2 capture, the carbon footprint of the industrial process can be minimized without 

being dependent on fluctuating electricity supply from renewable sources. 

For determining the business case, a more detailed cost analysis is required. Not only CAPEX and 

OPEX calculations and optimization, including dynamic electricity prices, is required to determine the 

economic feasibility. This analysis should also include a comparison with other technologies capable 

of shifting electricity supply and/or demand such as large (battery) energy storage to determine 

whether SOFC is an attractive technology for a sustainable industry. 
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Abstract  

This study proposes an experimental protocol to identify the suitability of packed adsorbers 

in temperature swing adsorption processes. A set of experimental steps allow the 

identification of the dynamics of the heat exchanger (HEX) with and without an adsorption 

material and the consequent calculation of typical adsorber parameters that can be used to 

rank the quality of an adsorber design before its testing within the temperature swing 

adsorption process. The experiments are based on the theory of identification of dynamic 

systems and involve the utilisation of step changes in the inlet temperature. The resulting 

time constants for the HEX with and without adsorption material reveal the influence of the 

thermal mass of the heat exchanger on the whole adsorber dynamics and the influence that 

the addition of the adsorbent has on it. 

Keywords: Adsorption, Sorption, Temperature swing adsorption, System dynamics. 
 

Nomenclature 

af The angle of fin [°] 

BH Core height [m] 

Bt Core thickness [m] 

Bw Core width [m] 

Fh Fins height [m] 

Fl fin length [m] 

Fp Fin pitch [m] 

Ft Fins thickness [m] 

Fw Fin width [m] 

Nct Number of coolant tubes in one row 

Nf number of fins per meter  

Np Number of profiles 

Nr Number of rows of  tubes in core depth dimension [-] 

Rf Fin end radius [m] 

Rt Coolant tube end radius [m] 

Ycl Coolant tube cross-section length [m] 

Ycw Coolant tube cross-section width [m] 

Yl Coolant tube length [m] 

Yp Coolant tube pitch [m] 

Yt Coolant tube thickness 

ηa  Fins efficiency - air side 
 

Introduction 

Prior research examining the impact of grain size on the overall efficacy of adsorption 

chillers has focused mainly on improving specific cooling power while overlooking the 

influence of the adsorber design [1]. An investigation of the thermodynamic properties of 
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adsorption heat exchangers used experimental measurements of thermal masses as design 

metrics, omitting to isolate the contribution of the adsorption material from the contribution 

of the heat exchanger in the overall thermal responsiveness of the adsorber [2]. This study 

offers the advantage of conducting a step-by-step replicable analysis of any variety or dimension 

of heat exchanger with a control volume, thereby expanding the range of potential applications. 

The present investigation puts forward an approach for assessing the dynamics of the adsorber, 

both in the absence of an adsorption material, with an adsorption material present but no 

adsorption taking place. The analysis uses an overall temperature of the adsorber, facilitating the 

description of the adsorber as a linear dynamic system when no adsorption takes place and the 

understanding of the non-linear effects when adsorption is present. Following the methodology 

will help classify adsorber designs, driving towards the most efficient, reducing the time and 

financial resources for the design and testing without the need to move to the test of the 

complete heat transformer. Here we show the application of the protocol to two packed bed 

adsorbers of different sizes to highlight how the results can change across the scales. 
 

Methodology and system description 
 

Calculation of relevant heat transfer areas 
 

To achieve standardisation of heat transfer area calculations, we propose an analytical 

approach that has been extensively detailed in [3]. Using this approach, we have compiled a 

table summarising the relevant heat transfer areas (refer to Table 1) for the small heat 

exchanger illustrated in Figure 1.b. Note that this methodology can be replicated for any sized 

heat exchanger. Additionally, this study covers the heat transfer area of both headers and 

tubes. These areas play a pivotal role in the overall performance of the heat exchanger, as 

they are in direct contact with heat transfer fluid (HTF). Therefore, this section of the 

protocol is of utmost importance, as any inaccuracies in heat transfer area calculations can 

significantly affect the heat transfer coefficient. To initiate the calculations, we begin with the 

fin length. Further details on the geometrical aspects of the heat exchanger can be found in 

reference [3]. 
 

Fin length, F1 

Fl=πRf+(Fh-2Rf)/cosαf        (1) 

Radiator core frontal area, Afr, r 

Afr,r=BHBW          (2) 

Coolant tube frontal area, Afr, t 

Afr, t=YCW Yl NCT         (3) 

Fin frontal heat transfer area, Afr, f 

Afr, f=Ft Fl Nf Yl Np         (4) 

Fin heat transfer area, Af 

Af= 2BT Fl Nf Yl Np         (5) 

Total heat transfer area on the air side, Aa 

Aa=Af + 2Nct Y1 Nr [(Ycl-2Rt) + (2πRt)]      (6) 
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Total heat transfer area on the coolant side, Ac 

Ac=[2π(Rt - Yt)+2(Ycl - 2Rt )] Y1 Nct Nr      (7) 

Total air pass area, Ap,a 

Ap,a= Afr,r − Afr,f − Afr,t        (8) 

Total coolant pass area, Ap,c 

Ap,c=[ π (Rt − Yt)
2
+(Ycw − 2Yt) (Ycl − 2Rt)]NctNr     (9) 

Table 1: Summary of the relevant heat transfer areas. 

 

Component Symbol Value in m2 

1 Fin Length  Fl 0.0090 

2 Radiator core frontal area A,fr,r 0.0028 

3 Coolant tube frontal area A,fr,t 0.0004 

4 Fin frontal heat transfer area A,fr,f 0.0001 

5 Fin heat transfer area Af 0.0427 

6 Total heat transfer area on the air side Aa 0.0545 

7 Total heat transfer area on the coolant side Ac 0.0097 

8 Total air pass area Ap,a 0.0023 

9 Total coolant pass area Ap,c 0.0001 

10 Total heat transfer area, including the headers and tubes Atotal 0.093 

 

Description of the evaluated system 
 

Initially, the weight of the heat exchangers (HEX) was recorded. This should be executed using 

both an empty HEX and one that has been filled with an adsorption material and water. The size 

of the HEX surface area is crucial in determining heat loss and thus should be calculated through 

the use of dimensional analysis of its constituent parts and with the assistance of 3D computer-

aided design. The naked HEX (HEX without adsorption material) should be carefully installed 

within its clean vessel and cleaned using an alcohol solution. The same procedure should then be 

repeated with the HEX filled with the adsorption material. During each experiment, it is 

imperative to regulate and record the water flow rate. The connected thermal sensors will 

continuously monitor the inlet (Tin) and outlet (Tout) temperature change, and these data is then 

stored on a computer for subsequent analysis. 

(a)  (b)  (c)  

Figure 1: (a) Type of Aluminium heat exchangers tested in this study. The first on the right is the adsorber filled with 

Silca-Gel Siogel. (b): The small-scale heat exchanger (Hex1) has a heat transfer surface area of each heat exchanger 

of 0.093 m2 (47.10±0.01 g), and the (c) larger-scale heat exchanger (Hex2) has a heat transfer area of 0.494 m2 

(225.76 ±0.01 g). 

 
Table 2: Experimental settings 

Equipment Data Value/Unit Error   ref 

Rotameters (Nixon, UK) Water flow rate 0.4 L/minutes 2% Experimental 

T-type thermocouples (Omega UK) Cooling tempreture  25 /°C 0.25 °C Experimental 

Heating temperatures  40-50-60 /°C 0.25 °C Experimental 

Vacuum sensor (WIKA, UK) Pressure level - / kPa 0.01 kPa Experimental 

HTF channels  

Fins 

Inlet / Outlet tubes 
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Balance (Adams, UK) masses  -./ grams 0.01 grams Experimental 

 

Before starting any experimental study involving a Heat Exchanger (HEX), it is crucial to 

undertake a comprehensive cold (25°C) and hot (60°C)purging under a vacuum. 

 

 
Figure 2: System description. Evaluated heat exchanger enclosed by an evacuated vessel 

 

These purges involve the circulation of a Heat Transfer Fluid (HTF) throughout the HEX, 

with concurrent vacuum application to ensure the successful elimination of any trapped 

gases. Furthermore, the HEX is subjected to an evacuation process until no observable 

pressure increase is detected while also taking into account the initial outgassing before 

initiating performance testing. The first temperature swings have to be exclusive on the metal 

heat exchanger without adsorption material to distinguish the heating contributions. The 

water inlet temperature (Tinads) and the water outlet temperature (Toutads) are the values 

recorded by the data acquisition system (DAQ), as depicted in Figure 2.  
 

Static and dynamic heat transfer quantities of a naked heat exchanger and packed bed 
 

Steady-state tests can provide an initial set of quantities (static quantities) related to the heat 

transfer and heat capacity of the overall adsorber. The energy balance at a steady state is: 

                              
                      

   
        

         
 

   (10 

From this, we obtain the following. 

                     

       
                  (11) 

With the number of transfer units (NTUAmb) of the heat exchanger with the 

surroundings:       
       

            
 

The equation above can be rewritten as: 
         

        
                 (12) 

where NTU is defined as the number of transfer units. NTUAmb allows one to assess the 

quality of the insulation with the surroundings. Its value is usually small for systems 

operating under a vacuum.  

To determine the parameters that affect the dynamic behaviour of the heat exchanger 

(dynamic quantities) and, consequently, the net heat to the naked heat exchanger, the 

following linear differential equation can be used. 

      
   

     

  
                                            (13) 

Pressure Sensors  
To DAC system 

To isolation valve  
and vacuum  

 Vacuum vessel  

Tin 

Tout 

Header 

Channel 

Fins 
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where the term (m cp)HEX is the heat capacity of the overall heat exchanger, including all its 

parts, such as water and any other subcomponent that might be heated due to contact with 

heated parts. By dividing the term             , Eq. (12) can also be written as follows: 
 

    
         

  
                                 (14) 

Where the variable THEX [K] is a time-dependent overall temperature of the heat exchanger, 

(Tin - Tout )exp [K] is the time-dependent difference between the inlet and outlet temperature of 

the heat transfer fluid measured experimentally,  HEX is the ratio between the actual heat 

capacity of the heat exchanger (mcp)HEX and the heat capacity rate (ṁcp)htf of the heat transfer 

fluid and can be represented as follows: 
 

     
      

   

            
         (15) 

 

Similarly, for the packed bed: 
 

         
      

       

          
        (16) 

where the variable Tdry-ads [K] is the time-dependent overall temperature of the adsorber 

without adsorption (dry condition) and (Tin - Tout )exp [K] is as in the previous experiment, the 

measured values of inlet and outlet temperature of the heat transfer fluid (water),  dry-ads is the 

ratio between the actual heat capacity of the dry adsorber (mcp)dry-ads and the heat capacity 

rate (ṁcp)htf of the heat transfer fluid (water). Both      and          are experimental 

parameters determined through regression of the results from temperature step experiments 

encompassing both transient and steady-state, with the values reported in Figure 3. Figure 3 

presents a summary of the experimental results of temperature swings that were performed on 

two distinct sizes of the same type of heat exchanger (as shown in Figure 1). The smaller heat 

exchanger has a volume of 17.83 cm
3
, while the larger heat exchanger has a volume of 83.3 

cm
3
. These graphs show the correlation between the definite integral [Tin - Tout] over a 

specific time period [t0-tend] versus inlet temperature changes [ΔT [14.33°C - 33.10 ° C]]. To 

extract      and         , the data were plotted using three distinct coordinates. 
 

     
  

          
 

  

          
 

  

          
      (17) 

 

Similarly, 
 

         
  

          
 

  

          
 

  

          
      (18) 

 

 

Figure 3:(a): small-scale heat exchanger (Hex1). (b): Larger-scale heat exchanger (Hex2). 
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Residence time and optimal flow rate 
 

The residence time functions as a metric to quantify the duration for which a fluid is detained 

within a heat exchanger and can be represented as follows.  
 

     
                            

                   
       (19) 

 

Table 3 documents all time constants, including the dimensional time constant    which 

represents the ratio between the experimental time constant and the residence time of the heat 

transfer fluid in the heat exchanger. 
 

                       (20) 
 

        =                     (21) 
 

Table 3: Summary of the time constants of the two different HEX sizes used in this study. 
 

Contributor Hex 1 Hex 2 

Volume [cm3]
 

17.38 
 

83.3 
 

     [s] 4.78 27.80 

        [s]
 7.93 48.90 

     [s]
 3.93 14.14 

         1.22 1.97 

         [   2.02 3.46 
 

The experimental time constant (             ) is a reflection of the performance of the real 

system and its response to the applied flow rate (ṁ) with a specific temperature 

difference(ΔT). The residence time represents the expected duration for the amount of water 

to circulate the heat exchanger based on its water volume inside. Establishing the ratio 

between the time constants is a useful tool that can be used to enhance the overall time 

response of a heat exchanger. 

 

                                                   (22) 
 

Table 4 presents an overview of the optimal flow rates to enhance residence time in both the 

naked heat exchanger and the packed bed containing the adsorption material. From the 

experimental data, the overall heat transfer coefficient for the small-scale heat exchanger is 

2.26 W m
2
 K

-1,
 and the larger-scale exchanger has a U value of 1.21 W m

2
 K

-1
, which 

confirms that at least 82% extra mass flow rate is required for the larger heat exchanger as 

depicted in Table 3 and Table 4. The ratio of the experimental time constant and the 

theoretical residence time serve as a valuable metric to improve the heat transmission of the 

empty heat and the filled heat exchanger with adsorption material. This can help engineers 

size and operate properly in the early stages of commissioning the adsorption chiller. 

Table 4: Optimal flow rate investigation 

 Empty Hex [L/m] Hex filled with Siogel [L/m] 

Hex1-17.38[cm
3
] 0.40 0.40 

Hex1-optimum flow rate 0.49 0.80 

Improvement required  18% 78% 

Hex2-83.3[cm
3
] 0.40 0.40 

Hex2- optimum flow rate 0.79 1.39 

Improvement required 82% 197% 
 

Optimisation of a naked heat exchanger using CFD 

The present study utilised Computational Fluid Dynamics (CFD) as a tool integrated into the 

Solidworks 3D CAD environment developed by Dassault Systemes, United States. Initially, a 
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small-scale heat exchanger with a volume of 17.38 cm
3
 was measured using a vernier 

calliper, and a two-dimensional sketch was subsequently drawn in Solidworks. The final 

product was then constructed using three-dimensional features in Solidworks, as depicted in 

Figure 4. To begin the CFD studies on the heat exchanger, the flow simulation tool was 

activated. The analysis type selected was internal, which means that only the heat exchange 

within the heat exchanger was considered, and the outer wall condition was set to adiabatic, 

replicating the dry characterisation test experimental conditions. Furthermore, the selected 

liquid type was water, with an initial ambient temperature of 25 ° C. The initial metal 

temperature was also set at 25°C, and three different metal materials, namely aluminium, 

copper, and stainless steel, were examined. 
 

.  

Figure 4:Tempreture gradient distribution of one of the solved cases by CFD. ΔT=15 °C, 0.4 L/m. 
 

The temperature gradient of one of the cases solved in Figure 4 shows the effect of the hot 

water flow within the heat exchanger passing through its tubes, headers and channels to the 

outer skin of the heat exchanger. The tests were carried out on the basis of specific settings of 

mass flow rates with a specific temperature difference (Tin-Tout), similar to the experimental 

approach explained in an earlier section. Each heat response experiment from CFD was based 

on a temperature difference of 15°C; 25°C; and 35°C, as shown in Figure 5.a. The sensitivity 

or validation of the mesh results of the CFD was achieved on the basis of a close agreement 

on the time constant acquired experimentally and from the CFD study, as described in Figure 

5.b. 
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Figure 5: Validation of CFD results  
 

The results presented in Table 4 indicate that the optimal theoretical flow rate of the small-

scale heat exchanger with a volume of 17.38 cm
3
 is 0.49 litres per minute. This finding is 

consistent with data obtained through computational fluid dynamics (CFD), which show a 

high degree of agreement with a flow rate of 0.5 litres per minute. Moreover, Figure 6 reveals 
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that the overall heat transfer coefficient (U value) reaches a plateau at this flow rate, with an 

average value of 2 W m
2
 K

-1
. The aforementioned U-value characterises the internal 

resistances of the heat exchanger up to the external wall in a vacuum environment devoid of 

air or water vapour on the outer side. Consequently, these results have enabled us to 

investigate the effects of employing alternative materials, such as copper and stainless steel, 

for the empty heat exchanger. While both materials are commonly employed, there is little or 

no information on the static characterisation of adsorption cooling applications under vacuum 

conditions in the absence of water. 

 

Figure 6:Time constants of the naked heat exchanger using different popular materials 
 

According to the CFD data, it was observed that copper exhibited the shortest time constant 

of 3.74 seconds (as depicted in Figure 5) for the naked heat exchanger, along with a notable 

43% improvement in the internal overall heat transfer coefficient when compared to 

aluminium (refer to Figure 6). On the other hand, stainless steel exhibited an elongated time 

constant of 5.46 seconds and a poor heat transfer coefficient of 0.35 W m
2
 K

-1
, making it the 

least desirable choice among the three materials. It is worth noting that the obtained results 

are not surprising, given the stark differences in thermal conductivity between the three 

materials, with copper exhibiting a thermal conductivity of 398 Wm
-1

K
-1

, while stainless steel 

has a considerably lower thermal conductivity of 16.2 Wm
-1

K
-1

. The information pertaining 

to the time constants of different naked heat exchanger materials for temperature swing 

adsorption applications is a valuable and novel tool for decision-making in terms of selecting 

an optimal material based on performance and budget constraints. However, it should be 

emphasised that stainless steel, although not a desirable choice, is still a relatively not cheap 

material. Therefore, the competition should mainly be between aluminium and copper, as 

supported by the evidence presented in Figures 6 and 7. 
 

𝜏𝐻𝐸𝑋,Ss = 5.46 

𝜏𝐻𝐸𝑋,Al = 4.8 
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Figure 7:The overall heat transfer coefficients of different materials of the dry tests. 

 

Experimental research is often impeded by constraints such as limited resources and time. In 

contrast, computational fluid dynamics (CFD) can serve as an extension of empirical 

methodologies and lead to a greater understanding of the optimal threshold for time-constant 

optimisation. In this study, three primary materials for heat exchangers, namely aluminium, 

copper and stainless steel, while varying the inlet water mass flow rates of 0.2, 0.4, and 0.8 L 

min
-1

. Previous research[4–6] provided a deeper understanding of the intricacies involved in 

the design of complex adsorption chillers, which typically entail higher initial expenses[7]. 

Surprisingly, there exists a paucity of knowledge regarding the optimisation level of the time 

constants associated with the different heat exchangers’ materials. The duration of the 

adsorption chiller cycle is a pivotal variable influencing the system's performance, and its 

reduction is dependent on the heat exchanger's response rate to alterations in temperature and 

inlet mass flow rate. 

This study employs the dimensionless group Nu = h L k
-1

 as a performance metric, which 

represents the ratio of convective to conductive heat transfer, where h denotes the coefficient of 

convective heat transfer obtained from CFD analyses, L denotes the characteristic length (that is, 

the ratio of the volume of the heat exchanger to its surface area) and k denotes the thermal 

conductivity of the water used in each study case. Figure 8 depicts the influence of the thermal 

conductivity of the metal used to construct the heat exchanger on the modification of more 

turbulent flow inside the heat exchanger geometry. The CFD findings reveal that a more 

turbulent flow regime inside the heat exchanger lowers the time constant; however, an unlimited 

increase in the inlet mass flow beyond 0.8 L m
-1

 has a negligible impact on the overall heat 

transfer coefficient (as depicted in Figure 7), thus resulting in higher pump purchase costs but no 

commensurate gain in heat transfer efficiency. In this case, the small-scale heat exchanger 

reached the maximum overall heat transfer coefficient at 0.5 Litre per minute. 
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Figure 8: The impact of the metal thermal conductivity and flow regime on the time constant. Cr stands for 

Copper, AL is Aluminium, and SS is stainless steel. 

 

Furthermore, Figure 8 serves as an optimisation map of different heat exchanger materials, 

demonstrating that a higher metal conductivity translates into a lower time constant, with copper 

showing a 22% improvement in time constant compared to aluminium (i.e., from 4.78 seconds 

to 3.74 seconds at an input mass flow rate of 0.4 L/m). However, increasing the flow rate 

beyond the optimal level should be avoided, as the gain in heat transfer efficiency is offset by 

the waste of pumping power. Alternatively, the Nusselt number of the heat exchanger
 
can be 

used to forecast the extreme threshold of the time constant of one second, as depicted in Figure 

8. In most cases, for the small-scale heat exchanger, 44% of the extra pumping power is required 

when the stainless-steel heat exchanger is used, and 27 % for the aluminium heat exchanger is 

used instead of copper. This should be taken into account because the pumping power is not free 

for adsorption cooling applications. It should be emphasised that each heat exchanger design 

requires meticulous investigation, as the internal geometry and heat transfer through the metal 

components dictates the time constant. The CFD study concludes that there is a theoretical limit 

on how fast each heat exchanger can respond to changes in temperature, which is controlled by 

the heat exchanger material and the flow regime inside the heat exchanger geometry. 

Conclusions  

The present study proposes a testing protocol for temperature swing adsorption packed beds, 

which offers a standardised and reliable methodology for evaluating the key heat transfer 

performance of adsorbers before their testing within a complete temperature swing adsorption 

technology. The methodology is applicable to every adsorber design, and its adoption would 

allow comparison among different designs, expediting the identification of the limitations of the 

adsorber and allowing to single out the adsorber performance from those of the whole 

technology. Adsorber time constants, as introduced in this study, prove to be a crucial tool in 

extracting the empty heat exchanger performance and the packed-bed performance through a 

rigorous experimental approach. Simple thermal mass analysis alone may not be sufficient to 

identify any internal design issues, such as increased void volume, that can impede the heat 

transfer process. Notably, the study's findings demonstrate that the packed bed requires an 

extended residence time and quantifies it. 
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Abstract 

Low-temperature electrochemical CO2 reduction (ECO2R) is proven to be one of several 

promising strategies to valorise CO2 through its conversion into value-added products and 

fuels. In fact, it is the only alternative for the direct conversion of CO2 into ethylene, with Cu 

being the only metal exhibiting any selectivity and activity towards the conversion of CO2 to 

C2 products. However, developing functional materials as electrocatalysts and electrodes is 

imperative to achieve industrially relevant performances and efficiencies. In this sense, 

besides the necessary improvements in terms of decreased energy consumption at high 

current densities, it is important to improve the faradaic efficiencies towards desired carbon 

products, while hindering the competitive hydrogen evolution reaction (HER). Gas-diffusion 

electrodes (GDE) based on carbon paper and cloth are the standard approach used in ECO2R; 

however, during operation, the surface properties (e.g. wettability) of such carbon-based 

GDEs might change, ultimately favouring the HER and, thus, affecting the efficiency of the 

process. As alternative, few examples proposing the use of PTFE-based porous structures on 

which metallic Cu layers are used as both conductive support and catalyst[1], have 

demonstrated to be a promising approach to avoid the use of carbon-based electrodes. In the 

context of SolDAC project, we have developed a systematic study on the deposition 

conditions of sputtered Cu on PTFE structures. Therefore, we have observed that these 

physical features have a significant effect not only on the electrical conductivity of the 

electrodes, but also on the ECO2R performance towards specific products, as show in Figure 

1. As observed, different pressure conditions during sputtering modify the texture of the 

surface and might induce crack formation. This variation leads to different operation cathode 

potentials, that can decrease up to 400 mV at 200 mA·cm
-2

 in the electrodes with smoother 

surfaces, while the product distribution is also significantly affected by the current density on 

electrodes with varied physical properties. Finally, faradaic efficiencies to ethylene >50% are 

attained with these developed electrodes at cathode potentials of -1 to -1.2 VRHE, showing the 

potential of as-prepared GDEs based on Cu-PTFE.  

 

 

 

Keywords: CO2 conversion, electrocatalysis, ethylene, copper. 
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Fig. 1 – Variation of faradaic efficiencies with current density with sputtered materials prepared under different aperture 

conditions (left), and SEM images showing the microstructure variation of Cu-sputtered samples on PTFE membranes.   
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Abstract  

Global warming has led countries around the world to rely more on air-conditioning 

during the summer times. However, due to the refrigeration principle of most traditional air 

conditioners is mechanical vapor compression cycle, the huge energy consumption and 

environmental pollution of them obviously do not meet the current international background 

of energy conservation and emission reduction. Recently, we have developed a compact 

counter-flow indirect dew-point evaporative cooler, which is based on a new design that enable 

the working air to flow to the wet channels without changing its direction. This paper reports 

a 3D numerical modelling analysis of the cooler. The simulation is validated with the 

experimental data. The discrepancies of the input pressure and product air temperature between 

simulation and experimental data are within 8% and 4%, respectively. A parametric study is 

carried out to evaluate the performance of the cooler at different working ratio, air flowrate, 

temperature, and humidity. Finally, the cooler performance is studied with the input air 

conditions in the hottest month of the year in several cities in the world. The key findings of 

this study are: (1) The cooling COP is reduced from 42.23 to 4.4 when the air flowrate is 

increased from 316 to 950 m3/h under typical tropical weather conditions; (2) the cooler 

performance is enhanced with higher temperatures and lower relative humidity; (3) The cooler 

cooling COP is highest when the working ratio is 0.5-0.6; (4) This cooler is best for dry and 

hot cities such as Dubai (UAE) and Xi’an(China).  

Keywords: dew-point indirect evaporative cooler, counter-flow, cooling capacity, cooling 

COP. 

 

1 Introduction  

Global warming is a worldwide problem. According to Song et al. [1], from 1980 to 2019, 

the surface equivalent potential temperature increased by 1.48 ℃, while in tropical regions, 

this number can reach to 4℃. Additionally, with the acceleration of urbanization and the 

increase of urban population, the temperature in urban areas is higher than that in rural areas, 

even at night due to the urban heat-island effect [2]. Therefore, to create a comfortable thermal 

environment, the dependence on air conditioners will be increased thorough year, especially in 

summertime. However, because most traditional air conditioners work on the vapor 

compression cycle [3], extensive use of air conditioners inevitably increases electricity 

consumption. Therefore, the energy consumption by air conditioners obviously does not 

conform to the current world trend of ‘carbon neutrality’. Therefore, research on alternative 

refrigeration technologies is significantly important. 
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Among all the alternative technologies, the potential of dew-point evaporative cooling 

technology is regarded as the greatest [4]. There are mainly two types of indirect dew-point 

evaporative cooler: crossflow and counter flow. The basic working principle of the cooler is 

shown in Figure 1. The process air is sensibly cooled in the dry channels of the evaporative 

heat exchanger. A part of the process air is diverted from the dry channels to the wet channels 

to be the working air. The working air contacts water and induces the evaporation in the wet 

channels for the cooling process and is discharged as the humid exhaust air at the end of the 

wet channels. The rest of the process air coming out at the end of the dry channel is the product 

air. As the working air is pre-cooled, its cooling potential is increased, and the product air can 

be cooled below the wet-bulb temperature and near the dew-point temperature. Other 

advantages of dew-point evaporative cooler are low energy consumption, no heat rejection and 

no harmful chemical refrigerants.  

       
Figure 1: Air configurations and operation principle of (a) crossflow and (b) counter-flow 

dew-point indirect evaporative coolers. 

 

There are a large number of studies on the development and performance of indirect dew-

point evaporative coolers [5]. It is reported that counter-flow dew-point indirect evaporative 

cooler has higher cooling effectiveness and higher energy efficiency than the crossflow ones 

[6]. However, both types of the dew-point indirect evaporative coolers with the air 

configurations and operation principle shown in Figure 1, have an intrinsic problem. That is 

the working air takes an abrupt turn when it is diverted from the dry channels to the wet 

channels. This causes a high pressure drop of the working air, which increases the power 

consumption to drive the airflows. Recently, we have developed a new compact counter-flow 

dew-point indirect evaporative cooler that enables the working air to enter the wet channels 

without changing its direction. The photo and air configuration of our cooler are shown in 

Figure 2. 

 

 
Figure 2: Our recently developed compact counter-flow dew-point indirect evaporative 

cooler that enables the working air to enter the wet channels without changing its direction. 
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In this work, a 3D numerical simulation is developed by using COMSOL Multiphysics 

platform version 5.6 to study the cooling performance and energy efficiency of the cooler at 

different operating conditions. The simulation model is validated with the experimental 

performance data of the cooler. The effects of the input air flowrate, temperature and humidity 

and the working ratio are studied. The performance of the cooler under weather conditions of 

different cities in the world is evaluated and compared.  

 

2 Simulation model and validation 

2.1 The evaporative heat exchanger design and the model geometry 

The evaporative heat exchanger of the cooler is a stack of 85 air channels as shown in 

Figure 2. The channels are separated by aluminium separators. Each air channel comprises of 

a dry half channel and a wet half channel. The wet channels are made of thin layers of wet 

cloths glued on the separators. The air channels are stacked in the way that a wet half channel 

is sandwiched between two adjacent dry half channels, and vice versa. The input process air 

enters the heat exchanger from its two ends. It first passes through the dry half channels. At the 

middle of the air channels, a part of process air exits the air channels as the product air. The 

rest of the process air continue pass through the wet half channels to be the working air without 

changing its direction. The exhaust air is discharged out at the end of the wet half channels. 

 

 
Figure 3: Geometry of the simulation model 
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Table 1: Dimensions of the simulation geometry  

Parameters Value  

Total length of the air channel 108 cm 

Width of the air channel 20 cm 

Height of the air channel 3 mm 

Thickness of the aluminium separator 0.15 mm 

Thickness of the wet cloth 0.1 mm 

Length of the wet cloth 48 cm 

Width of the air inlet  8 cm 

Width of the outlet 6cm 

Because the heat exchanger is symmetrical, in order to simplify the calculation process, 

the 3D geometry of the model is constructed to include a half channel of an upper channel, 

separator with the attached wet cloth layers and a half of a lower channel, as shown in Figure 

3. The detailed dimensions are shown in Table 1. 

 

2.2 Mathematical model and calculation method 

In this model, the coupling of fluid flow, heat and mass transfer, water evaporation is 

solved by using COMSOL Multiphysics platform. To simplify the calculation, the following 

assumptions is made: (1) There is not heat loss and air leak from the air channels and the outside 

environment and (2) Air is the incompressible ideal gas. 

The continuity equation for the air in dry channel is: 

𝜌∇𝐮 = 0 (1) 

The momentum equation for the air in dry channel is: 

𝜌(𝐮 ∙ ∇)𝐮 = ∇ ∙ [−p𝐈 + μ(∇𝐮 + (∇𝐮)𝑇)] + 𝐅 (2) 

Energy conservation equation of air in dry channel is: 

𝑐𝑑,𝑝𝑚𝑑∆𝑡𝑑 = 𝑘𝑑(𝑡𝑑 − 𝑡𝑤𝑎)∆𝐴𝑑 (3) 

The heat transfer of moist air in wet channel is solved by the following equations: 

𝜌𝐶𝑝𝐮 ∙ ∇T + ∇ ∙ 𝐪 = Q + 𝑄𝑝 + 𝑄𝑣𝑑 (4) 

𝐪 = −𝑘∇𝑇 (5) 

The moisture transport happened in wet channel is: 

𝑀v𝐮 ∙ ∇𝑐v + ∇ ∙ 𝒈w = 𝐺 (6) 

𝒈w = −𝑀v𝐷∇𝑐v (7) 

𝑐v = 𝜙𝑐𝑠𝑎𝑡 (8) 

Energy conservation equation of air in wet channel is: 

𝑐𝑤,𝑝𝑚𝑤∆𝑡𝑤 = ℎ𝑤(𝑡𝑤𝑎 − 𝑡𝑤)∆𝐴𝑤 + 𝑟ℎ𝑚(𝜌𝑤𝑎 − 𝜌𝑤)∆𝐴𝑤 (9) 

Mass conservation equation of air in wet channel is: 

𝑚𝑤∆𝑑 = ℎ𝑚𝜌𝑤(𝑑𝑤𝑎 − 𝑑𝑤)∆𝐴𝑤 (10) 

Mass conservation equation of water film is shown as follows: 

∆𝑚𝑤𝑎 = ℎ𝑚𝜌𝑤(𝑑𝑤𝑎 − 𝑑𝑤)∆𝐴𝑤 (11) 

Air pressure drop is shown as follows: 

Δ𝑝 = Δ𝑝𝑙 + Δ𝑝𝑓𝑟 (12) 

 

2.4 Model validation 
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Figure 4: Validation of (a) input air pressure and (b) product air temperature 

The developed model is validated with the performance testing data of the physical 

prototype under the input air temperature and relative humidity conditions of 32.5 – 33 ℃ and 

56 – 58 %, respectively, at different input air flowrates ranging from 316 to 950 m3/h, and the 

working ratio of 0.5. The comparisons between simulation and experimental input pressure and 

output temperature are shown in Figure 4. 

Figure 4 shows that the deviations of the simulation input pressure and output temperature 

from the experimental data are within 8% and 3%, respectively. Therefore, the simulation 

model used in this paper is reliable and can be used for further parametric studies. 

 

2.5 Performance evaluation of the cooler 

The working air ratio is the ratio of working air volume flowrate to the input air volume 

flowrate: 

𝑟 =
�̇�𝑖𝑛 − �̇�𝑝𝑟𝑜

�̇�𝑖𝑛

(13) 

The cooling effectiveness of the developed cooler is evaluated by the wet-bulb 

effectiveness, 𝜉𝑤𝑏, and dew-point effectiveness, 𝜉𝑑𝑝: 

𝜉𝑤𝑏 =
𝑇𝑖𝑛−𝑇𝑝𝑟𝑜

𝑇𝑖𝑛−𝑇𝑤𝑏
× 100% (14 𝑎)

 

𝜉𝑑𝑝 =
𝑇𝑖𝑛−𝑇𝑝𝑟𝑜

𝑇𝑖𝑛−𝑇𝑑𝑝
× 100% (14 𝑏) 

The cooling capacity, Q, of the cooler is calculated by the equation below: 

𝑄 = (𝑇𝑖𝑛 − 𝑇𝑝𝑟𝑜) × �̇�𝑝𝑟𝑜 × 1.006
𝑘𝐽

𝑘𝑔 ∙ 𝐾
(15) 

The air blower power consumption, E, is calculated from the volume flowrate, �̇�, the 

static pressures of the input air, Pin, and the motor efficiency, 𝜂 = 0.4. 

𝐸 =  
𝑃𝑖𝑛�̇�𝑖𝑛

𝜂
(16) 

The energy efficiency of the developed cooler is evaluated via the cooling coefficient of 

performance (COP) following below equation. 

𝐶𝑂𝑃 =
𝑄

𝐸
(17) 
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3 Results and discussion 

3.1 Effect of the working ratio 

The effect of the working ratio is studied under typical tropical input air conditions. The 

inlet air temperature is 33 ℃, the relative humidity is 56.14%, and the inlet air volume flowrate 

is 680m3/h. The changes in the cooler performance are shown in Figure 5 when the working 

ratio is varied from 0.1 to 0.9. 

Figure 5 (a) shows that lower product air temperature is achieved when the working ratio 

is increased.  

Figure 5 (b) shows that the cooling COP, which is the ratio of the cooling capacity and 

fan power consumption. The cooling COP peaks at the working ratio of 0.5-0.6. Both lower 

and higher working ratios result in lower cooling COP. It is because either the cooling capacity 

is low, or the fan power consumption is high.  

 
    (a)                                                                    (b) 

Figure 5: The change in the (a) product air temperature (b) COP with the variation of the 

working ratio 

3.2 Effect of air flowrate 

The effect of air flowrate on the performance of the cooler is studied by changing the air 

volume flow rate from 316.3 to 950 m3/h when the inlet air temperature and relative humidity 

are 33 ℃ and 56.14%, and the working ratio is kept at 0.5.  

Figure 6 (a) shows that the product air temperature increases with higher input air flowrate. 

It is attributed to the shorter contact time between the air and the heat exchanger plates. This 

result in the decrease in the wet-bulb and dewpoint effectiveness as shown in Figure 7 (b). The 

product air temperature can reach below the wet-bulb temperature and approach the dew-point 

temperature when the air flowrate is smaller than 530 m3/h. Within the air flowrate range, the 

wet-bulb effectiveness and dew-point effectiveness achieve 75-122% and 55-90%, respectively. 

Figure 6 (c) shows that lower cooling COP when the air flowrate is increased. It is because 

the power needed to maintain the air flow is increasing drastically with higher air flowrate. 

 
(a)                                               (b)                                              (c) 
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Figure 6: the change in the (a) air temperatures, (b) wet-bulb effectiveness and dew-point 

effectiveness, (c) COP when the input air volume flow rate is varied. 

3.3 Effect of input temperature 

In order to study the effect of input temperature on the performance of the cooler, the 

model is run with the input air dry-bulb temperature varying from 30 to 46 ℃ while the input 

wet-bulb temperature is kept at 25℃, the inlet air volume flowrate is 680m3/h, and the working 

ratio is 0.5. 

Figure 7 (a) shows that although the input air temperature is varied in a wide range from 

30 to 46 ℃ , the product air temperature changes from 25.5-27.5 ℃ , near the wet-bulb 

temperature. This results in the stable wet-bulb and dewpoint effectiveness at 87-88% and 60-

62%, respectively, as shown in Figure 7 (b). 

Figure 7 (c) shows that the cooling COP is proportional to the input temperature. It means 

that the developed cooler is more right for hot weather conditions.  

 
(a)                                               (b)                                              (c) 

Figure 7:  The change in the (a) product air temperature, (b) wet-bulb effectiveness and dew-

point effectiveness, (c) COP with the increase of input air temperature. 

3.4 Effect of humidity conditions 

In this study, the relative humidity is varied from 10 to 90% while the inlet air volume 

flowrate is 680m3/h, the working ratio is 0.5, and the input air dry-bulb temperature is 32.5 ℃. 

It is seen from Figure 8 (a) that with the increase in the relative humidity, the product air 

temperature decreases. It is because the cooling temperature of the cooler is limited by the dew-

point temperature which increases with higher relative humidity. Figure 8 (b) shows that the 

wet-bulb and dewpoint effectiveness increase from 82 to 88% and from 43 to 75%, respectively, 

when the relative humidity is changed from 10 to 90%. Figure 8 (c) shows that the cooler can 

achieve higher COP when the input air is drier.  

 
(a)                                               (b)                                              (c) 

Figure 8: The change in the (a) product air temperature (b)wet-bulb effectiveness and dew-

point effectiveness, (c) COP with the increase in relative humidity. 

3.5 Performance in different cities 
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In this study, the cooler is subjected to typical weather conditions in the daytime (10:00 

a.m. to 17:00 p.m.) of the hottest month in the year in several cities in the world. The inlet air 

volume flowrate is kept at 680m3/h and the working ratio is 0.5.  

The results show that the performance of this cooler is different in different cities. Its 

performance is highest in hot and dry cities such as Dubai and Xi’an, with the temperature drop 

and cooling COP of 10 -12.5 ℃ and 15-19, respectively. The performance is lower in hot and 

humid cities such as Singapore, Monterrey, New York, London and Beijing, with the 

temperature drops and COP of 5-8 oC and 8-12, respectively.  

 

Figure 9: (a) the temperature drop (from the input air temperature to the product air 

temperature), and (b) the cooling COP of the cooler in different cities. 

4 Conclusion 

In this work, a 3D simulation model based on the heat and mass transfers in moist air 

coupled with fluid dynamic transport is developed to study a new compact dew-point indirect 

evaporative cooler that enables the working air to enter the wet channel without changing its 

direction. The mathematical model is validated with the experimental performance data of a 

physical prototype. The errors of the input air pressure and output air temperature between the 

simulation and experimental data are within 8% and 4%, respectively. The parametric studies 

show that: 

- The cooler has highest cooling COP with the working ratio of 0.5-0.6 

- Under typical tropical weather conditions, when the air flowrate is varied from 316 to 

950 m3/h, the cooler COP is decreases from 42.23 to 4.4. 

- The cooling COP, as well as temperature drop, is enhanced by higher temperature and 

lower relative humidity of the input air. 

- The cooler is best for using in hot and dry regions, such as Dubai (UAE) and Xi’an 

(China) with the cooling COP of 15-19. 
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Abstract 

The main objective of this study is to present a novel adsorption chiller prototype (designed 

and realized by the company Sorption Technologies GmbH) that is suitable for cooling of 

data center servers. This prototype has been designed to fit into commercially-available data 

center racks. This adsorption prototype has been designed to cool down the rack servers by 

means of liquid cooling. Furthermore, an air-cooler heat exchanger is also integrated into the 

adsorption machine to cool down the rest of the rack components (i.e., patch panels, HDD). 

This way, the adsorption system is able to cool down all rack components. Phase-change 

chambers are integrated into the adsorption modules for direct evaporation/condensation, 

removing the need of large vacuum valves and allowing to have a more simpler and compact 

vacuum system. This also means that the refrigerant distribution is completely done in liquid 

phase. The prototype is installed at the Department of Energy at the Politecnico di Milano 

and testing will be carried out using cooling water temperatures in the range 25 – 30 °C and 

hot water temperatures in the range 55 – 65 °C.   

Keywords: adsorption, cooling, data center, energy efficiency. 

Introduction 

Adsorption cycles are refrigeration systems that can produce a cooling effect using low-

temperature heat sources (lower than 90 °C), such as waste heat [1] and hot water from solar 

collectors [2]. The core system of an adsorption unit is generally composed by an evaporator, 

a condenser and two adsorption beds; these sorption beds are devices that carry out the 

thermo-chemical compression of the refrigerant. The working principle of an adsorption 

cycle contemplates simultaneous adsorption/evaporation and desorption/condensation 

processes. Since the evaporator’s performance can represent a bottleneck situation for the 

overall performance of the machine, different configurations have been studied in literature, 

such as pool boiling [3] and falling-film evaporators [4].  

Considering that different applications may produce waste heat at a temperature high enough 

to drive the adsorption machine, their range of application can always be increased, and one 

of these applications can be using waste heat from data centers to produce the required 

cooling for the server racks. Data centers energy consumption has become an important topic 

to discuss and analyze [5]. Their biggest energy consumption is related to IT equipment 

power (e.g., computer hardware and severs) and cooling, with the latter being responsible for 

40 % of the total energy consumption of a data center [6]. For an air-cooled data center, the 

cooling plant is composed by the installed mechanical equipment and the heat rejection 

system. Direct expansion systems using a computer room air conditioner can be used for data 

center cooling, with air-cooled condensers  as the heat rejection system [6]. Chilled water 

systems can also be used for high IT power densities, but the introduction of fans and chillers 

results in extra energy costs [7]. Cooling systems that employ air also present some 
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disadvantages related to air management, such as cold-air bypass and generation of hot spots. 

Liquid cooling possesses several advantages that can help to reduce the cooling system 

energy consumption. The most important advantage of a liquid cooling system is a higher 

heat transfer capacity per unit, which means a reduction in required equipment, facility cost 

and a higher reliability of the cooling system [7]. Adsorption chillers for data center cooling 

were first proposed by the company Fahrenheit GmbH (SorTech) with the Leibniz 

Supercomputer Center (LRZ), where direct liquid cooling for the SuperMUC-NG 

supercomputer is done by means of a centralized adsorption system [8]. This installation 

proves the feasibility of the concept along with energy savings, with the only disadvantage 

for broad applications being the centralized system piping design and complexity.  

The aim of this work is to present the concept of an adsorption chiller prototype that could be 

used for cooling individual racks from a data center. The prototype, designed and realized by 

the company Sorption Technologies GmbH, is located at the Department of Energy at the 

Politecnico di Milano. This adsorption chiller design has been patented by Sorption 

Technologies GmbH and its inventor Walter Mittelbach under publication number WO 

2021/089818 (European Pattent Office EP4055330) [9]. The core system of the adsorption 

chiller includes two adsorption modules each integrated with a phase-change chamber for 

direct evaporation/condensation. The use of direct evaporation/condensation means that 

refrigerant distribution within the cycle is done completely in liquid phase, with no 

refrigerant transport in vapor phase nor large vacuum valves; furthermore, this also means a 

more simpler and compact design. The analysis of the energy balance of this new machine is 

shown in Figure 1. As can be seen from said figure, this prototype provides the idea of a rack-

integrated adsorption chiller, where the heat removed from the servers by means of liquid 

cooling is used as driving heat source in the adsorption modules (this driving heat from the 

servers is referred to as high-temperature energy source in Figure 1, HT). Heat from other 

components from the rack (i.e., patch panels, HDD) can also be removed by means of an air-

cooler installed at the top of the modules (referred to as low-temperature energy source in 

Figure 1, LT ). This way, the adsorption machine is able to remove all heat from all the 

components of the rack. Another important highlight of this prototype is that heat rejection 

can be done through a cooling water loop that can be directly connected to a cooling tower 

without any components in between.   
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Figure 1. Rack-integrated adsorption chiller: (a) scheme, (b) energy balance 
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Discussion and Results 

The experimental set-up of this study contemplates the adsorption chiller prototype as well as 

the external water circuits connected to it, as shown in the scheme from Figure 2. A picture of 

the assembled adsorption prototype and its components is shown in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Experimental set-up scheme 

(a) (b) 

Figure 3. Adsorption chiller protype: (a) back (b) front 
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As detailed in Figure 2, the adsorption chiller prototype is composed by two adsorption modules 

(employing silica gel pellets as adsorbent media) with two internal phase-change chambers 

(“PC1”, “PC2”), an air-cooler heat exchanger (“RDHX”), two small refrigerant tanks (one for 

the condenser, “CD-TK”, and one for the evaporator, “EV-TK”), circulating pumps for the 

condenser and evaporator loops, and two plate heat exchangers. Both the refrigerant and water 

flowrates are redirected accordingly using three-way and two-way valves. The two tanks “CD-

TK” and “EV-TK” are also connected between them for refrigerant mass transfer. Furthermore, 

the external water circuits are identified as hot water (HT) and cooling water (CW) temperature 

circuits, while an internal medium-temperature (MT) water circuit is used to cool down the 

adsorbers during adsorption/evaporation. Water temperatures are measured on different points of 

the system using PT-100 and PT-1000 temperature sensors, while pressure from one module can 

be measured through a vacuum pressure transmitter (range: 0 – 20 kPa, accuracy 0.5 % FS). The 

water from the CW circuit is prepared at a given setpoint temperature using two flowrates from 

a 4000 L hot water tank (heated up with a 15 kW electric resistance) and a 3000 L cold water 

tank. The HT water is prepared using a separate water circuit with a 200 L tank and a 9 kW 

electric resistance. The working principle of this new adsorption chiller contemplates cyclic 

adsorption/desorption processes, as well as heat recovery stages, which are all organized into 

four phases. These four phases are illustrated in Figure 4, while the description of each phase is 

detailed as follows:  

1) Desorption in module 1 and adsorption in module 2: during the first phase, shown in 

Figure 4.a, the hot water directly enters module 1 for desorption/condensation. Once the 

refrigerant is desorbed, it condenses on the bottom of the “PC1” chamber and falls to the 

“CD-TK” tank; it is then pumped to the “PHE2” heat exchanger and rejects heat to the 

CW circuit, before going back to the “PC1” chamber to carry more condensed 

refrigerant. Simultaneously, adsorption/evaporation happens inside module 2. A fraction 

of the liquid refrigerant entering the “PC2” chamber evaporates and is adsorbed, while 

the rest falls to the “EV-TK” tank. The refrigerant is then pumped and circulates through 

the “RDHX” heat exchanger before entering again into the “PC2” chamber for further 

evaporation/adsorption. The water circulating inside module 2 is heated up by the 

adsorption process and rejects heat to the CW circuit through the MT loop. 

2) Mass transfer and heat recovery (cooling of module 1): when phase 1 is over, the 

pressure inside the modules needs to be readjusted to switch their operation from 

adsorption to desorption, and vice versa. As can be noticed from Figure 4.b, hot water 

begins to circulate in module 2, to increase its pressure. The cooled down water from 

module 2 flows (through the MT loop) to module 1 to decrease its pressure. During this 

phase, the refrigerant circulation is interrupted (i.e., pumps are turned off). Furthermore, 

the remaining refrigerant to in the phase-change chambers exit to either “EV-TK” or 

“CD-TK”. 

3) Desorption in module 2 and adsorption in module 1: this phase analysis is similar to 

that of phase 1, with the only difference being the internal operation of the modules. Hot 

water now circulates inside module 2 for desorption/condensation, while water from the 

MT loop is redirected to module 1 for adsorption/evaporation. Considering the 

refrigerant loop, circulating pumps are turned on again and the refrigerant circulates 

through the “RDHX” and “PC1” for adsorption, and also through “PC2” for desorption. 

This phase is visually presented in Figure 4.c.  

4) Mass transfer and heat recovery (cooling of module 2): the final phase, shown in 

Figure 4.d, follows the same principle of phase 2, in which there is heat recovery to 

adjust the pressure within the modules. The HT loop is redirected to module 1, and the 
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resulting cooled down water enters module 2. Circulating pumps are turned off, and the 

remaining refrigerant exits to the “EV-TK” and “CD-TK” tanks.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Experimental tests are scheduled to be performed considering an inlet HT temperature of 65 °C 

and inlet CW temperature of 25. Furthermore, HT flowrate is set to 2.3 m
3
/h while the CW 

flowrate is set to 2.1 m
3
/h.  

Conclusions 

In this article, a novel adsorption chiller configuration for rack-based server cooling is presented, 

with the first prorotype installed at the Department of Energy of the Politecnico di Milano. This 

new system contains adsorption modules that have their own phase-change chambers integrated 

into their architecture. In these chambers, direct evaporation/condensation is carried out, 

allowing to have the refrigerant distribution completely done in liquid phase. Furthermore, by 

having the refrigerant distribution completely in liquid phase, the adsorption system can have a 

more simpler and compact design.  

(a) (b) 

(c) (d) 

Figure 4. Working phases: (a) Phase 1, (b) Phase 2, (c) Phase 3, (d) Phase 4 
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This rack-integrated adsorption chiller is designed to remove the heat from all the components 

of the rack and use it as heat input to carry out adsorption/evaporation and 

desorption/condensation. Rack servers can be liquid cooled, while the rest of the rack 

components (i.e., patch panels and HDD) that cannot be liquid cooled, can be air-cooled with the 

rear-door heat exchanger (RDHX). The high-temperature (HT) heat source from liquid cooling 

is used as driving energy source for desorption, while the low-temperature (LT) heat input from 

the air-cooler (RDHX) is used in the evaporator loop. This way, by means of an air-cooler and 

liquid cooling all components of the rack can be cooled down.     
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Abstract  

The development of new materials for energy storage and production on porous matrices is the 

object of intensive research activities in the scientific community. In order to optimize their 

design, molecular scale phenomena at the basis of their performance should be understood. 

Solid State Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most powerful 

techniques to characterize the structure and the dynamics of porous materials as well as of 

confined guest molecules at the atomic scale. Here, the results obtained by applying NMR 

techniques for exploring the diffusion of guest molecules within porous matrices of relevance 

in energy applications will highlight the potential of this technique in this field.  

 

Keywords: solid state NMR, Metal Organic Frameworks, diffusion under confinement, porous 

matrices 

 

 

 

Introduction/Background 

Solid State NMR has revealed to be one of the most powerful techniques to characterize 

different types of materials in terms of structure and dynamics. It is quite versatile in that it is 

applicable both to crystalline and amorphous phases and also to soft materials, besides being 

able to probe different nuclei. For example, this technique can reveal structural changes that 

occur during the service life of the material, the molecular interactions involved in the 

adsorption/desorption processes, and self-diffusion of guests confined in porous matrices. In 

this contribution, attention will be focused on diffusion of confined guests and results from two 

case studies will be shown. 

 

 

Discussion and Results 

The first case study presented here concerns the dynamics of water confined in a microporous 

metal−organic framework, NH2-MIL-125. The dynamics was investigated by 1H fast field-

cycling NMR relaxometry, a peculiar NMR technique which allows to probe molecular 

motions over a wide time scale. The data were interpreted within a dynamic model where 

molecules bind to the surface hopping among preferential binding sites. [1, 2]  
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Figure 1. Experimental 1H longitudinal relaxation rate R1 as a function of the 1H Larmor 

frequency of completely hydrated NH2-MIL-125 at 298 K. Comparison of the experimental 

(circles) and calculated (black line) curve. Blue, red, and green lines represent contributions to 

R1 from different dynamic processes, i.e. reorientations mediated by the translational 

displacement, and anisotropic and isotropic rotational dynamics, respectively. 

 

 

A small fraction (about 20%) of water molecules was found to hop among preferential binding 

sites and reorient as a consequence of the displacement along the surface. This motion occurs 

on a time scale ranging from several ns to a few µs (Figure 1, blue line). The bound water 

molecules also experience local restricted molecular reorientations with characteristic times of 

about 30 ns (Figure 1, red line), whereas free water molecules exhibit isotropic correlation 

times shorter than 0.4 ns (Figure 1, green line). 

In the second study, self-diffusion of methanol impregnating a mesoporous silica gel (average 

pore size of 7.8 nm) was measured in the 298-316 K temperature interval using 1H Pulse Field 

Gradient NMR. Self-diffusion within a silica grain, which is characterized by a size of 0.5-0.8 

mm, is measured. The effect of the presence of LiCl dissolved in methanol on the methanol 

self-diffusion was explored, with LiCl concentrations ranging between 10 and 35 wt %. The 

self-diffusion coefficient decreases upon increasing the salt concentration in the whole 

temperature range investigated and its temperature dependence is progressively leveled off 

upon increasing the salt concentration. The trends at different salt concentrations can be fitted 

according to an Arrhenius law. The activation energy tends to increase upon increasing the salt 

concentration. 

In addition, the porous matrix induces a slowing down of methanol self-diffusion, as revealed 

by the comparison of the data obtained under confinement within the porous matrix with those 

in solution. 

 

Summary/Conclusions 

The interpretation of 1H longitudinal relaxation rate R1 as a function of the Larmor frequency 

of water confined in a MOF gives insight into water motions occurring on a time scale ranging 

between 0.1 ns and a few s. The self-diffusion data of methanol confined within a silica 

mesoporous matrix in the presence of LiCl provide a picture of the microscopic behaviour of 

this guest molecule, revealing the combined role of the matrix and the salt on methanol 

mobility. 
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Overall, NMR techniques provide detailed information at the molecular level on molecular 

motions within different types of porous systems. This knowledge is potentially useful for the 

optimization of the processes in which these materials are employed.  
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Abstract

An energy storage concept which links thermal stores to the feedwater heating system of a
nuclear-powered steam plant is described. The storage scheme allows the plant’s electricity
output to be varied while keeping reactor power constant, thereby enabling the nuclear plant to
take on a load-following role. This type of ‘generation-integrated’ energy storage uses existing
hardware to reduce storage costs and provides the equivalent of a high-efficiency electricity
storage system. Surplus feedwater is generated during charge, which may be either stored
directly or used to transfer energy to a ‘sensible-heat’ medium. By exploiting the multiple
pressure bleed flows, this process is conducted with very little exergetic loss. The paper dis-
cusses (1) the off-design behaviour of steam cycle components and (2) the effect of storage
heat-transfer effectiveness.

Keywords: energy storage, nuclear, generation-integrated, feedwater heating, dispatchable

Introduction

Conventional fossil-fired electricity generators are highly dispatchable; they can easily vary
power output to match demand. However, due to the increasing decarbonisation of the electric-
ity system, these conventional generators are being replaced by intermittent renewable energy
sources, such as wind and solar. The increasing uptake of variable and non-dispatchable gen-
erators is resulting in difficulties balancing the electricity system [1].

Energy storage systems are one solution for balancing electricity grids with a high share of
intermittent generators (other options include, gas-fired peaking power plants, interconnectors,
demand-side response, etc.). However, the amount of required energy storage remains very
uncertain, with order-of-magnitude differences between estimates within the literature. For
example, in a survey of 400 future energy scenarios, Cebulla et al. show that estimated power
capacity rises linearly with the fraction of electricity generated by variable renewable sources,
whereas estimated energy capacity rises exponentially [2]. As such, a moderate amount of
‘baseload’ nuclear may reduce the quantity of required storage (and therefore total system cost).
In addition to reducing the amount of storage, nuclear plants also provide an effective means
for ‘generation-integrated energy storage’, whereby existing electricity conversion pathways
can be exploited for sizeable energy storage systems (see Ref. [3] for further discussion on
conventional versus generation-integrated energy storage).

The concept of feedheat-integrated storage is not new, being first proposed by Marguerre in a
series of German patents filed in the 1920s and 1930s [4, 5, 6]. A full account of its history is
given in Ref. [7]. However it appears to have been overlooked in the recent literature on flexing
nuclear plant, and it is timely to revisit it in the context of increased renewable penetration.

A detailed thermodynamic analysis of an integrated feedheating storage system is provided in
Ref. [7]. One of the main attractive features of this system is that the feedwater going through
the steam generator and the reactor power are fixed – i.e., the most expensive piece of the plant
(the reactor) has a 100% capacity factor. The scope of the present paper is to (1) describe
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the concept and its key features on the basis of previously conducted analysis and (2) extend
the previous analysis to study the impact of the type of thermal storage on the overall system
performance. The latter is interesting as it highlights the compromises the plant designer will
have to make between cycle performance, round-trip storage efficiency, and overall system
cost.

Discussion and Results

Description of feedheat storage system

A detailed description of this concept has been presented elsewhere (Ref. [7]) but is summarised
here for completeness. The layout for a typical thermal storage system integrated with nuclear
plant is shown in Fig. 1. The main features are as follows:

i. During charge a surplus of feedwater, f , is heated by increasing turbine bleed flows,
thereby reducing the work output. Thus, as indicated in Fig. 1, the mass flow of feed-
water is increased to 1 + f per unit mass flow through the steam generator.

ii. The excess fraction of feedwater, f , can either be stored directly in pressurised vessels
or used to transfer heat into a thermal storage system, such as tanks of thermal oil or (via
an intermediary heat-transfer fluid) packed beds of gravel. Irrespective of the storage
method, this process is modelled here by means of a heat-transfer effectiveness, ϵ, which
is assumed to have the same value in each direction (i.e., into and out of storage).

iii. The system is discharged by reducing the quantity of feedwater generated below its
nominal value (i.e., f is made negative). This is achieved by reducing turbine bleed
flow rates. The work output from the turbine therefore increases. The extent to which
this is possible depends on the turbine swallowing capacity and is essentially a design
choice.

iv. The round trip efficiency for the system may be defined as:

ηRT =
∆Wdis

∆Wchg

(1)

where ∆Wdis and ∆Wchg are respectively, the surplus electrical work output during
discharge and the deficit in electrical work output during charge, for a cycle that returns
the storage system to its initial state.

Recent thermodynamic analysis

Work to-date has focused on modelling the integration of storage with a steam cycle represen-
tative of a large (≈ 1GWe) pressurised water reactor nuclear power station. The layout and
nominal operating conditions (design-point) are closely based on the Sizewell B station, de-
tailed in Ref. [8]. Since PWRs are the most prevalent existing and new-build reactor type, the
following analysis will be relevant for most nuclear plant designers. The key results are:

i. The process of extracting heat during charge is achieved in an exergetically efficient
manner because multiple-pressure bleed flows are exploited. This enables a good match
between the temperature profiles of the condensing steam and the heated water, as
shown in the T-Q diagram of Fig. 2. Note that this would not be the case for some
current technologies which focus on extracting heat from live steam, frequently with
storage in phase-change materials.
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ii. Changing the feedwater generation rate (i.e., varying f ) causes the feedheaters to op-
erate at off-design conditions, which has a knock-on effect for storage temperatures
and turbine flow rates. However, results demonstrate that departures from the nominal
design-point have only a small impact on feedheat operation and hence on the perfor-
mance of the system.

iii. For a simplified system without moisture separation and reheat, there is a simple re-
lationship (derived in Ref. [7]) between the f and the deficit / surplus of net work
generated by the turbines, ∆w, namely

∆w

w0

= f

(
∆ht

w0

− 1

)
(2)

where w0 is the net work output under normal operation, and ∆ht is the drop in specific
enthalpy across the turbine. Typically this gives around 0.3% decrease / increase in
work output for each 1% change in feedwater flow rate.

iv. The addition of reheating and moisture separation between the turbines means this sim-
ple relationship is no longer true, and the high-pressure and low-pressure feedheaters
are affected to different degrees. As f decreases, the quantity of steam extracted from
the HPT bleeds decreases, leading to an increase in its exhaust flow rate. To maintain
the desired degree of superheating at the LPT inlet, the proportion of live steam diverted
to the reheater must also increase. As a result, the hot drain flows from the moisture
separator and reheater to the deaerator increase. This leads to a rise in the temperature
of the feedwater entering the first feedheater in the high-pressure train (FH5).

v. Throughflow calculations have indicated that modest changes to the turbine bleed flows
can be accommodated without incurring a significant penalty on turbine efficiency [7].
This is important because varying the bleed flows will evidently impact the ‘velocity tri-
angles’ and the aerodynamic performance of the turbines. This is important as it ensures
the reduction in efficiency resulting from such off-design conditions is not significant
enough to outweigh the amount of stored work.

Principle exergy transfers and lost work

Fig. 3(a) shows the main exergy transfers to and from the cycle as well as the total lost work
term, as f is varied from −0.5 to 0.5 (i.e., the flow in the train is 50% − 150% of nominal).
In this case, the storage system was modelled with a constant effectiveness, ϵ = 0.95, and all
values were normalised by exergetic input from the steam generator. Note that the exergy input,
ein, comprises input from the steam generator and from storage. Hence, values are greater than
1 during discharge and less than 1 during charge. The net work term, wn, is defined as the work
output from the turbines minus the work input to the feed pumps (and the storage pump during
discharge). It is apparent that at maximum discharge (f = −0.5) the net work output increases
by 10% and at maximum charge (f = 0.5) the net work output decreases by 12%. This can
roughly be expressed as a ‘∆wn/∆f ’ term, where each 1% change in feedwater through the
feedheating train results in a 0.20% change in net work output during discharge and a −0.24%
change in net work output during charge.

Fig. 3(b) shows how the ‘lost work’ terms vary with f . These are the exergetic losses due to
irreversibility (T0∆sirr) in the various cycle components and have also been normalised by ex-
ergetic input from the steam generator. As expected, when the flow through the feedheat train
increases (as f become more positive ), so do irreversibilities associated with the feedheating
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Figure 3. (a) Principal exergy transfers as a function of f , normalised by steam generator exergy input; (b) Lost
work processes, also normalised by steam generator exergy input. Note that ein is the net exergy input from both
the steam generator and storage. Values are for a storage system with effectiveness of 0.95.

processes. However, this loss is almost perfectly balanced by a decrease in turbine irreversibil-
ities. Turbine losses are lower due to greater bleed flows, which means less flow undergoes the
irreversible expansion process. The opposite occurs during discharge, where feedheat losses
are reduced, but turbine losses increase.

Impact of effectiveness on plant performance

So far the analysis has been conducted with a constant effectiveness (ϵ = 0.95), to model
thermal storage losses. However, in reality, ϵ will depend on the type of storage. Possible
options include:

i. Direct pressurised feedwater storage – does not require an additional heat-exchange
process and so, barring heat leakage losses, should achieve an effectiveness very close
to unity.

ii. Indirect liquid-tank storage – as shown in Fig. 1, requires a storage heat exchanger but
by balancing the heat carrying capacity of the two streams, high effectiveness can be
achieved. As an example, ϵ = 0.90 corresponds to an approximately 17◦C uniform
temperature difference between the streams and requires an NTU ≈ 9 (counterflow
heat exchanger).

iii. Packed-bed storage – requires an intermediate heat-transfer fluid in order to avoid pres-
suring the containment. This causes an extra level of heat transfer so values of ϵ are
likely to be lower.

On the basis of the above, we consider ϵ in the range of 0.85 to 0.99. Note that this is for
each direction of the heat exchange – i.e., charge and discharge. (It is also worth noting that
‘off-design’ factors, such as varying f , will also affect ϵ.) Roughly speaking, ϵ = 0.99 corre-
sponds to direct feedwater storage, ϵ = 0.90 to indirect oil storage, and ϵ = 0.85 to packed-bed
storage. Clearly the plant designer must compromise between increased effectiveness (moder-
ately analogous with efficiency) and costly heat exchange equipment, pressure vessels, and/or
heat-transfer fluids. Further discussion of storage options can be found in [7].
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Fig. 4 characterises general changes in cycle performance as the excess feedwater fraction is
varied for different values of ϵ. Broadly, this illustrates the differences between thermal storage
options. Fig. 4(a) shows how ϵ impacts the exergy input to the cycle and net work output from
the cycle. Again, note that values are normalised by steam generator input and that ein is the
sum of exergy input from the steam generator and the storage system. (The lost work term and
exergy rejected by the condenser are not shown due to maximum variations of only 0.4% and
1.25% at the lowest case ϵ = 0.85.)

As expected, higher values of ϵ result in greater exergy transfer to and from storage, which
causes a greater flex of the net work output. For each 1% increase in ϵ, the change in net work
output increases by 0.26% during discharge and decreases by 0.08% during charge. The dif-
ference between these values occurs because as the feedheaters move away from their design
points, their feedwater outlet temperatures vary. The last feedheater before the steam generator
(FH7) experiences a higher temperature rise as f is decreased (discharge) and a lower temper-
ature rise as f is increased (charge). As such, not only is the magnitude of f contributing to
the transfer of exergy with storage, so is the temperature of the flow entering the storage heat
exchanger, which sets the maximum amount of possible heat transfer (and exergy transfer).

This analysis assumes the storage system is charged and discharged with f values of equivalent
magnitude – i.e., fdis = −fchg (note that this is not required, and is just for ease of presentation).
Barring heat leakage losses, the energy storage capacities in MW and MWh will be equal for
f of the same magnitude. However, as shown and explained in a later figure, the temperature
difference between the thermal stores and cycle integration points decreases with lower values
of ϵ. As such, there is a loss of exergy in the storage heat exchanger and it makes sense to
define an ‘exegetic effectiveness‘ term as

ϵ2nd =
eact
emax

(3)

where emax is the maximum possible exergy transfer between cycle and storage, and eact is the
actual amount of exergy transfer.

Fig. 4(b) shows how ϵ2nd varies as a function of ‘first law’ effectiveness, ϵ. As expected, for a
perfect storage system both ϵ = 1 and ϵ2nd = 1. This is not the case at lower values of ϵ where
ϵ2nd decreases at a faster rate for both the charge and discharge lines. Lower values occur
because of reduced temperatures in the storage heat exchanger (a full discussion on storage
heat exchanger temperatures is included later).

Fig. 4(c) shows ηRT, previously defined in Eq.(1), as a function of f and contains contours of
ϵ values. (Note, again, that for this analysis it was assumed the storage system was charged
and discharged at f values of the same magnitude. Further discussions on efficiency and the
affect of different charge and discharge magnitudes can be found in Ref. [7].) As f approaches
≈ −0.45, the hot drain flows of the reheater and moisture separator increase the inlet feedwa-
ter temperature of the first high-pressure feedheater (FH5) beyond the temperature of its bled
steam. This causes it to ‘shut down’ and results in a small decrease in efficiency due to greater
heat-transfer losses in the subsequent feedheater (FH6). This give rise to the discontinuity in
Fig. 4(c) at |f | ≈ 0.45.

As previously illustrated in Fig. 3(b), turbine and feedheating irreversibilities are the dominant
lost work terms. Fig. 4(d) shows the absolute change in these values from their nominal design
point (values are still normalised by steam generator exergy input). As can be seen, these
losses are inversely proportional to each other and similar in magnitude. This aids system
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feedwater returned to cycle (mixed at FH7 exit). Black lines indicate values are independent (ind.) of storage
effectivenesses.

performance as, even at maximum charge and discharge rates, the total lost work term remains
approximately constant.

Impact of effectiveness on storage temperatures

The thermal storage process can be divided into three main ‘temperature pairs’ – i.e., the cycle-
side integration temperatures during charge, the storage reservoir temperatures (same for charge
and discharge), and the cycle-side integration temperatures during discharge. These tempera-
ture profiles, and how they vary with ϵ, are shown in Fig. 5. The charge process begins by
diverting hot feedwater from the exit of the final feedheater (FH7). Its outlet temperature de-
creases by 0.13◦C for each 1% increase in f , this is due to reduced NTUs at off-design charge
conditions. However, this temperature profile is independent of ϵ and, as such, is denoted by the
black line in Fig. 5(a). As expected, the temperature of the feedwater cooled from the store, is
directly proportional to ϵ. For each 1% decrease in storage effectiveness, the feedwater returned
to the cycle increases by 3.3◦C.

Fig. 5(b) shows the temperatures of the hot and ambient stores. It is worth noting that the
temperature difference between the hot store and ambient store decreases by 3◦C for every 1%
reduction in storage effectiveness. The temperature variation of the hot side varies more with
f since the level of allowable heat transfer is set by the feedwater diverted for charge, which is
dependant on f .

The cycle-side integration temperatures during discharge are shown in Fig. 5(c). The feedwater
diverted to storage for heating is denoted by the black line, since it remains constant, as its
conditions are set by the condenser exit which always maintains saturated liquid at its outlet.
As expected, ϵ is directly proportional to the temperature of the feedwater returned during
discharge. For each 1% increase in ϵ, the returned feedwater increases by 3.1◦C. The variation
of the returned feedwater temperature with respect to f is due to the existing dependence of the
hot store temperature on f ; it sets the limit for maximum allowed heat transfer.
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Impact of effectiveness on bleed flows

The proposed storage scheme relies on sufficient off-design performance of the feedheaters,
to ensure exergetically efficient heat transfer. It has been demonstrated for ϵ = 0.95, that
off-design operation does cause non-uniform bleed flows and temperature rises across the feed-
heat train Ref. [7]. However these deviations do not result in excessive degradation of system
performance. Fig. 6(a) and Fig. 6(b) show respectively, how the bleed flow rates and inlet tem-
peratures vary for the very first feedheater (FH1, solid lines) and the second feedheater (FH2,
dashed lines) when ϵ = 0.85, 0.90, 0.95, and 0.99. As shown for the discharge processes, the
normalised bleed flow fractions and inlet temperatures are independent of ϵ. This is because
the storage flow is reintroduced to the cycle before the inlet to the steam generator.

During charge, the feedwater which enters the first feedheater (FH1) is a mix of the condenser
outlet flow and flow re-integrated from storage. As such, when ϵ is reduced, the returned flow is
hotter (unable to transfer as much heat to storage) and its inlet feedwater temperature increases.
This is similar to second feedheater (FH2) which also sees an increase in its inlet temperature
with a reduction in ϵ, but to a lesser extent. The increase in temperature means less flow must
be bled from the corresponding bleed ports. This trend propagates throughout the low-pressure
train. After mixing of the moisture separator and reheater drains in the deaerator, the inlet to
the high-pressure train has stabilised – i.e., the high-pressure feedheaters are independent of ϵ,
but are still dependant on f .

Conclusions

The paper presented the integration of thermal energy storage with the feedwater heating sys-
tem of a nuclear steam plant. The aim was to increase plant dispatchability while maintaining
constant power output from the reactor; thereby enabling nuclear plant to perform a ‘load-
following’ role (replacing the function of fossil-fired generators in low-carbon energy sys-
tems). Detailed consideration was given to the thermodynamic off-design modelling of the
feedheaters, as well as understanding the impact of storage heat-transfer effectiveness. The
following conclusions can be made:
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i. By transferring heat with the proposed storage system, the net work output of nuclear
plant can flex by ±10% while maintaining constant reactor power. Since the system
exploits existing hardware and the efficient feedwater heating system, the equivalent of
a low-cost electricity storage system can be achieved.

ii. The generation-integrated energy storage system incurs exegetic losses through two
mechanisms: (1) off-design operation of components in the steam cycle as the excess
feedwater fraction, f , is varied and (2) heat transfer to/from the storage system. For an
ideal storage system (ϵ = 1.0), each 1% change in feedwater through the feedheating
train results in a 0.24% (discharge) and −0.29% (charge) change in net work output.
This ∆wn/∆f figure falls at greater rates as ϵ is reduced, due to increasing exergetic
loss in the heat exchange processes. (e.g. when ϵ = 0.95, ∆wn/∆f is 0.20% for
discharge and −0.25% for charge, for each 1% change in feedwater.)

iii. The cycle calculations for a storage system with ϵ = 0.95, showed that an effective
round-trip storage efficiency of around 80% can be achieved. This is relatively high for
a thermo-mechanical storage system and reflects the fact that heat storage occurs prior
to conversion to electricity, so that exergetic losses that would occur anyway are simply
deferred.

iv. Off-design analysis of the feedheating system demonstrates that departures from the
nominal conditions has only a small impact on feedheat operation and hence on the
performance of the cycle.

v. The effectiveness of the storage system directly sets the temperatures of the hot and
ambient stores, as well as the temperature of the feedwater re-integrated with the cycle.
The temperature difference between the hot store and ambient store decreases by 3◦C
for every 1% reduction in storage effectiveness. Moreover, during charge, lower effec-
tiveness results in warmer feedwater reintroduced to the cycle which causes additional
non-uniform bleed flows in the LPT.

Future work will include: optimisation of the condenser vacuum to minimise required cooling
water while maximising the net work output; integrating storage around only the high-pressure
train or low-pressure train; implementing storage with small module reactors and co-generation
plants; detailed cost estimates, both per KW and per kWh capacity.
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Abstract  

Direct air capture is gathering the momentum to achieve the target of carbon neutrality. 

However, common amine scrubbing technologies may lead to some issues, e.g., degradation 

of sorption capacity and high regeneration energy consumption. Comparably, adsorptive 

carbon capture draws more attention has a reasonable energy input, especially considering the 

integration of other potential technologies. This work aims to present adsorption heat and 

mass conversion cycles for direct air capture (DAC). Two typical adsorbents are selected for 

the approaches of DAC, i.e., amine-functioned and commercial quaternate resin which are 

used to illustrate temperature swing adsorption (TSA) and moisture swing adsorption (MSA), 

respectively. Then, the integrated DAC systems with heat pumps and compressed air energy 

storage (CAES) are proposed to provide the improved capture performance. It is 

demonstrated that the integrated adsorption DAC may be a promising solution to reduce 

energy consumption in the near future.   

Keywords: Adsorption, Heat and mass conversion, Direct air capture, Thermodynamics 

 

Introduction 

The urgency to address global climate change has been correlated to the increasing levels of 

carbon dioxide (CO2) in the atmosphere, which generates an alarm all over the world [1]. To 

limit the global 2 ℃ temperature rise as a consensus reached in the Paris Agreement, the 

united efforts and effective actions are indispensable [2, 3]. Adsorption capture technology 

has received widespread attention in recent years due to the advantages of low cost and high 

efficiency [4]. Direct air capture (DAC), as one of the negative emission technologies (NETs) 

that combines the characteristics of safety, efficiency, and cost-effectiveness [5, 6], is highly 

recommended. In addition, DAC technology is not limited by geographical sites, and it can 

even be located near the site of CO2 employment and storage without transport costs [7]. CO2 

sources of DAC are also much cleaner.  

It is paramount to design an efficient DAC process to meet energy and cost requirements for 

commercialization. Adsorption DAC processes could be mainly classified into temperature 

swing adsorption (TSA) [8], vacuum swing adsorption (VSA), humid swing adsorption (HSA) 

[9]. TSA is a heat driven process which is quite attractive with its simple system design, 

whereas its production CO2 is diluted [10]. VSA is not practical for DAC due to the 

extremely low vacuum levels [10]. As the combination of vacuum and temperature swing 

processes, temperature-vacuum swing adsorption (TVSA) is a cost-effective process, and it 

has been used widely in DAC applications [11]. Moreover, for the single-bed cycle using 

activated carbon, Plaza et al. [12] found that the productivity and the recovery of desorbed 

CO2 followed the order: TVSA>VSA>TSA. Hence, the cyclic operation of TVSA would also 

be energy efficient and is adopted in this work. To optimize TVSA cycle, many attempts have 

been conducted. For instance, Sinha et al. [13] performed a modeling study and economic 
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assessment on a five-step TVSA process for DAC by using steam as the stripping agent 

during the desorption process. Elfving et al. [14] studied the effects of cold conditions and 

humidity (2 vol% H2O) on the equilibrium CO2 working capacities in PSA, TSA, and TVSA. 

The results implied that TVSA was only considered when requiring a high-purity CO2. The 

current researches mainly lies in both materials and process modelling. The basic mechanism 

of working cycles of DAC is not clear especially for heat and mass conversion processes as 

well as the intergration with other current energy saving technologies. 

The objective of this work is to present adsorption heat and mass conversion cycles for DAC. 

Thermal cycle of MSA is first proposed as a mass conversion cycle for DAC which is also 

compared with TSA as a heat conversion cycle. Also two types of the integrated systems for 

DAC, i.e., heat pump assisted cycle and compressed air energy storage (CAES) assisted cycle 

are proposed and compared in terms of cycle concept, thermal performance and future 

potential.  

 

General concepts  

Fig. 1 indicates a schematic diagram of a basic 4-step TSA cycle, which could be classifed as 

a heat conversion cycle due to that fact that only heat is inputted to drive the working cycle. It 

is generally composed of adsorption, preheating, desorption and precooling. The complete 

thermal cycle is 1-2-3-4-1. Step 1-2 is an adsorption process. In this process, gas mixture, i.e., 

N2/CO2 flow into adsorption reactor. Then CO2 is adsorbed by adsorbent, and cooling 

medium will take away adsorption heat. Theoretical adsorption process could reach point 5 

for adsorption stautration. Step 2-3 is a preheating process. The temperature of adsorption 

reactor is increased but no CO2 is desorbed. Step 3-4 is a desorption process. Temperature of 

adsorption reactor is increased and N2 purge is used sequentially. After temperature reaching 

T3 of point 3, CO2 adsorption capacity for the reactor is higher than the maximum value with 

the increasing temperature and constant pressure. Step 4-1 is a precooling process. Cooling 

medium flows into the inner tube for removing the heat from adsorption reactor. Until 

temperature of reactor decreasing to the original adsorption temperature, the operating 

conditions are resumed hereafter and a new 4-step TSA cycle will start. 

Fig. 2 demonstrate a schematic diagram of a basic 4-step MSA cycle, which is assumed as a 

mass conversion cycle since the whole process is not concerned with heat input. The sorption 

and desorption processes are driven by the difference of relative humidity (RH), i.e., the 

periodic control of partial pressure of water vapor. It is generally composed of adsorption, 

humidification, desorption, dehumidification. The complete thermal cycle is 1-2-3-4-1. Step 

1-2 is an adsorption process. After dehumification process, the adsorbent is ready to adsorb 

CO2 at a low RH.  Step 2-3 is an humidification process which aims to provide the potential 

for desorption later. Step 3-4 is an desorption process, which is usually mixed with water 

vapour. Thus the purity of MSA cycle is not as high as that of TSA. Step 4-1 is an 

dehumidification process for the regeneration of MSA sorbent by using fan. It is worth noting 

that energy consumption of MSA can be ideally just meted by free energy of evaporation and 

just slightly larger than flue gas capture. This method gives the chance of an isothermal 

sorbent swing, which avoids the sensible heat of working pairs and eliminate reliance on 

heating, cooling, and pressure-related facilities. It caters to the demands on cost, space, and 

energy saving.  
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Fig. 1. Schematic diagram of a heat conversion cycle: an example of TSA [15, 16]. 

 

Fig. 2. Schematic diagram of a mass conversion cycle: an example of MSA [17, 18]. 

Except for above basic sorption heat and mass conversion cycles, two concepts of the 

integration systems are presented. Fig. 3 indicates a typical case of heat pump-assisted TSA 

system in which vapour compression heat pump is used as a case for assistance [19]. Heat 

output of heat pump could be used to compensate for the regeneration heat whereas 

evaporation cooling power can be used to reduce the sorption temperature for a high sorption 

uptake. Temperature ranges of heat pump should well match the adsorption and regeneration 

temperature ranges of carbon capture. It is worth noting that for DAC, some senarios may 

happen when considering various extenal working conditions. For the cases with the external 

heat sources or renewables, e.g., solar energy, a second-type absorption heat pump could be 

used for DAC technologies since enough heat could be upgraded to meet the requirements in 

the generation process. If the temperature of heat source is not enough for the regeneration 

processes, vapour compression heat pump is used as the first stage and absorption heat pump 

could be used as the second stage for heat supply.  
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Comparably, Fig. 4 indicates a typical case of MSA with the integration of CAES. Also the 

heat consumption of regeneration process of MSA is quite low. However, energy 

consumption, espeically for the fan is also required. Thus the outlet gas of the CAES system 

after the expander is enough to be utilised as a air source to drive MSA for a low energy 

consumption of DAC.  

 

 

Fig. 3. Schematic diagram of adsorption carbon capture integrated with vapour compression 

heat pump [19]. 

 

Fig. 4. A typical case of adsorption carbon capture integrated with CAES. 

 

Methodology 

In this work, zeolite 13X and Mg-MOF-74 are selected for TSA cycle due to their relativel 

high sorption capacity among the physical adsorbents. A multi-temperature Toth model is 

used for CO2 especially on zeolite 13X and Mg-MOF-74 in low CO2 partial pressure of DAC 

[20]. Temperature-dependent form of Toth isotherm are expressed as equation 1. 
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where q is the amount of CO2 adsorbed at equilibrium, mol·kg
-1
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related to b and the saturation capacity; t is the Toth isotherm exponent related to surface 

heterogeneity.  

The isotherm parameters of Toth model could refer to the reference [20]., which are fitted 

from experimental data.  

The minimum separation work (Wmin) for DAC could be calculated by Gibbs free energy 

equation as a state function. Wmin is only relevant with heat input temperature Tin, CO2 

fraction in the gas mixture yCO2 and CO2 recovery ReCO2, which could be defined as equation 

2. 

 2 2min in CO CO( , , )W G T y Re
                                          (2) 

Exergy efficiency is the ratio of the minimum separation work to the consumption of the 

actual work (Wr), which is defined as equation 3, referring to the reference [21]. 
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                                  (3) 

where Ws is input work, which is not considered in TSA process due to no extra power 

apparatus in this study. QH is heat input of high temperature heat source; QL is heat output of 

low temperature heat source; TL is temperature of low temperature heat source, namely 

adsorption temperature. Similarly, TH is the desorption temperature. 

Heat input of TSA cycle QH is composed of latent heat i.e. reaction heat and sensible heat. It 

could be defined by equation 4. 

2

2

H s,CO s,ad s,re L,ad c d

s,CO s,ad s,re c d ad

(Q Q Q Q ) / ( )

(Q Q Q ) / ( )

Q q q

q q H

    

    
 

(4) 

where Qs,CO2 is sensible heat consumed by adsorbed phase of CO2, Qs,ad is sensible heat 

consumed by adsorbent; Qs,re is sensible heat consumed by sorption reactor; QL,ad is reaction 

heat. 

For MSA, sorption model of the commercial quaternate resin is selected for the analysis 

which could refer to the reference with experimental data [17, 18]. The electricity 

consumption of the fan can be calculated as equation 5.  

2

1

v

fan air
v

W PV   (5) 

where ΔP is the pressure drop from inlet to outlet, Vair is the volume of air in a cycle. 

For calculating energy consumption of evacuation, it is recommended that evacuation is 

regarded as compression under vacuum to ambient pressure. The electricity consumption of 

vacuum pump Wvac is calculated as equation 6 [22]. For the exergy efficiency could be 

evaluated by equation 3 in a similar way. 
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p
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(6) 

where pL and pH is evacuation pressure and ambient pressure in a MSA cycle. 

 

Discussion and Results 

Fig. 5 indicates the working performance of 4-step TSA cycle under DAC condition in which 

regeneration heat and exergy efficiency are described, respectively. It is demonstrated that 

regeneration heat of zeolite 13X and Mg-MOF-74 increases with the increase of desorption 

temperature. The regeneration heat of Mg-MOF-74 increases rapidly at the temperature of 35-

50 ℃, and then is significantly higher than Mg-MOF-74 when temperature is higher than 50 ℃. 

When the temperature increases from 35-70 ℃, reaction heat of Mg-MOF-74 has the largest 

change rate from 63 kJ·mol
-1

 to 899 kJ·mol
-1

. Also, it could be observed that exergy efficiency 

increases with the decrease of desorption temperature. Exergy efficiencies of zeolite 13X and 

Mg-MOF-74 have the similar trends with the increase of the temperature. The highest exergy 

efficiency of 4-step TSA cycle is able to reach 0.82 which could be obtained at the lowest 

desorption temperature of 35 ℃ for zeolite 13X. Exergy efficiency of zeolite 13X is the highest 

in the range of 35-55 ℃, which increases from 0.16 to 0.82. These results could be still 

reasonable and competitive among common physical sorbents e.g. activated carbon or silica gel.  

Fig. 6 indicates the working performance of 4-step MSA cycle under DAC condition in which 

energy consumption and exergy efficiency are described, respectively. The RH are selected in 

the common ranges between 55% and 90% since the lower RH cannot generate enough CO2 

below this RH. It is demonstrated that energy consumption of the commercial quaternate resin 

for 4-step MSA decreases with the increase of RH, which ranges from 151 kJ·mol
-1 

and 260 

kJ·mol
-1

. This is mainly because the cycle working CO2 become extremely low at a RH of 55% 

and the increase of electricity device e.g. fan is not high. Comparably, exergy efficiencies of the 

commercial quaternate resin for MSA show a reverse trend due to the fact that the minimum 

work doesn’t much which is related with inlet gas state according to equation 2. The highest 

exergy efficiency of 4-step MSA cycle is able to reach 0.33 which could be obtained at the 

highest RH of 90 ℃. For different RHs, exergy efficiencies range from 0.19 to 0.33.  It could be 

observed that thermal efficiency range of MSA is less than that of TSA. This is mainly because 

the electricity and heat are consumed for MSA and TSA respectively which accounts for the 

different grade of energy. 

In order to generally compare MSA with TSA, Table 1 illustrates the performance of CO2 

capture for DAC in terms of capture energy consumption, regeneration temperature, CO2 

product purity and CO2 recovery rate. It is indicated that capture energy consumption of TSA or 

TVSA is 60% high than that of MSA. This is mainly because heat consumption for the 

regeneration accounts fro a large amount of energy consumption for TSA or TVSA while no 

heat input is required for MSA theoretically. With the integration of heat pump, TSA or TVSA 

could reduce up to 50% energy consumption. By integrated with CAES, MSA could reduce 

more than 50% energy consumption since electricity of fan could be covered by the CAES 

which leave less electricity requirements for MSA. Also MSA could regeneration at ambient 

temperature around 20-25
o
C while TSA or TSVA have a regeneration temperature range of 70-

160
o
C. One of the shortcomings of MSA is that CO2 product purity is usually lower than 85% 

which is not suitable for carbon conversion processes. A good way of carbon utilization for 

MSA is to use the product CO2 to greenhouse for the plants. Comparably, TSA or TVSA could 

reach both high CO2 product purity and CO2 recovery rate. 
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(a) 

 

(b) 

Fig. 5. Thermal performance of 4-step TSA cycle under DAC condition (a) regeneration heat; (b) 

exergy efficiencies. 
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(a) 

 

(b) 

Fig. 6. Thermal performance of 4-step MSA cycle under DAC condition (a) energy 

consumption; (b) exergy efficiencies. 

 

Table 1. Comparison of TSA and MSA for DAC [23, 24]. 

Types Energy 

consumption 

Regeneration 

temperature 

CO2 purity CO2 recovery 

rate 

TSA/TVSA 6-8 GJ·tco2 70-160 
o
C >95%, >90% 

TSA/TVSA with 

heat pump or 

other heat source 

3-4 GJ·tco2 70-160 
o
C >95%, >90% 

MSA 4-5 GJ·tco2 20-25 
o
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Conclusions  

In this work, adsorption heat and mass conversion cycles are presented for DAC in which TSA 

and MSA are exemplified as the compared cases, respectively. The main parameters e.g. energy 

consumption and exergy efficiency are determined by using different adsorbents. Conclusions 

are yielded as follows: 

For TSA cycle of DAC, when the temperature increases from 35-70 ℃, reaction heat of Mg-

MOF-74 has the largest change rate from 63 kJ·mol
-1

 to 899 kJ·mol
-1

. Exergy efficiency of 

zeolite 13X is the highest in the range of 35-55 ℃, which increases from 0.16 to 0.82. These 

results could be still reasonable and competitive among common physical sorbents e.g. 

activated carbon or silica gel. For MSA, energy consumption of the commercial quaternate 

resin ranges from 151 kJ·mol
-1

 and 260 kJ·mol
-1

. For different RHs, exergy efficiencies of 

MSA range from 0.19 to 0.33 which is less than that of TSA.  

Capture energy consumption of TSA or TVSA is 60% high than that of MSA. With the 

integration of heat pump, TSA or TVSA could reduce up to 50% energy consumption. By 

integrated with CAES, MSA could reduce more than 50% energy consumption since 

electricity of fan could be covered by the CAES which leave less electricity requirements for 

MSA. One shortcoming of MSA is that CO2 product purity is usually lower than 85% which 

is not suitable for carbon conversion processes which is better to use the product CO2 to 

greenhouse for the plants. Comparably, TSA or TVSA could reach both high CO2 product 

purity and CO2 recovery rate. 
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Abstract 

CCS is already regarded as a central pillar of industrial decarbonisation and could play a 

critical role in reducing transport CO2 emissions. However, for it to be retrofitted to all 

surface transport modes, it must be made as compact as possible. Currently, it suffers from 

being limited to only fitting large vehicles. Therefore, the goal of this paper is to develop a 

holistic approach using hollow fibre technology to produce a smaller and lighter on-board 

hollow fibre-based CCS system. The holistic approach proposed considers the effect diesel 

and green NH3 fuel blends have on the design of a truck’s fuel tanks, aftertreatment 

architecture and on-board hollow fibre-based CCS system. In this respect, the breakthrough 

of this paper is highlighting the importance of hollow fibre technology and how it is the key 

to decarbonising transport. 

 

Keywords: on-board CCS, hollow fibres, TSA, blue transport 

Introduction/Background 

Additional decarbonisation solutions are required in the short-to-mid-term to reduce surface 

transport CO2 emissions. A solution that can be retrofitted to existing vehicles is on-board 

carbon capture and storage (CCS). In this instance, a CCS system is retrofitted in the same 

way a CCS system can be retrofitted to a hydrogen plant, transforming transport from grey to 

blue. However, CCS technologies developed for blue transport applications are traditionally 

too big to be retrofitted as they consist of packed bed units. To combat this, hollow fibre-

based CCS systems should be implemented instead as the high surface area-to-volume ratios 

inherent to hollow fibres produces a more compact, lightweight and cheaper on-board CCS 

system [1,2]. 

However, despite hollow fibres generating more compact systems, the on-board hollow fibre-

based systems proposed so far are limited to large surface transport modes. Thus, in order to 

retrofit on-board hollow fibre-based CCS systems to all surface transport modes, a different 

methodology is needed. Hence, this work proposes a new holistic approach that considers the 

effect of diesel and green NH3 fuel blends on the sizing of a truck’s fuel tanks, aftertreatment 

architecture and on-board hollow fibre-based CCS system. With this, short-hand design 

calculations were completed for the following scenarios: (i) diesel-powered truck retrofitted 

with on-board CCS; (ii) diesel-green NH3-powered truck retrofitted with on-board CCS; and, 

(iii) hydrogen fuel cell-powered truck fuelled by green NH3.  

 

Discussion and Results 
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A series of short-hand design calculations were completed for each scenario and were carried 

out using the data reported in our previous work [1], the data published by Reiter and Kong 

[3,4] and the findings of Mazzone et al [5]. 

For scenario one, an on-board hollow fibre-based CCS system was designed without any 

modifications to the truck’s fuel tank or aftertreatment architecture. The on-board hollow 

fibre-based CCS system obtained was 2,500 L and weighed ~4,000 kg. An on-board CCS 

system of this size would be limited to larger surface transport modes.  

Hence, in scenario two, different diesel-green NH3 fuel blend ratios were studied to reduce 

the size of the on-board hollow fibre-based CCS system. It was noticed that there was a trade-

off between lowering the diesel loading and reducing the on-board hollow fibre-based CCS 

system volume. This can be explained by the CO2 concentration becoming so dilute that the 

CO2 capture performance of the sorbent material decreased, and therefore, a bigger on-board 

hollow fibre-based CCS system was needed. With this, the optimum fuel blend ratio at 20:80 

diesel-green NH3 gave a 40% reduction in the on-board hollow fibre-based CCS system 

volume, presenting an opportunity for the technology to be retrofitted to small surface 

transport modes. 

Finally, the third scenario contemplated the cracking of green NH3 instead of the combustion 

of green NH3. In this scenario, no aftertreatment architecture or on-board CCS system was 

required. Instead, a pretreatment unit in the form of an NH3 cracking reactor was needed. 

Hollow fibre technology was implemented in the design of the NH3 cracking reactor to 

ensure the reactor could be feasibly installed on-board the vehicle. The volume of the overall 

system obtained for this scenario was approximately eight times smaller than that of scenario 

one and five times smaller than that of scenario two.  

 

Summary/Conclusions  

Blue transport is currently limited to large surface transport modes because the on-board hollow 

fibre-based CCS systems proposed thus far are too big to be retrofitted onto small surface 

transport modes. However, the results of this work have shown that the volume of the on-board 

hollow fibre-based CCS system can be decreased by 40% by co-feeding green NH3 at a fuel 

blend ratio of 20:80 diesel-green NH3. Thus, allowing on-board hollow fibre-based CCS 

systems to be retrofitted to all surface transport modes. Additionally, the findings of this paper 

show that hollow fibres can play an important role in green NH3 cracking for hydrogen fuel cell-

powered vehicles. Overall, the work presented herein demonstrates how hollow fibres are key to 

developing blue transport for all surface transport modes and facilitating the deployment of 

green transport. 
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Abstract  

Nanofluids are defined as heat transfer fluids with enhanced heat transfer properties by the 

addition of nanoparticles. Nanofluid’s stability, nanoparticles’ type, and chemical 

compatibility with the base fluid are essential not only to increase their thermophysical 

properties but also to ensure the long-lasting and thermally efficient use of the equipment in 

which these new fluids are used. Some of these key aspects are briefly discussed in this 

paper. Likewise, the improvement in terms of the heat transfer capacity (thermal resistance) 

that the use of nanofluids has on the heat pipes-thermosyphons is demonstrated. On the other 

hand, the improvement in energy efficiency that nanofluids cause in a vapor compression 

system is also presented. 

 

Keywords: nanofluid, heat pipe, vapor compression, battery refrigeration 

 

Introduction 

In an increasingly digitized society with a growing trend in the interconnection of things 

(e.g., IoT and AI), the volume of information circulating through the network and being 

processed is constantly growing. This information must be processed in high-speed 

processing and storage servers, which means that the density of heat to be dissipated has 

increased considerably in recent decades. This heat flux increase, together with technological 

advances that allow the miniaturization of electronics, forces thermal engineers to seek 

advanced solutions for heat dissipation. Advances in the field of electronics, and particularly 

power electronics, have resulted in a significant increase in heat flux density at the 

component level. Meeting component temperature requirements and ensuring maximum 

system performance and longevity require more efficient, lower-volume cooling 

technologies. As a result, thermal management is becoming increasingly critical to the 

electronics industry and data centres. The need for thermal management has increased over 

the past decade and the prediction is that a steeper increase is yet to come in the coming 

years. 

In parallel, other applications have demanded an increasing thermal management capability 

that was not even considered less than a decade ago. The advent of electric vehicles with the 

use of Li-Ion batteries has become a new edge for the development of reliable and high-

performance thermal management systems. Since this type of battery can be charged within 

minutes and present a high density of energy that can be delivered to the vehicle’s systems, 

overheating became an issue that can potentially cause accidents, which unfortunately have 

already been reported in some applications. This type of issue is generally caused by heat 

concentration in specific areas of the battery resulting in temperature overshooting with 

consequent potential fire and loss of the device. Such an issue has been reported with more 
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frequency as new vehicles that utilize electric propulsion are gaining interest from different 

markets, which require proper addressing using reliable thermal management systems. As a 

potential solution for this issue, temperature homogenization can be applied to minimize heat 

concentration, which also contributes to increasing the battery’s lifetime. 

On the other hand, conventional vapor compression refrigeration has, in recent years, 

suffered from the consequences of international environmental legislation relating to 

fluorinated refrigerants “HFCs”. In this regard, Europe has adopted the “F-GAS” regulation, 

which establishes deadlines for the use of these refrigerants due to their negative impact on 

the climate. The climate impact of a substance is commonly expressed as the global warming 

potential (GWP). The lower the GWP, the more climate-friendly the substance. Most of the 

HFCs have a very high GWP and are hence potent greenhouse gases. Most of the HFCs are 

used as refrigerants in refrigeration and air conditioning. To mitigate emissions of substances 

with a high GWP and comply with the F-Gas Regulation, each sector needs to find solutions 

to quickly switch to low GWP refrigerants. The F-gas regulation is committed to so-called 

clean refrigerants (hydrocarbons, CO2, HFOs) due to their zero or very low GWP. However, 

the use of these refrigerants often implies a reduction in the efficiency of the refrigerators as 

well as an extra effort to redesign them. 

Under this scenario, thermal and refrigeration engineers are forced to find solutions, not only 

in terms of the type of refrigerant (more respectful of the environment) but also in terms of 

new refrigeration technologies (acoustic, thermocaloric, thermoelectric, nanofluids …) that 

meet new challenges in heat dissipation and cooling. Nanofluids are envisioned as one of 

these solutions. Although there is little bibliography in this regard, recent works show the 

interest in nanofluids as a key enabling technology to meet the environmental challenges 

vapor compression systems must face. For example, Gokulnath [1] presents an analysis of the 

effect of different nano-refrigerants on domestic refrigerator performance. Haque [2] 

analyzes the behavior of a domestic refrigerator when using a polyester-based nano-lubricant. 

Nanofluids are defined as heat transfer fluids with enhanced heat transfer properties by the 

addition of nanoparticles. When formulating a nanofluid, a fundamental aspect to consider is 

its stability, since its thermophysical properties pretty much depend on it. Adding dispersants 

in the two-phase systems is an easy and economical method to enhance the stability of 

nanofluids. Although surfactant addition is an effective way to enhance the dispersibility of 

nanoparticles, surfactants might cause several problems [3]. In this paper, an analysis of the 

effect of nanoparticles not only on the stability of the nanofluid but also on its thermal 

conductivity is carried out. The use of nanofluids is already being seen in different 

applications - technologies, some application cases are also summarised in this paper. 

 

Results and Discussion 

Nanofluids [4] are a type of fluid made up of a base fluid to which nanoparticles (typically <100 

nm) are added to increase their thermophysical properties. Nanoparticles manipulation and in 

turn, nanofluid formulation requires high-security measures and therefore must be handled in 

controlled environments. 

Metallic nanoparticles are among the most interesting ones due to their high thermal 

conductivity. This nanoparticle addition makes the nanofluid thermal conductivity increase [5, 

6] as well as its viscosity which is a negative effect as far as pressure drop is concerned. Despite 

the volume of research carried out so far, which shows that the use of nanofluids increases the 

heat transfer coefficients, there is still much to understand in the area of nanofluids, for example, 

depending on which cooling technology (LHP, HP) the nanofluid is used in, other forces 
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(capillarity) apart from the viscous and gravitational forces come into play requiring a better 

fluid–structure interaction understanding [7]. This interaction is given, among others, by the 

surface tension and the contact angle between the fluid and the porous medium. Since the 

contact angle is affected by the addition of nanoparticles [8–10] the capillary forces are altered 

and with them the LHP capillary pumping. From a theoretical point of view, the phenomena that 

take place at the nanoparticle level (Brownian movement, plasma) that make the heat transfer 

coefficients improve are not clear. In the bibliography, there are several theoretical models [11–

19] that try to shed light on the matter but their predictions differ from the experimental values 

[20–22]. This theoretical field requires a greater research effort to be able to give answers to the 

real behavior of nanofluids. Nanoparticles not only increase the thermal conductivity of the base 

fluid but also act as sources of bubble generation in boiling processes, thus increasing the boiling 

performance such as critical heat flux, important in LHPs and HPs [23, 24]. Nanoparticle 

stability [3, 25, 26] in the fluid is key to having a nanofluid that ensures an enhancement of the 

device's thermal performance over time. Different techniques are used for such purposes: 

surfactant addition, sonication, and surface charge change. The addition of nanoparticles to a 

base fluid, as mentioned above in the section, basically alters its viscosity and its thermal 

conductivity. These alterations depend pretty much on the nanoparticle size and concentration as 

shown in the following sections. This influence is reflected in the following analysis carried out 

for the base fluid polyolester when it is doped with different types of nanoparticles (CuO, Al2O3, 

and TiO2). 

Nanoparticles size - viscosity and thermal conductivity 

As mentioned above, nanofluid viscosity [27] is an important property as far as thermal 

performance and fluid flow are concerned. As shown by the rheological analyzes carried out by 

different researchers [28, 29]. Among the several works regarding oil-based nanofluids, Resiga 

et al. [30] investigated the rheological properties of highly concentrated transformer oil-based 

magnetic nanofluids; the results confirmed that the nanofluids were Newtonians in all 

concentrations except at the highest concentration of 20.8 vol.%. Murshed et al. [31] 

experimentally studied the viscosity of silicone oil (SO) based TiO2 and SiO2 nanofluids 

confirming the nanofluids’ Newtonian nature. Chen and Xie [32] reached the same conclusion 

for carbon nanotubes (TCNT)-nanofluids. At low shear rates, Newtonian behavior of silicone oil 

(Syltherm 800) based diamond-graphene nanofluid was observed by Yang et al. [33]. Further 

researchers [34-36] investigated the effects of multi-walled carbon nanotubes (MWCNT) 

loading, surfactant concentration, and dispersion energy (ultrasonication) on the thermal 

conductivity and steady shear viscosity of oil (PAO6)- based-nanofluids. Polyisobutene 

succinimide (PIBSI) was used as the surfactant. The results showed that at low shear conditions, 

the nanofluid viscosity was governed by the PIBSI, observing a 0.1 to 0.07 Pa shear stress 

decrease. They also analyzed the concentration of CNT versus viscosity, it was observed that the 

viscosity increased for any concentration other than 3% by weight. 

Saeedinia et al. [37] investigated the thermal conductivity of CuO/oil nanofluid. The authors 

measured the thermal conductivity at different temperatures ranging between 24 and 70 °C and 

at two concentrations of 1 wt.% and 2 wt. %. The results showed a remarkable enhancement in 

the thermal conductivity of the studied nanofluid with temperature. With increasing the 

temperature, the agglomeration of nanoparticles is hindered, and thus the thermal conductivity is 

enhanced because of the more uniform nanoparticles dispersion. 

When analyzing the Ti2O3 nanoparticles size on the 1 wt. % polyol-ester nanofluid, Figure 1, it 

is observed that viscosity increases with the increase of NP size. This increase becomes steeper 

for a specific size (180 nm). This result agrees with other researchers’ work [38, 39]. Although it 

could be expected that viscosity would decrease with increasing NP size [40], this performance 
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depends to a great extent on the NP concentration, which can cause a decrease or an increase in 

viscosity as the size of the NPs increases [41-45]. In any refrigeration application, the nanofluid 

must be pumped to flow through the pipe and this pumping work is greater the higher the 

viscosity. In terms of efficiency, this work must be as low as possible and consequently the 

nanofluid viscosity. 

 

Figure 1. Influence of NPs size on viscosity. 1 wt% nanofluid of Ti2O3 NPs in polyol-ester. 

 

Figure 2 shows the thermal conductivity variation with variation in nanoparticle concentration 

from 0.1 wt.% to 1.1 wt.% at ambient temperature. It is apparent that thermal conductivity 

increases with increasing the NPs concentration [46]. However, in the cases of Al2O3 and TiO2, 

the thermal conductivity increase is less the higher the concentration. The “CuO” nanofluid 

exhibits a linearly increasing behavior with concentration. 

Application cases 

Passive cooling devices 

Nanofluids can be potentially applied as working fluids in active (mechanically driven) and 

passive (capillary action, slug/plug dynamics) systems. Thermal management devices 

employing either concept can benefit from the advantages of using nanofluids to enhance their 

heat transport capabilities. Liquid cooling systems use a pump to drive the liquid to the heat 

source (or sources) in contact with a dedicated heat exchanger (or multiple heat exchangers). 

Heat is then absorbed by the working fluid and transported by the lines to a condenser (one or 

multiple), where the heat is rejected to a medium (environmental air, liquid reservoir, etc) with 

low temperature. Since the liquid cooling system is a closed circuit, the working fluid operates 

in a cycle absorbing and rejecting heat. As a necessity from its design, liquid cooling systems 

require a reservoir used to self-control the working fluid being used by the system, which will be 

determined by the flow rate at which it is operating. Figure 3a presents schematics of a liquid 

cooling system. 
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Figure 2. Influence of NPs concentration on thermal conductivity for different NPs (CuO, Ti2O3 

and Al2O3) and concentrations. Polyol-ester as base fluid. 

 

As a promising technology for complex thermal management systems, Pulsating Heat Pipe 

(PHPs), also known as Oscillating Heat Pipes (OHPs) can potentially use nanofluids as their 

working fluids, because they do not present a wick structure that could compromise their overall 

thermal performance. Their simple construction based on a meandering tube bent in several 

parallel curves operates utilizing liquid slugs and vapor plugs motion [46], transporting the heat 

absorbed from a source and rejecting it in a sink. This kind of device can be considered a special 

type of heat pipe and was introduced by Akachi [47]. 

 

 

Figure 3.  (a) schematic, and (b) CAD representation of the thermal control system arrangement. 
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Moreover, other designs present the application of nanofluids operating with passive 

thermal control devices like the PHPs [48]. Figure 4 presents another configuration applied to 

the thermal control of PCBs that operate with nanofluids with f ranging from 2.0 to 3.5% for 

the same nanoparticle characteristics. For such applications, the PHPs have been designed to 

homogenize the temperatures throughout the PCBs to maximize the heat dissipation 

capabilities of the entire system, thus minimizing the risks of undesirable concentrations that 

could potentially cause the failure of the entire thermal management system. 

 

 
(a)         (b)           (c) 

Figure 4. PHPs with nanofluids applied to the thermal control of PCBs. 

 

In the case of thermal management of high heat density equipment, such as computer 

clusters, avionics, processors, etc, the demand for thermal control using specific devices is 

also growing. In this case, PHPs are not indicated as they cannot handle high heat fluxes. 

Therefore, another device called a loop heat pipe (LHP) is the most indicated one for the use 

of passive thermal control, being able to work with heat fluxes of 100W/cm
2
 or above [49-

51].  

Solutions for thermal control on the equipment mentioned above have been using LHPs 

with and without nanofluids, which, in general, presented the configuration as shown in Fig. 

5. 

 

 
Figure 5. Loop heat pipes applied to computer clusters' thermal control. 

 

In the case of nanofluids, LHPs can present an increase of 20% in their overall heat 

management capabilities, but there is a penalty in the maximum heat fluxes that they can be 

operational because the solid nanoparticles imply additional restrictions to the fluid flow 

(higher pressure drops). Adequate manipulation of the nanofluid is also required to avoid the 

formation of non-condensable gases (NCGs) that might impact the overall device's 

performance [52]. 

 

Active cooling -vapor compression 

Another potential application for nanofluids is vapor compression refrigeration systems “VCS”. 

In these systems, the working fluid is circulated actively through a compressor. The compressor 

generates the pressure difference necessary for the refrigerant to circulate. During its journey, 

the refrigerant undergoes a cyclical phase change, condensation-evaporation, which gives it a 

greater heat transport capacity compared to liquid cooling. The coefficient of performance 

“COP” of the VCS systems can be improved in two ways: firstly, by increasing the heat 
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abstraction rate in the evaporator, and secondly, by reducing the work done in a compressor The 

use of nanoparticles to increase the COP of vapor compression systems is something that has 

already been confirmed, as evidenced by the research works on the matter [53, 54]. Some works 

are more focused on the increase of heat transfer rates [55–57] while others are on compressor 

lubrication improvement [58, 59]. 

 

Conclusions  

Considering the importance of nanofluids as heat transport media, from this overview of the 

performance and viability of nanofluids following conclusions can be drawn:  

 Nanofluids are a promising science to improve the heat transfer capacity of different 

technologies particularly used in thermal systems. 

 It applies to different sectors with minimal investment cost. 

 Nanofluid stability continues to be a challenge and therefore an open door to research. 

 A greater understanding of the causes that make the thermophysical properties of 

nanofluid improve is still necessary and thus more theoretical research is required. 

 The large amount of experimental research work carried out to date positions nanofluids 

as a key enabling technology for the advancement of thermal and cooling management 

in the immediate future. 
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Abstract  

In this work we fabricated nanostructured polymeric material, based on poly(acrylonitrile), 

and studied the feasibility of its use for low concentration removal of CO2 directly from air. 

Polymeric powder was electrospun to prepare nanofibrous mats with high surface area and 

functionalised with primary amine to promote the CO2 adsorption capacity of the material. 

Keywords: Direct Air Capture, electrospinning, nanofibers, polymers, CO2. 

Introduction/Background 

There is a clear consensus that human activities result in increasing emission of greenhouse 

gases and are the major contributors to global warming. Tackling the negative effects of such 

emissions on the environment calls for the devolepment of the mitigation technologies for 

deep decarbonisazion both of large concentrated sources and point sources of emission.  

Conventional CO2 capture and storage techniques allow only to decrease emissions from high 

concentration sources, and so are not enough to reach the decarbonisation target. Instead, 

negative emission technologies (NETs) are required, such as direct air capture (DAC). Such 

technology is currently removing thousand of tonnes of CO2 per year and has already been 

recognised as the measure to directly address the couse of climate change. Indeed, DAC 

offers a viable solution to remove CO2 from ambient air while offering higher flexibility with 

respect to other technologies in terms of location and scalability [1-2]. 

Nevertheless, capturing and concentrating CO2 directly from air presents several limitations, 

due to very low carbon concentration, presence of moisture, operating temperature and 

pressure. Thus, together with requirements on high sorption capacity at ambient pressure,  

stability issues also have to be addressed, when choosing the material for solid sorbent DAC 

[2]. In this regard, polymeric materials could offer a suitable solution, offering both chemical 

and physical stability, and ease of manufacturing. Furthermore, it is possible to covalently 

attach CO2-philic carriers to the polymeric matrix, creating a material with enhanced carbon 

selectivity, promoted by the presence of humidity in the stream [3].  

In this work, we study the feasibility of creating such material from poly(acrylonitrile) 

(PAN). Such polymer can be easily functionalised, given the availability of active nitrile 

groups. At the same time, techniques like electrospinning can be used to increase 

significantly the surface area and promote CO2 adsorption. Indeed, it was shown in the 

previous work that chemical and morphological modification can increase significantly the 

CO2 capture ability at relatively high pressures of a conventional polymer such as PAN [3]. 

Here, we study the feasibility of using electrospun nanofibrous mats based on amine-

functionalised PAN for low concentration removal of CO2.  

 

Discussion and Results 
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Nanofibrous mats of pure PAN were electrospun from 5wt% polymer solution in N, N-

dimethylformamide (DMF) by using IME electrospinner. The spinning procedure was optimised 

to produce uniform material while maximising the superficial area by controlling the fibre 

diameter. The obtained non-woven mats were then functionalised through reaction with 

acqueous solution of Ethylenediamine (EDA), primary amine known to directly interact with 

CO2. Samples with different amine contents were obtaines and dried in the oven under vacuum 

prior to further characterization.  

Morphological analysis of pure and functionalised nanomats was performed by using Scanning 

Electron Microscopy (SEM) technique, allowing to study the uniformity of the fibers and their 

diameter distribution, as showed in Figure 1. Chemical characterisazion was performed by using 

Fourier-transform infrared (FT-IR) spectroscopy, allowing to define and determine the nitrile 

groups conversion after the functionalization of PAN. Finally, dry CO2 sorption was measured 

directly in a pressure decay apparatus, at 30°C and pressures up to 1 bar. The solubility values 

were correlated to the degree of functionalisation and total surface area, related to the mean fibre 

diameter.  

  

Figure 1: SEM image of pure PAN nanofibrous mat. The image was obtained at 4000x magnification 

and used for the analysis of diameter distribution.  

The results were compared with a previous study, where the PAN powder was functionalised 

prior to electrospinning [3].  

Summary/Conclusions  

In conclusion, in this work we investigated the feasibility of using nanostructured polymeric 

materials for direct carbon capture from air. Fibrous electrospun mats of pure and amine-

functionalised PAN were produced at different conditions; their morphological, chemical, and 

adsorption properties were characterised and compared with previous work, showing promising 

results for DAC application. 
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Abstract  

Carbon capture is a crucial technology to mitigate climate change and reduce CO2 emissions. 

Solid sorbents are one of the most promising class of materials for developing carbon capture 

technologies, with their pores or surfaces directly capturing CO2, or acting a 

backbone/confining medium for CO2-capturing functional groups [1]. 

The most common integrated process in use for post-combustion and direct air capture, is 

temperature swing adsorption (TSA). TSA operates by alternating between adsorption at low 

temperature and desorption at high temperature, thus exploiting the temperature-dependent 

affinity of the sorbent for CO2. If low to medium grade heat is used for sorbent regeneration, 

the intensive energy cost of carbon capture can be mitigated, while efficiently exhausting 

waste heat in the process. 

Screening the realistic TSA performance of novel promising solid sorbents requires lab-scale 

experiments in process relevant conditions: varying relative humidity, presence of oxygen, 

mass transfer kinetics, and multiple cycle stability. In this work, several prototypical MOFs 

(MIL-100Fe, UTSA-16, MOF-74Ni), a reference aluminosilicate zeolite (13X) and an ion 

exchange resin (Lewatit® VP1065) are screened in realistic conditions for CO2 capture using 

advanced dynamic gravimetric sorption and packed bed breakthrough methods.  After 

validation of methodology with previous results [2,3], we consider several factors that affect 

TSA efficiency, such adsorption/desorption temperature and cycle time. Importantly, we 

show that isobars (uptake at a constant concentration but changing temperature) are more 

relevant metrics than isotherms. We also identify the challenges and opportunities for further 

improvement of screening solid sorbents to be used in TSA processes for carbon capture 

applications. 

 

Keywords: CCUS, solid sorbents, TSA, humidity, realistic conditions 
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Abstract 

This paper presents a simulation model for proposed solar-powered hybrid adsorption desalination and salt 

hydrate employing silica gel and copper sulfate as adsorbent material and salt hydrate respectively. In the 

present study, a simulation model of the investigated system utilizing three-bed has been investigated under 

Egyptian weather conditions. Solar radiation of Assuit city is expressed using TRNSYS software.  

1. Introduction  

Many countries around the world, especially developing countries and countries in the Middle East region 

suffer from a shortage of fresh water. Currently, over one-third of the world's population lives in areas where 

people are unable to meet their water demand of fresh water [1-3]. Many researcher presented many studies 

trying to improve the performance of ADCS by many methods as investigation new adsorption materials, 

improving adsorption beds overall heat transfer coefficient and improving adsorption time and adsorption 

beds arrangements. 

2. System description  

The proposed SHAD system is consists of three beds with two evaporators as expressed in Figure 1. The 

first and second beds are backed with silica gel while the third bed is backed with copper sulfate as salt 

hydrate material. The solar data is modeled by TRNSYS software. Figure 2 shows a schematic diagram for 

solar-assisted hybrid SHAD cycle using TRNSYS.  

 

 
Fig.1. Hybrid salt hydrate and ADCS systems 
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Fig.2. Schematic diagram for solar-assisted hybrid SHAD cycle using TRNSYS.  

4. Results  

This section presents the simulation results of the solar powered hybrid SHAD system for higher water 

desalination and cooling power. 

Representative average daily SDWP of the solar-powered SHAD system, and SCP for around one-year 

climate conditions are presented in Fig. 3. It is found that, both SDWP and SCP increase with the increase of 

inlet HWT therefore, SDWP and SCP decrease with the decrease of the average SR. The average cycle COP 

increases until they reach their maximum values of about 0.67 for the selected city. The investigated hybrid 

system has higher performance in SDWP, SCP and COP by 57%, 55%, and 25% respectively compared to 

conventional AD system with silica gel as adsorbent material. 

 

.       

 

Fig. 3. Average a) SDWP, and b) SCP of the solar powered hybrid SHAD during the year for Assiut. 

 

5- Conclusions 

This study expresses the utilizing of solar powered solar hybrid adsorption and salt hydrated desalination 

systems under Egyptian weather conditions. Solar radiation of Assuit city is expressed using TRNSYS 

software with Assiut meteorological weather data. The investigated hybrid system has higher performance in 

SDWP, SCP and COP by 57%, 55%, 25% respectively compared to conventional ADCS system with silica 

gel as adsorbent material. It can be concluded that the hybrid SHAD system which is driven by solar energy 

can be used effectively with the Egyptian weather conditions 
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Abstract 

The supercritical carbon dioxide (sCO2) Brayton cycle is a highly efficient potential power 

propulsion system, providing necessary strategies for reducing pollution emissions and 

achieving the goal of carbon neutrality. The centrifugal compressor is the core equipment of 

the sCO2 system. The efficient design of the supercritical carbon dioxide Brayton cycle requires 

the compressor to operate near the critical point of carbon dioxide, where the thermophysical 

properties of carbon dioxide will change significantly, making the flow in the compressor more 

complex and having the risk of condensation, thus affecting the compressor performance 

prediction. In this paper, an aerodynamic design method of a supercritical carbon dioxide 

centrifugal compressor was proposed to reduce the dependence on model experience. 

Combined with metastable phase characteristics, the cause of blade condensation was clarified, 

and the impact of impeller passage flow characteristics on compressor performance was 

systematically analysed. 

Keywords: Brayton cycle, Supercritical carbon dioxide (sCO2), Centrifugal compressor, Non-

equilibrium condensation, Transonic flow, Phase change. 

Nomenclature 

Abbreviations  

sCO2 

LE 

TIT 

supercritical carbon dioxide  

leading edge 

turbine inlet temperature 

Symbols  

 c 

 Y 

 N 

 I 

critical 

liquid fraction 

droplet number 

nucleation rate 

Introduction 

Due to the global energy shortage and the continuous growth of energy demand, energy 

structure reform and new power propulsion technology have become urgent engineering 

problems in the field of energy and electricity. The supercritical carbon dioxide (sCO2) Brayton 

cycle is a potential alternative power propulsion system [1]. It can realize efficient and clean 
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power generation, effectively reduce the pollution emissions of traditional power generation 

methods, and then make great contributions to achieving the goal of carbon neutrality. At lower 

turbine inlet temperature (TIT) [2], the sCO2 Brayton cycle can achieve similar efficiency to 

the steam Rankin cycle. In order to improve the cycle efficiency, the sCO2 Brayton cycle 

compressor should be close to but slightly higher than the critical point of carbon dioxide. At 

this critical point, the thermophysical properties of the working fluid change significantly and 

condensation is easy to occur. The main concern is the sharp change of fluid density, 

temperature and pressure near the critical point. Secondly, the condensation of the working 

fluid is easy to occur at the inlet of the compressor impeller due to the local flow acceleration 

and the accompanying local static pressure and temperature reduction. Therefore, in order to 

put the supercritical carbon dioxide (sCO2) Brayton cycle system into real industrial utilization, 

the development and design of its anti-condensation and real gas analysis have quite necessary 

practical significance. 

The concept of the supercritical CO2 Brayton cycle was first proposed by Feher and 

Angelino [3-4]. In recent years, with the pursuit of higher energy utilization, effective Brayton 

cycle systems and design optimization have become a research focus again. Some numerical 

studies on the performance and flow field behavior of CO2 centrifugal compressor have been 

further advanced. Kim et al. [5] studied the efficiency and pressure ratio of the compressor 

under different working conditions, and compared the numerical simulation results with the 

experimental data. Ameli et al. [6] studied the influence of different operating conditions on 

the compressor performance and the condensation phenomenon at the leading edge of the 

impeller (LE). On this basis, many researchers have explored the optimal design of centrifugal 

compressors. Wang et al. [7] designed an axial compressor based on the real gas model and 

found that the supercritical carbon dioxide compressor is more compact than the helium 

compressor. Wang et al. [8] adopted the system-component coupling optimization method to 

obtain the optimal parameters and design results of s CO2 compressor and steam turbine. Li et 

al. [9] proposed a new design method for the impeller inlet of the sCO2 compressor, and derived 

the acceleration margin to limit the condensation at the impeller inlet. Moreover, during the 

rapid cooling stage, the fluid enters a metastable state [10] and exhibits gaseous properties until 

it reaches the Wilson point, where nucleation begins. Therefore, a detailed explanation of 

metastable thermodynamic properties remains a key challenge in uncovering non-equilibrium 

condensation phenomena.  

In the present study, an improved NIST real CO2 gas model that can calculate the 

metastable characteristic values of fluid at a given pressure and temperature data point was 

developed. The physical and mathematical models of the sCO2 centrifugal compressor were 

established, and subsequently, the condensation characteristics of CO2 were predicted on the 

basis of validating the accuracy of the mathematical model. At last, the change of operating 

parameters in the non-equilibrium condensation process of centrifugal compressor and its 

influence on condensation were analyzed. 

Physical model 

The compressor used in this study is composed of blade, hub and shroud, including 24 

blades. A clearance gap exists between the blades and the shroud of the compressor. The outer 
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diameter of the blade row is about 40 cm. The physical structure of the centrifugal compressor 

is shown in Fig. 1. 

 
Fig. 1 Impeller geometry of sCO2 centrifugal compressor 

 

Mathematical model 

The mass, momentum, and energy conservation equations of the gas-liquid mixture are 

shown below, 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�̅�) = 𝑆𝑚 (1) 

𝜕(𝜌�̅�)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢�̅�𝑢�̅�) = −𝛻 ∙ 𝑝 + 𝛻 ∙ (𝜏̿) + 𝑆𝐹 (2) 

 

𝜕(𝜌𝐸)

𝜕𝑡
+ ∇ ∙ [�̅� (𝜌𝐸 + 𝑝)] = −∇ ∙ (𝜆 ∙ ∇𝑇)+𝑆ℎ (3) 

where u, p, ρ, and E are the velocity, pressure, density, total energy of the gas phase, 

respectively. 𝜏̿ is the stress tensor, and Sm, SF, Sh are the mass, momentum, and energy source 

terms produced by the exchange between two phases. Two transport equations are used to 

describe the condensation process of CO2 in supersonic flow. Two scalar equations are used to 

describe the droplet number (N) and a liquid fraction (Y). 

𝜕(𝜌𝑌)

𝜕𝑡
+ ∇ ∙ (𝜌�̅�𝑌) = 𝑆𝑌 (4) 

𝜕(𝜌𝑁)

𝜕𝑡
+ ∇ ∙ (𝜌�̅�𝑁) = 𝐼 (5) 

The source term SY describes the condensation rate of the wet steam and SY = mv, where 

mv represents mass production rate. N (m-3) is the number of droplets per volume. I (m-3s-1) is 

the spontaneous condensation nucleation rate, which is defined as: 

𝐼 =
𝑞𝑐

1 + 𝜃

𝜌𝐶𝑂2
2

𝜌𝑙
√

2𝜎

𝜋𝑀𝑚
3 exp (−

4𝜋𝜎𝑟𝑐
2

3𝑘𝐵𝑇𝐶𝑂2
) (6) 
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The condensation of CO2 in supersonic flow includes the nucleation process and droplet 

growth process. And mv is determined by nucleation and droplet growth in the process of 

non-equilibrium condensation. 

𝑚𝑣 =
4

3
𝜋𝜌𝑙𝐼𝑟𝑐

3 + 4𝜋𝜌𝑙𝑁𝑟2
𝜕𝑟

𝜕𝑡
(7) 

where ρl is the liquid density, r (m) is the droplet radius, dr/dt is the growth rate of droplets, 

the rc is the critical droplet radius. 

Numerical methods 

The centrifugal compressor was meshed with three-dimensional structural grids. Single 

channel grids and local refinement are shown in Fig. 2. Both sides of the single channel are set 

with rotating periodic interface, and the boundary condition of solid wall is anti-slip thermal 

insulation wall. Viscosity model set to SST k-ω. The solver uses the pressure-based transient 

solution method to solve the equation. The inlet and outlet conditions are set as pressure inlet 

and pressure outlet respectively, and the Second-order upwind scheme is used to discrete the 

turbulent flow energy equation, the turbulent dissipation rate equation, and the flow control 

equation. 

 
 

Fig. 2 Computational grid for single-channel impeller 

To illustrate the accuracy of the CO2 condensation model, this paper selects the nozzle 

structure and experimental data of Claudio Lettieri's for specific validation, which can be 

obtained in Fig. 3. The inlet pressure is 57.24 bar and the inlet temperature is 314.78 K. As 

shown in Fig. 4, a pressure jump occurs behind the nozzle throat, which is caused by the release 

of latent heat during the process of condensation. It should be emphasized that in this study, 

based on the cubic spline extrapolation method, the real gas properties calculated by the 

established mathematical model are extended to the metastable region, achieving a smooth 

transition during the pressure jump process, which is closer to the experimental results, that 

can be intuitively observed in the figure. In addition, it can be seen that the condensation 

position of the ideal gas is relatively backward, and the prediction ability of the ideal gas model 

for condensation characteristics is also poor. This further confirms that the NIST real gas model 

based on cubic spline curve extrapolation and equation of state (EOS) is absolutely accurate 

and stable for simulating the condensation process of CO2. 
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Fig. 3 The geometry and dimensions of the nozzle used for validation 

 
Fig. 4 The validation results of CO2 models with experiment and simulation 

Results and discussion 

This section presents the numerical results of the sCO2 centrifugal compressor and observes 

the performance and flow characteristics of the sCO2 centrifugal compressor. Under the action 

of centrifugal compressor blades, the temperature and pressure values of the working medium 

will continuously increase with the flow direction. This phenomenon can be found in Fig. 5 

and Fig. 6. As shown in Fig. 5, the range of static temperature of an CO2 gas medium 

centrifugal compressor impeller is about 250-400K. At 10% span, the temperature at the tip of 

the trailing edge of the blade reaches the maximum value, about 400K. Similarly, the maximum 

values of temperature at 50% and 90% span appear at the rear end of the blade. As the span of 

the blade increases, the temperature drop significantly increases. Compared to the wet gas 

model, the temperature difference under dry gas will be greater. 
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Fig. 5 Distribution of static temperature on compressor blades 

Similar to the static temperature distribution, as shown in Fig. 6, the static pressure 

range of an CO2 gas medium centrifugal compressor impeller is about 10-180 bar, showing a 

trend of first decreasing and then increasing, with a maximum static pressure value appearing 

at the rear end of the blade. 

 
Fig. 6 Distribution of static pressure on compressor blades 

 

Fig. 7 shows the distribution of relative Mach numbers along different leaf height 

directions under the wet gas model. It can be clearly seen that the overall trend of relative 

Mach numbers is to increase first and then decrease, with the high-speed region mainly 

concentrated at the tip of the front edge of the blade suction. At the height of 90% of the 

blade, the velocity changes are sufficiently intense, and there is a significant presence of 

supersonic regions and strong shock behavior. That is, the intensity of the shock wave has a 

significant increase trend with the increase of the blade height. Table 1 shows the specific 

data results. The channel shock wave mainly exists at the leading edge and suction slide of 

the blade, and there is a relatively obvious low speed region at the outlet. 

 
Fig. 7 Distribution of Mach Numbers on Compressor Blades 

Table 1 Comparison of Mach Number at different blade span 

Mach 

number 

At 10% 

span 

At 50% 

span 

At 90% 

span 

Minimum 0.113 0.106 0.097 

Maximum 1.605 1.733 1.867 

There are significant differences in ΔT under dry and wet gas models. As shown in Fig. 

8, under the wet gas model, the higher ΔT occurs at the front end of the blade, while the 

lower supercooling occurs at the trailing edge of the blade. That is, supercritical CO2 tends to 

reach a supersaturated state at the leading edge of the blade, which means condensation is 

prone to occur there. 
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Fig. 8 Distribution of Degree of supercooling (ΔT) of compressor blades 

Finally, the liquid fraction of supercritical carbon dioxide in a centrifugal compressor is 

analyzed, which is a typical parameter for measuring CO2 condensation. As shown in Fig. 9, 

as the blade height increases, the condensation intensity at the front end of the blade 

increases, and the variation pattern is very similar to the distribution of the relative Mach 

number. This distribution pattern indicates that the condensation at the leading edge of the 

blade in a sCO2 centrifugal compressor is caused by local flow acceleration. This provides 

theoretical guidance for blade design aimed at reducing CO2 condensation. 

 

Fig. 9 Distribution of wetness fraction on compressor blades 

Table 2 provides specific data on wetness fraction under different blade span. It can be 

seen that with the increase of blade span from 10% to 90%, the liquid fraction during 

condensation can increase from 6.0% to 9.1%. 

Table 2 Comparison of wetness fraction Data at Different blade span 

Wetness 

fraction 

At 10% 

span 

At 50% 

span 

At 90% 

span 
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Minimum 0 0 0 

Maximum 6.0% 7.3% 9.1% 

Conclusions 

In this paper, a numerical calculation model for cubic spline curve extrapolation of CO2 

real gas is established. After validation, the model can accurately predict the condensation 

behavior of CO2 after passing through the metastable region. Applying this model to a 

supercritical CO2 centrifugal compressor, through numerical simulation, the main conclusions 

are as follows: 

1) With the increase of blade span, the temperature and pressure difference of the fluid 

significantly increases, and the low temperature and pressure regions appear at the leading edge 

of the blade. 

2) A supersonic region appears at the leading edge of the blade, where the Mach number 

and wetness fraction have a consistent trend, and condensation is extremely prone to occur. 

3) As the blade span raises, the condensation intensity increases, and the value of ΔT also 

increases. 
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Abstract
In current article, in order to investigate and analysis solar 
thermal transfer performance in a water-based serpentine PVT 
collector, three-dimensional computational fluid dynamics 
(CFD) modeling was carried out. The CFD modeling results 
were carefully validated with experimental data. The thermal 
efficiencies of CFD modeling results were in good agreement 
with experimental data as error scale from 1.4% to 5.76%. 
After this careful verification, the CFD modeling was also 
carried out to investigations of solar thermal energy 
performances by pitch sizes (40 mm, 60 mm, 80 mm, 100 mm, 
and 120 mm) and water inlet positions. Specifically, 
significant parameters of a useful thermal energy (Qu), water 
outlet temperature, pressure drop, and Qu/ P (useful thermal 
energy ( Cp T)/pressure drop ( P)) were numerically 
derived with the pith sizes and the water inlet positions. Given 
the selected significant parameters and by considering Qu/ P, 
the optimal pitch size was found to be 80 mm, while it was 
shown that the optimal position for the water inlet was on the 
left side of the unit.

Keywords: Water-based PVT collector; Solar thermal 
energy; CFD simulation; Solar thermal energy.

Introduction/Background
Fossil fuel resources are seriously depleting due to growing 
energy demand with increasing population density and 
technology for the past 30 years [1]. In this paper, 
experimental results on the solar thermal energy performance 
of a PVT collector designed and installed according to ISO 
9806 [13] were used to validated the CFD model of a water-
based serpentine PVT collector. Once verified, CFD modeling 
was carried out to investigate and analyze solar thermal 
energy performance for various pitch sizes on a water-based 
serpentine PVT collector.  The optimum designs in the water-
based serpentine PVT collector were derived with thermal 
efficiency as well as pressure drop. Those were disclosed for 
the first time to our knowledge. The future perspectives of this 
study include the contribution of a design guide for a carbon-
free solar heating and power generation system with PVT 
water thermal-hydraulic performance results.

Fig. 1. Schematic diagram of water-based serpentine (PVT) collector

Discussion and Results
The spatial distribution of temperature over the tube, PV 
module, and insulator obtained by CFD calculations for cases 
1 to 4 are shown in Fig. 2. The temperature of the tube 
gradually increased as we move with the injected water 
flowing from the inlet to the outlet, while the temperatures of 
the PV module and insulator in the areas where the tubes 
carried the flowing water were lower than the surrounding 
areas with no tubing.

Fig. 2. Spatial distribution of temperature : (a) radiation of 1047.58 W/m2

and inlet temp. of 23.18°C, (b) radiation of 1019.08 W/m2 and inlet temp. of 
44.52°C, (c) radiation of 997.85 W/m2 and inlet temp. of 63.96°C, and (d) 

radiation of 1038.58 W/m2 and inlet temp. of 83.09°C.

Fig. 3. Validation of CFD with exp. results : (a) Exp. results vs. CFD results 
for thermal efficiency and (b) Exp. results vs. CFD results for outlet temp..

Summary/Conclusions
In the current paper, a numerical investigation and analysis 
was achieved to validation with experimental data and 
assessment for effects of various pitch sizes. Our CFD model 
was verified by comparing its predictions with real-world 
experimental results of the same system. Furthermore, the 
validated our CFD model was significantly applied to assess 
the solar thermal energy performances by effects of  various 
pitch sizes and positions of the water inlet affected the water-
based serpentine PVT collector.
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Abstract 

With a growing share of fluctuating renewables, the 

use of energy storage systems bridging the gap 

between supply and demand becomes increasingly 

important to ensure reliable energy supply. Among 

such storage systems, thermal energy storage is a 

simple, low-cost and efficient way to store energy 

in the form of heat. Thermal energy storage can 

help balancing the heat grid, can be used in sector 

coupling or in heat-to-power-to-heat systems. 

However, especially at high temperatures, storage 

concepts, configurations and materials are still 

under research. The poster will give an overview of 

the current work of the Karlsruhe Liquid Metal 

Laboratory regarding liquid metal-based high-

temperature heat storage. 

Keywords: heat storage, packed bed, liquid metal, 

heat transfer. 

Introduction 

At the Karlsruhe Institute of Technology (KIT), the 

Karlsruhe Liquid Metal Laboratory focuses on heat 

storage systems with liquid metals as the heat 

transfer fluid and the test of materials and 

components in contact with liquid metals.  

Liquid metals offer a wide liquid temperature range 

and excellent heat transport rates; therefore, they 

can act as efficient heat transfer fluids in so-called 

packed bed thermal energy storage systems, based 

on cheap, granular solid storage materials [1].  

 

 

 

Discussion and Results 

The poster will present the current activities of the 

Karlsruhe Liquid Metal Laboratory regarding high-

temperature heat storage:  

(1) The results of testing a lab-scale prototype with 

ceramic filler material and liquid lead-bismuth as 

heat transfer fluid will be discussed [2]. 

(2) The design and set-up of a pilot-scale 

demonstrator (100 kWh) will be presented.  

(3) The high-temperature material and component 

test loop (700°C, liquid lead), which is currently 

under construction, will be shown. 

Summary  

Using liquid metals as heat transfer fluid has the 

advantage of high heat transfer rates and high 

operating temperatures. The challenges are material 

compatibility issues at high temperatures above 

600°C. Therefore, we focus on demonstrating heat 

storage systems from lab to pilot scale and test 

materials and components (e.g. pumps, valves) in 

contact with liquid metals. 
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Abstract 

In the present study, a thermodynamic analysis of a reversible Medium-Temperature Heat 

Pump—Organic Rankine Cycle (MTHP - ORC) system is conducted to evaluate the suitable 

operating range of different low global warming potential (GWP) working fluids for varying 

heat source and sink temperatures. The heat source considered in our investigation is derived 

from solar thermal collectors. Additionally, we assessed eight low GWP working fluids 

capable of efficient operation in both modes. The correlation between the Coefficient of 

Performance (COP) and temperature lift in heat pump mode, as well as the relationship 

between global efficiency and temperature lift in ORC mode, are evaluated. The results 

unveil that R1336mzz(Z) attains the optimum COP in HP mode, while R1233zd(E) achieves 

the highest global efficiency in ORC mode, each within their specific temperature ranges of 

heat sink and source. 

Keywords: reverse heat pump—organic Rankine cycle, global warming potential, refrigerants  

Introduction 

In today's world, finding sustainable energy solutions is more important than ever. The world 

needs efficient and renewable sources of power, so as to replace the reliance on fossil fuels, 

due to their scarcity and impact. This shift is a path towards a greener future, which relies on 

innovations that not only use renewable resources but also integrate them seamlessly into our 

daily lives. 

Combining solar thermal collectors with efficient energy technologies, such as heat pumps 

[1], is a big step towards this sustainable goal. One of the ideas is to develop an integrated 

system in which we bring together heat pumps (HPs) and Organic Rankine Cycle (ORC) 

systems assisted by the solar energy. This creates a versatile system that can generate 

electricity and provide heating. 

In summer, when the heat captured by solar thermal collectors exceeds the one needed for 

domestic applications, the system turns into an ORC, turning extra heat into electricity. In 
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winter, it becomes a heat pump, warming up homes or domestic water. This dual function is a 

smart way to manage energy in residential buildings. This idea has been discussed by few of 

the peer authors such as Dumont et al [2] and Stefan et al [3],  

For better energy solutions, it is important to choose the suitable working fluids as their high 

global warming potential (GWP), toxicity and flammability, can be harmful to the 

environment. The choice of these fluids, called refrigerants, are important in both heat pumps 

and Organic Rankine Cycle (ORC) systems in terms of performance. Hence, in this paper 

eight low-GWP refrigerants have been selected and a thermodynamic study on the 

performance of Medium Temperature Heat Pump (MTHP) - ORC system is carried out with 

varying heat source and sink temperatures, so as to figure out the best temperature range for 

its optimum performance based on how much heat it gives to the end-user (in heat pump 

mode) and how much work it generates (in the ORC mode). 

The selected eight refrigerants for analysis are as R245fa, R134a, R1233zd(E), R1234ze(Z), 

R1234ze(E), R1234yf R1224yd(Z), R1336mzz(Z). 

System Configuration 

The considered system consists of three interconnected loops each serving a distinct purpose. 

In the first loop, a heat transfer fluid absorbs heat from solar collectors and transfers it to the 

evaporator. The second loop (in the ORC mode) utilizes the absorbed heat to produce 

electricity and provide heat through the condenser. Finally, in the third loop, a hot water 

absorbs heat from the condenser and distributes it to end user, such as a residential building. 

Figure 1 illustrates the working principle of a reversible MTHP-ORC system. 

The system is supposed to operate as solar ORC when the temperature of the fluid in the first 

loop is high (i.e., summertime) and as solar heat pump mode for lower temperatures (i.e., 

wintertime). In the second case, the expander of the ORC acts as a compressor. The following 

ranges for the inlet temperature of the heat transfer fluid in the first loop are analysed: 100-

140 °C in the ORC mode and 30-60 °C in the HP mode. Instead, the studied inlet 

temperatures of hot water in the third loop range from 50 to 70 °C in both operating modes. 
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Figure 1: Schematic of solar-powered reversible Heat Pump–organic Rankine cycle system 

 

For the feasibility of analysis, some parameters must be fixed, based on the literature [2], [3], 

[4]. Table 1 reports the values of parameters that are fixed in the present analysis. 

 

Table 1: Technical data of the components 

Component Parameter ORC Mode HP Mode 

Evaporator Oil pump speed at evaporator (rpm) 2500 2500 

  Oil pump swept volume at evaporator (m3/rev) 1.95E-05 1.95E-05 

  Oil input temperature (°C) 100-140 30-60 

  Superheating et evaporator (K) 5 5 

  Temperature difference between Toil and Tev (K) 15 10 

  Evaporator efficiency (%) 21.79 21.79 
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Methodology 

The numerical model is developed in MATLAB while fluid properties are taken from 

REFPROP 10.0 library. The ORC modelling originates from a previous work by Moradi et 

al. [5] considering single-coefficient models for main components. The reverse operation of 

the system in heat pump mode is developed by the authors of the present paper and main 

assumptions are taken in accordance with Dumont et al [4]. 

The selected refrigerants are ranked for each operation mode and eventually the most suitable 

fluids for the reverse operation are identified for given temperature ranges of heat source and 

sink temperatures. In this way the work makes possible to preliminary assess the suitability of 

the different working fluids and their admissible operating range considering the peculiarities 

of small-scale MTHP-ORC systems based on volumetric machines. 

In particular, after fixing above mentioned parameters, (as mentioned in Table 1), the code 

takes as input the operating temperatures i.e., inlet temperature of thermal oil into evaporator 

and that of water into condenser. The program then utilizes the thermophysical properties 

such as pressure, temperature, entropy, specific volume at each state of heat pump / ORC 

from the REFPROP library and basic thermodynamical relations such as rate of heat transfer, 

efficiency, coefficient of performance etc. The simulation is run for every inlet temperature 

increment of 10°C both for thermal oil to evaporator and that of water to condenser, so as to 

get the running conditions for optimum performance.  

  Evaporator pressure ratio drops (-) 0.997 0.967 

Condenser Water flow at condenser (kg/s) 0.846 -- 

  Water input temperature (°C) 40-60 40-60 

  Delta temperature of water (°C) - 10 

  Subcooling at condenser (K) 5 5 

  Temperature difference between Tcond and Tw (K) 10 10 

  Condenser pressure ratio drops (-) 0.955 0.996 

Expander/compressor Built-in volume ratio (BVR) (-) 2.8 2.8 

  Swept volume (m
3
/rev) 2.95E-05 8.26E-05 

  Overall isentropic efficiency (%) 58 66 

ORC pump ORC pump swept volume (dm
3
/rev) 15.1/1725 - 

  Pump isentropic efficiency (%) 50 - 
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Table 2 and 3 shows the minimum and maximum values of the main parameters in HP and 

ORC mode respectively. 

 
Table 2 - Minimum and maximum values of parameters (HP Mode) 

Parameters Min Max 

Condenser Thermal Power (W) 3393.43 4292.41 

Evaporation Pressure (bar) 0.60 13.18 

Condensation Pressure (bar) 1.85 21.90 

Mass flow rate of Refrigerant [kg/h]  58.39 124.92 

Mass flow rate of Water [kg/h]  292.26 369.05 

Compressor power consumption [W] 358.80 1300.74 

Coefficient of performance  3.30 9.63 

Pinch-point - Evaporator (K) 4.83 7.29 

Pinch-point - Condenser (K) 0.26 1.86 

 
Table 3 - Minimum and maximum values of parameters (ORC Mode) 

Parameters Min Max 

Evaporator Thermal Power (W) 11181.13 29707.43 

Evaporation Pressure (bar) 4.89 30.26 

Condensation Pressure (bar) 1.80 21.23 

Mass flow rate [kg/h]  210.12 718.18 

Expander power generation [W] 70.15 2225.55 

Efficiency (%) 0.63 7.52 

Pumping Losses (BWR) 0.06 0.73 
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Pinch-point - Evaporator (K) 5.11 44.78 

Pinch-point - Condenser (K) 2.52 3.59 

 

Results and Discussions: 

After running the simulations for each refrigerant over the varying temperatures of sink and 

source, the values for the various parameters are reported. Tables 4 & 5 shows the 

summarized simulated results for the corresponding parameters along with COP and global 

efficiency when the system is simulated for HP and ORC mode respectively. 

Table 4 : Summarized simulation results for each refrigerant in HP Mode

 

Table 5: Summarized simulation results for each refrigerant in ORC Mode

 

Interestingly the findings related to performance of low GWP refrigerants are better than that 

of relatively high GWP refrigerants i.e., R134a & R245fa. Such that, for the same system 

configuration, R1234yf resulted in highest condenser heat rejection (in Heat Pump Mode) 

whereas, R1233zd(E) showcased a highest net power output (in ORC Mode). Moreover, 

R1233zd(E) showcased a highest global efficiency too in ORC Mode whereas R1336mzz(Z) 

achieved the highest COP in heat pump mode. It is noteworthy that in ORC Mode, the least 

BWR is exhibited by R1336mzz(Z), along with significant global efficiency making it one of 

694 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

the best performing refrigerants among others in both the modes. Figure 2 illustrates the COP 

& Heat delivered by Heat Pump, Figure 3 illustrates the Global Efficiency & Net work done 

by ORC, and Figure 4 illustrates BWR at Optimum Conditions for each analysed refrigerant 

respectively. 

 

Figure 2: COP & Heat delivered by HP in Optimum Conditions 

Figure 3: Global Efficiency and Net Work Produced by ORC in Optimum Conditions 
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Figure 4: BWR (Pumping Losses) in ORC in Optimum Conditions. 

 

The simulated results provide with deep insights of MTHP-ORC systems with respect to their 

performance. The results are in accordance with the theory such that in heat pump mode, 

COP and temperature lift are inversely proportional whereas, in ORC mode, the global 

efficiency and temperature lift are directly proportional, as shown in the Figure 5 and Figure 

6. Figure 7 shows the direct relation of net power output in ORC with the temperature lift. 

The straight line shows the increasing/decreasing trend of these parameters. 

 

Figure 5: COP vs Lift in HP Mode   

696 / 710



 

3rd to 6th of September 2023 

The University of Edinburgh, Scotland 

 

Figure 6: Global Efficiency vs Lift in ORC Mode 

 

 

Figure 7: Net power output vs Lift in ORC Mode 

Furthermore, in our analysis, out of all 8 refrigerants, R1233zd(E) in ORC Mode has the 

maximum efficiency of 7.52% whereas R1336mzz(Z) had the best COP of 9.63 in Heat pump 

mode, in the optimum temperature ranges, considering all the assumptions. These findings 
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agree with the results reported in various literature studies concerning reversible HP-ORC 

systems [6,7,8].  

Conclusion 

The analysis revealed the efficiency and environmental benefits of reversible MTHP-ORC 

cycles, utilizing low-GWP refrigerants. The research highlighted the optimum temperature 

ranges for heat source and sink. Amongst the eight refrigerants simulated, R1336mzz(Z) 

achieved the highest COP of 9.63 in heat pump mode, while R1234yf resulted in highest 

condenser heat rejection of 4292.4 watts. In ORC mode, R1233zd(E) showcased the highest 

global efficiency of 7.52 producing a net power output of 2225.55 watts. Notably, in ORC 

Mode, R1336mzz(Z) demonstrated the lowest BWR of 0.06 and along with substantial global 

efficiency, making it one of the best performing refrigerants in both the modes. Future 

development is suggested in terms of experimental verification of these results. These 

findings emphasize the potential of utilizing sustainable refrigerants and optimized 

configurations to enhance overall performance. 

Nomenclature 

T_in_ev = Inlet Temperatures of fluid from heat source (°C) 

T_out_ev = Outlet Temperatures of fluid from heat source (°C) 

T_in_cond =  Inlet Temperatures of fluid from heat sink (°C) 

T_out_cond = Outlet Temperatures of fluid from heat sink (°C) 

M_ref = Mass flow rate of refrigerant  (kg/h) 

M_water = Mass flow rate of water across condenser (kg/h) 

P_ex_p= Outlet Pressure of pump or expansion valve in ORC or HP Mode respectively (bar) 

BVR = Built-in Volume Ratio 

BWR = Pumping losses i.e, Ratio between Pump electrical power to Expander electrical 

power 

W_el_net = Net power input or output (Watts) 

Q_con = Heat rejection from condenser (Watts) 

Q_ev2 = Heat absorbed in Evaporator (Watts) 

COPel = Coefficient of Performance of HP  

Eff_el_net = Global efficiency of ORC (%) 

PinchP_ev = Pinchpoint temperature at evaporator (K)  

PinchP_cd = Pinchpoint temperature at condenser (K) 
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Introduction/Background 
In the IPCC report on global warming [1], direct air 
capture of CO2 from ambient air (DAC) is regarded 
as one of the technologies that can be used to reduce 
the concentration of CO2 in the atmosphere to pre-
industrial levels. Due to the low CO2 concentration 
in air (423 ppm in 2023), DAC technologies will 
inherently require more energy for separation than 
traditional post-combustion technologies which 
remove CO2 from industrial flue gas point sources 
typically containing 4-20 vol% CO2 [2]. 
Consequently, the cost of CO2 captured in a DAC 
plant will be significantly higher than that of post-
combustion CO2 capture [3].  
Several technologies for DAC are under 
development, including either the use of solvents or 
solid sorbents. So far, the solid sorbent-based 
vacuum-temperature-swing adsorption (VTSA) 
technology developed by Climeworks has gained 
the most attention and is now demonstrated at 4000-
ton CO2/year scale in Iceland using geothermal 
energy for sorbent regeneration.  
When selecting the adsorbent for a VTSA DAC 
process, one important criterion is the ability of the 
material to preferentially adsorb CO2 at the specific 
conditions, typically, ambient temperature (5-
40°C) and various relative humidity levels (20-
80%). Furthermore, the sorbent should withstand 
repeated pressurization, depressurization cycles, 
temperatures up to 120°C and the presence of O2, 
and to last at least 5 years. Amine based sorbents 
have been used so far, but they are quite thermally 
unstable in the presence of O2 at temperatures 
above 80-100°C. Therefore, alternative sorbents are 
needed.  
In this presentation we will show preliminary 
results from a study where we are simulating the 
performances of a DAC process using either the 

porous amine based polymer Lewatit [4] or the 
mmen-M2(dobpdc) MOFs [5] showing very 
different isotherm shape (S-shaped). Experimental 
CO2, N2 and H2O isotherms and kinetic constants 
are used to simulate a Climeworks type VTSA 
process for direct CO2 capture at a typical site in 
Norway. Based on the simulations we estimated the 
capture rate and CO2 purity of the product gas 
stream, process energy requirements and process 
footprint.  
Methods, Discussion and Results 
The first adsorbent chosen for this work is Lewatit 
VP OC 1065 [4] and assumed to be shaped in the 
form of filters, similar to the Climeworks technology. 
A six step VTSA process was chosen for this work. 
The process schematic is shown in the Figure below. 
Simulations initially were carried out using a 
parametric method. The capture process was 
designed for capturing CO2 from the Norwegian west 
coast conditions (5°C and 80% RH). The simulations 
showed that the process was able to achieve > 95% 
purity on a dry basis with 60-78.6% recovery values. 
The column was 1 m long and 2.3 m in diameter.  The 
regeneration temperature was 95°C. The total cycle 
time was 6220 s. 
 

 
Figure 1: VTSA scheme used in the process simulations 
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Table 1: Step times for the VTSA DAC process. 

  Steps Ads Heat Prod Evac Press 

Duration (s) 4000 1200 800 200 20 

Table 2: The performance details from the DAC 
simulations. 

Indicator Purity  
(%) 

Recovery  
(%) 

Productivity  
(mol/m3 ads s) 

Energy  
(MJ/kg) 

Value 95.4 78.6 0.017 29.5 

 
Scaling the system to 4000 tonnes CO2/year based 
on these dimensions shows about 82 parallel trains 
are required with each column containing about 1.8 
tonnes of sorbent. For 100000 tonnes CO2/year 
nearly 2000 parallel units are required. 
Summary/Conclusions  
Preliminary simulations reveal that the Lewatit 
sorbent is able to achieve high purities (>95%) and 
recovery values of >70%. Currently work is ongoing 
with the mmen-M2(dobpdc) type MOFs. The 
preliminary simulations also showed that higher 
purity values are achieved at higher regeneration 
temperatures. It is worth highlighting that the results 
reported in this abstract are based on parametric 
study. Detailed optimization of the cycle 
configuration and the operating conditions are 
necessary to improve the productivity as well as 
lower the energy conditions. One may also consider 
drying the air before the CO2 capture to reduce the 

energy consumption, but at the extent of a lower CO2 
purity. 
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Abstract  
This article outlines a methodology for conducting 
numerical simulations of the adsorption and 
desorption cycle using computational fluid 
dynamics software. These simulations provide 
insights into the quantity of water vapor absorbed 
by the adsorbent bed and the heat generated 
during the adsorption process. Additionally, they 
illustrate how to model the entire adsorption
desorption cycle and how changes in isotherms 
can impact the progression of the process.

Keywords: Adsorption, Heat transfer, 
Ansys 

Introduction/Background 
Computational Fluid Dynamics (CFD) is crucial in 
comprehending how different parameters, 
temperature, pressure, and cycle time, influence the 
adsorption process in cooling devices. It is employed to 
investigate the impact of variables like silica gel grain size 
on adsorption efficiency and spatial porosity gradient's 
effect on cooling performance. The principal objective of 
using CFD is enhancing heat exchange between the 
adsorption bed and the cooling/heating medium, a key 
element in developing efficient adsorption heat exchangers.
 
CFD Model 
 The adsorbent layer, which was made of si

type with a 0.35 mm diameter, was modeled as a porous 
material (Fig.1). 

 The kinetics of the adsorption process were modeled 
using the Linear Driving Force (LDF) model.

 The equilibrium concentration is described using 
isotherms. The choice of the appropriate isotherm 
depends on the investigated adsorbent
Fig.2 shows the influence of changing the isotherm used 
in the model on the saturation curve for the same 
adsorbent-adsorbate pair. 

 As the process shifts from adsorption to 
boundary condition change from 30°C to 80°C.

 User-Defined Function (UDF) tracks bed pressure, 
switching the boundary condition from inlet 
(adsorption) to outlet (desorption).  

Fig. 1 Geometry and mesh used in the simulation.
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This article outlines a methodology for conducting 
numerical simulations of the adsorption and 

computational fluid 
dynamics software. These simulations provide 
insights into the quantity of water vapor absorbed 
by the adsorbent bed and the heat generated 
during the adsorption process. Additionally, they 
illustrate how to model the entire adsorption-
desorption cycle and how changes in isotherms 
can impact the progression of the process. 

Heat transfer, CFD, 

Computational Fluid Dynamics (CFD) is crucial in 
comprehending how different parameters, including 
temperature, pressure, and cycle time, influence the 
adsorption process in cooling devices. It is employed to 
investigate the impact of variables like silica gel grain size 
on adsorption efficiency and spatial porosity gradient's 

g performance. The principal objective of 
using CFD is enhancing heat exchange between the 
adsorption bed and the cooling/heating medium, a key 
element in developing efficient adsorption heat exchangers. 

The adsorbent layer, which was made of silica gel RD 
mm diameter, was modeled as a porous 

The kinetics of the adsorption process were modeled 
using the Linear Driving Force (LDF) model. 
The equilibrium concentration is described using 

e appropriate isotherm 
depends on the investigated adsorbent-adsorbate pair. 

shows the influence of changing the isotherm used 
in the model on the saturation curve for the same 

As the process shifts from adsorption to desorption, 
boundary condition change from 30°C to 80°C. 

Defined Function (UDF) tracks bed pressure, 
switching the boundary condition from inlet 

  
Geometry and mesh used in the simulation. 
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Fig. 2 The amount of water vapor adsorbed by the silica gel bed for 
different isotherms.
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Fig. 3 The amount of adsorbed vapor over the 5 cycles.
 

Summary/Conclusions  
The simulation model presented in 
achievement of qualitative and quantitative results of H2O 
absorption and desorption from the bed with periodic 
cooling and heating (Fig.3). Reaction times in actual beds 
range between 5-10 minutes, which is consistent with the 
obtained operating period of the bed. The incorporated CFD 
model further allows for the simulation of various 
conditions, such as different types of adsorbent material, the 
influence of cold and hot medium, pressure variations, bed 
geometry, etc., providing a co
framework for the study. 
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The simulation model presented in this work enables the 
achievement of qualitative and quantitative results of H2O 
absorption and desorption from the bed with periodic 
cooling and heating (Fig.3). Reaction times in actual beds 

10 minutes, which is consistent with the 
ed operating period of the bed. The incorporated CFD 

model further allows for the simulation of various 
conditions, such as different types of adsorbent material, the 
influence of cold and hot medium, pressure variations, bed 
geometry, etc., providing a comprehensive analytical 
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Abstract 

The presented work describes the design and 

realization of an experimental setup for analyzing 

an adsorbent bed's sorption capabilities and heat 

exchange. The setup simulates the operation of an 

adsorption refrigeration device on a small scale, 

thereby allowing for a detailed analysis of the 

bed's performance under the working conditions 

of adsorption cooling devices and for the 

validation of numerical models.  

Keywords: Adsorption, Heat transfer, Refrigeration 

Introduction/Background 

Adsorption cooling devices, favored for their energy 

efficiency and eco-friendliness, may not yet fully meet 

efficiency expectations due to various influencing factors. 

These include the selection of optimal adsorbent-adsorbate 

pairs, carefully adjusting cooling and heating water 

temperature, controlling pressure related to the desired 

evaporation temperature, and managing the adsorption-

desorption cycle duration. Hence, an experimental station 

has been designed to control key simulation parameters and 

allow for the validation and calibration of numerical models, 

contributing to process optimization and improving 

adsorption chiller efficiency. 

 

Experimental setup 

Based on the weight-based approach, an experimental setup 

was designed to operate and monitor the adsorption/ 

desorption process at specific pressure and temperature. The 

experimental setup consists of two vacuum chambers, four 

water tanks, flow devices, measuring equipment, and 

auxiliary equipment (Fig. 1, Fig. 2). 

 

Fig. 1 Experimental setup diagram 

 

 
Fig. 2 Experimental setup  

Experimental procedure 

 The measured sample is placed on the heat exchanger 

(CP) within the sealed adsorption chamber (K1). 

 The bed (ZA) is heated and a vacuum is created in the 

system. 

 The cooling system is activated. 

 Throughout the process, changes in the adsorbent mass 

are monitored (Fig.2), and temperature shifts at the inlet 

and outlet of the bed's cooling exchanger and the 

evaporator are tracked. 
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        Fig. 3 Water vapor adsorbed by the bed 

Summary 

The research setup enables the study of adsorption and 

desorption in refrigeration systems, allowing simulation of 

various conditions such as different types of adsorbent 

material, the influence of cold and hot medium, pressure, bed 

geometry, etc. This comprehensive approach facilitates the 

identification of optimal solutions for refining models and 

designing devices tailored to the specific aspects of the 

adsorption process. 
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• Molten Nitrate salts have high temperature stability, low unit cost and non-toxic nature compared to the traditional 

thermal oils, eutectic mixture of biphenyl and diphenyl oxide  

• Use of molten salt increases the live-steam temperatures in the power block to over 400°C, resulting in lower 

levelized cost of electricity (LCOE) 

• The focus now is on development of new salt materials with low melting points, better thermal stability and suitable 

thermo-physical properties to potentially serve as HTF and TES in generation-3 CSP’s 

Introduction 

Observation and Results 

References 

Conclusion 

[1] helioscsp.com/worlds-largest-concentrated-solar-power-plant 

[2] 9) Solarpaces.nrel.gov 

Instruments and Procedure 

3 
6 

Figure 3. DSC results of the mixtures 

Figure 4. TGA graph showing decomposition 

points of the mixtures 

Figure 3. Long duration thermal stability by TGA method 

1) The mass loss over a period of 24 hours is significant at 550°C followed by 

500°C and  450°C. 

2) At 400°C, no significant mass change is observed suggesting that the 

mixtures can be operated till 400°C for long duration.  

1) In terms of short duration thermal stability, the Solar salt performs better than the new 

mixtures 

2) Operating range= Tdecomposition – Tmelting. Base salt & Base- Chloride mixtures have an 

operating range of  nearly 448°C, which is greater than Solar salt with a range of around 

408°C. 

2) The long duration stability test is to understand the potential of the material as a TES 

medium. All the 3 mixtures are found to be extremely stable at 400°C, for 24 hours, 

suggesting equal potential to be used as TES till 400°C and below 

4)The addition of Chloride components do not have a significant effect on thermal 

performance of the Base salt. However, its effect on physical properties currently under 

evaluation 

1) The melting of solar salt begins at 

218°C, with  endothermic peak 

observed at 222.7°C. 

2) Base salt melts over a wide 

range, melting starts at 106°C and 

is completed nearly at 163°C. 

The endothermic peak is 

observed at 137.3°C. 

3) Base-Chloride melts over a range 

of 107°C to 148°C, with 

endothermic peak at 140.5 °C. 

Figure 1. A rendered image of the Central Tower type 

CSP plant, Noor Energy 1 project, Dubai [1] 

Determination of Short duration & long duration stability by Thermogravimetric analysis 

(TGA) method 

The instrument used is a Mettler Toledo, Simultaneous thermal analysis TGA/DSC-III, 

The standard operating procedure for checking thermal stability for short and long 

duration is shown in figure 2a and 2b, respectively. All the tests were performed in inert 

atmosphere of nitrogen flowing at 10mL/minute 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Determination of melting points by Differential Scanning Calorimeter 

(DSC): 

15 to 55 mg of sample is loaded for the test. It is heated at a constant 

rate of 5°C/minute from 30°C to 400°C in inert atmosphere of 

nitrogen, flowing at 100mL/minute. Two continuous cycles are 

performed. The first cycle eradicates moisture and impurities (if any) 

from the sample, while values from second cycles are analyzed for 

determination of melting point 
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Abstract 
Molten nitrate salts are widely used for Thermal Energy Storage (TES) in Concentrated Solar Power (CSP) plant. Solar salt, a mixture of  60%NaNO3 -40%KNO3 by 

weight, with melting point of 220°C is the most commonly used salt material for TES application. The aim of this project is to develop novel salt mixtures with lower 

melting points and acceptable decomposition points to serve the dual purpose as a Heat Transfer Fluid (HTF) and TES medium in modern CSP’s. In this context, two 

novel salt mixtures are prepared and tested for their short / long duration thermal stability and melting point. The formulation 1 is a ternary salt comprising of 

44%KNO3- 32% Ca(NO3)2- 24%NaNO3 (Base Salt) and the formulation 2 is a quinary mixture of 90%Base salt + 5%NaCl + 5%KCl (Base-Chloride). Solar salt is 

also tested along with the novel mixtures to provide an overall comparison of thermal properties. The observations confirm that, while the solar salt has better thermal 

stability for short and long durations, the novel formulations have comparatively lower melting points in the range of 136°C-141°C. Thus, provide a wider operating 

range of temperature. 

Keywords- Molten salt, Heat transfer, Energy storage, CSP 

Figure 2a. Standard operating procedure for 

short duration stability 

Figure 2b. Standard operating procedure for 

long duration stability 

Figure 5. TGA graph showing mass loss of the mixtures at various 

temperatures in 24 hours 

1) The temperature where 

sample loses 3% of its 

original mass is 

considered to be the 

decomposition point. 

2) The Solar salt 

decomposes at 631°C. 

3) The Base salt & Base-

Chloride decompose at 

585°C and 589°C, 

respectively. 
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Abstract 

An advanced humidification dehumidification (HDH) 
process integrated with a thermally-driven adsorption 
(AD) unit is proposed and numerically assessed for 
sustainable water desalination. The resulting HDH-AD 
system, also consisting of multiple air extractions and 
brine recirculation, exhibited the following enhanced 
performances: gained output ratio (GOR) of 7.0 and 
specific energy consumption (SEC) of 8.9 kJe kg–1. 

Keywords: Sustainable Desalination, Humidification 
Dehumidification, Water Adsorption, Waste Heat. 

Introduction and Methodology 

Almost half of the world population will be affected 
by water scarcity by 2040 [1]. Among desalination 
technologies, HDH is a reliable and energy-efficient 
method for decentralized and small-scale applications. 

Figure 1 – Schematic of the integrated HDH-AD system 

 

 

HDH systems can be powered by renewable and low-
grade/waste energy sources, with a thermal energy 
consumption being virtually zero. However, they are 
usually operated at 1 atm so that humidification and 
dehumidification are both thermodynamically limited. 

Integrated HDH-AD systems are more efficient 
because the humidity ratio of the air exiting the 
dehumidifier can be further abated in a temperature 
swing adsorption (TSA) unit prior to being directed to 
the humidifier (Figure 1). We developed a 
mathematical model to assess the performance of the 
integrated HDH-AD system including intermediate air 
extractions and brine recirculation [2], as shown in 
Figure 1. 

Results and Conclusions 

The integrated HDH-AD system is designed to produce 
30 m3 d–1 of freshwater. The system features and KPIs 
(GOR and SEC) are reported in Table 1. With the same 
design basis, it is clear from the table that the integrated 
HDH-AD system outperforms both the conventional 
HDH system and the variable pressure (VP) HDH 
system. 
Table 1 – Performance comparison of HDH-based systems 

System Features 
GOR  
(–) 

SEC  
(kJe kg–1) 

HDH [3] PH = PDH = 101.3 kPa 1.1 5.1 

VP-HDH 
[3] 

PH = 50 kPa;  
PDH = 66.7 kPa 

4.8 640 

HDH-AD 
[4] 

PH = PDH = 101.3 kPa; 
4 air extractions;  
RH = 0.2 @ TSA outlet 

7.0 8.9 
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Feedheat-based electricity storage system for nuclear plant
James W Lazenby, Eugene Shwageraus, Alexander J White

(E-mail: jwl47@cam.ac.uk)

Conference paper is being presented by the first author on Wednesday.

An energy storage concept which links thermal stores to the
feedwater heating system of a nuclear-powered steam plant is
described. The storage scheme allows the electricity
output to be varied while keeping reactor power constant,
thereby enabling the nuclear plant to take on a load-following
role. This type of - energy storage uses
existing hardware to reduce storage costs and provides the
equivalent of a high-efficiency electricity storage system. By
exploiting the multiple pressure bleed flows, this process is
conducted with very little exergetic loss.

Abstract

Charge: A surplus of feedwater, , is heated by increasing
turbine bleed flows, thereby reducing the work output.
Thus, as indicated in Fig. 1, the mass flow of feedwater is
increased to per unit mass flow through the steam
generator.

Storage: The excess fraction of feedwater, , can either be
stored directly or used to transfer heat into a thermal storage
system.

Discharge: The system is discharged by reducing the
quantity of feedwater generated below its nominal value
(i.e., is made negative). This is achieved by reducing
turbine bleed flow rates.

System Description

Fig. 1: Proposed system layout.

= surplus feedwater fraction 

Fig. 3: (a) Principal exergy transfers; (b) Lost work processes.

Integrated storage can flex net work output by 10%.
Exergy input is from store and steam generator.

Fig. 4: System efficiency.

Charge efficiency over 100%, since the turbine expansion
is avoided for a lower-loss heat transfer process.

Performance of plant

Fig. 2: (a) T-s diagram; (b) T-Q diagram

Note the closely matched bled steam and feedwater
temperature profiles.

706 / 710



 

   

3rd to 6th of September 2023 
The University of Edinburgh, Scotland 

Additive Manufacturing for Heat Powered Cycle machines.   

Drummond Hislop1 
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(drummond@integratedheatexchange.com). 

Abstract  

This poster demonstrates how metal additive manufacturing (AM) can greatly reduce the size and mass of 
heat and mass transfer components of a Heat Powered Cycle machine, and summarises the wider potential. 

 
Keywords: Additive manufacturing, heat/mass 
transfer, small energy systems, sorption cycles.  

Introduction/Background 

AM heat exchangers are now used in aero-space [1] 
and F1, as AM-enabled design freedoms generate 
new heat transfer surfaces, and core and manifold 
geometries,  that increase heat transfer coefficients, 
and  reduce size and mass by ~30-60%.    

IHE designs AM heat and mass transfer compon-
ents for small energy systems (eg Heat-Powered 
Cycle machines) that need two or more such com-
ponents.  One is a heat-to-power system, driven by 
a 3.5 MWe diesel genset’s exhaust heat, with super-
critical CO2 as working fluid.  With InnovateUK 
funding, IHE has carried out initial 1-D sizing and 
design of a monolith that integrates four main AM 
heat and mass transfer  components of a bottoming 
cycle.   It takes the form of an H2O/NH3 absorption 
cooler that chills cooling water to 12oC from 25oC.  

Discussion and Results 

Fig. 1a is a cutaway concept for the compact, therm-
ally efficient AM monolith that integrates absorber, 
pre-cooler, condenser, solution heat exchanger and 
manifolds.   Fig. 1b shows fluid inlets and outlets. 

 
 

 

 

 

 

 

 

     Fig. 1a  Cutaway of          Fig. 1b  Fluid inlets & 
         monolith design             outlets for monolith  

 
Table 1:  Results of 1-D sizing of monolith  

Component 
Volume 
(litres)

Mass 
(kgs)

Absorber 0.66 1.60
Condensor 0.66 1.60

Solution HX 2.48 6.40
Pre-cooler 0.66 1.70

Manifolds, casing 2.38 2.54
Total for monolith 6.84 13.84  

Table 1 shows initial 1-D sizing results (the evap-
orator, with size and mass similar to the monolith, is 
not included in Fig. 1 or Table 1 as the benefits of its 
thermal integration are less significant). 

Summary/Conclusions  

We estimate that the size and mass of the AM-enab-
led cooler are less than 50% of the machine with 
conventional heat and mass transfer components. We 
also estimate that emerging AM production tech-
nology, combined with novel AM-enabled heat and 
mass transfer processes and component designs, will 
further increase heat and mass transfer coefficients. 
We anticipate up to order-of-magnitude reductions in 
system size and mass, and significant increases in 
system efficiency. This approach will provide similar 
benefits for other Heat Powered Cycle machines.   A 
study for an AM absorption cooler for a refrigerated 
trailor, powered by the exhaust heat of its tractor’s 
diesel engine, is under way.  The aim is to replace the 
standard compression-vapour cycle cooler, powered 
by a high emissions, on-board diesel genset.   
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Abstract  

In this study, a heat and energy analysis was 

performed along with an economic analysis of the 

thermochemical and biological conversion of 

livestock manure to hydrogen. The 

thermochemical conversion was based on the 

gasification process and the biological conversion 

was analyzed based on the anaerobic digestion 

process. The hydrogen production yields after 

reforming livestock manure were analyzed to be 

16.2 and 2.8 kg-H2/ton-manure, and the levelised 

cost of hydrogen (LCOH) was analyzed to be 2.18 

and 4.68 $/kg, respectively. The reason for this 

difference is that the thermochemical conversion 

process has a high product gas yield and requires 

less energy due to an autothermal reaction. 

Keywords: Hydrogen, Gasification, Biogas, 

Livestock manure. 

Introduction/Background 

Although the use of clean hydrogen is emerging as 

an alternative for carbon neutrality, water 

electrolysis-based green hydrogen production 

technology is not yet economical. As a result, 

economical hydrogen production methods are 

being reviewed, and a technology for producing 

hydrogen by reforming biogas, the main 

component of which is methane gas, is spreading. 
However, this method has a low product gas yield 

and high energy consumption, so a more 

economical hydrogen production method is 

required. The thermochemical conversion method 

is known as a highly economical technology 

among hydrogen production technologies [1]. In 

this study, the economic feasibility of the process 

of producing hydrogen by thermochemical 

conversion after reducing drying energy by 

applying high-speed fermentation technology to 

livestock manure with sufficient supply was 

considered. 

Discussion and Results 

Fig. 1 summarizes the energy and heat & mass 

balances of the biological conversion process and 

the thermochemical conversion process for 

hydrogen production from livestock manure. The 

energy required to produce 1 ton of hydrogen was 

analyzed as 45 MWh for the biological conversion 

process and 7.5 MWh for the thermochemical 

conversion process. 

 

Fig. 1. Energy and Heat & Mass balance (Black: 

Biological, Blue: Thermochemical conversion) 

Summary/Conclusions  

In this study, it is analyzed that the thermochemical 

conversion process is highly economical, and it is 

expected in terms of expanding clean hydrogen 

production technology.  
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Screening of Working Fluid Pairs for Thermally Integrated  

Pumped Thermal Electricity Storage System 

Thermally Integrated PTES: 

✓Waste heat source: 373.15 K 

✓Waste heat load: 3 MW 

✓Heat storage temperature range: 393.15 K to 423.15 K 

Ding Wua, Ji Zhanga, Yan Yangb,*, Chuang Wenc,* 
aHunan University, bUniversity of Exeter, cUniversity of Reading 

 

Heat Powered Cycles Conference 2023 

3rd-6th September, 2023 

Edinburgh ∙ UK 

Context and objectives 

A thermally integrated pumped thermal electricity storage (TI-PTES) system is a good solution to the power grid peak load 

shifting and waste heat recovery. Working fluid pairs are screened from 24 fluids of heat pump and 21 fluids of ORC. 

✓ Considering three working fluid selection strategies: single pure fluid, different pure fluids and different fluids. 

✓ Two-layer optimization: multi-optimizaiton with NSGA II and the User-defined single-objective optimization. 

Method 

First layer: Thermodynamic and economic performance multi-objective optimization 

by NSGA-II algorithm and TOPSIS method 

Second layer: User-defined single-objective optimization function for the screening 

of optimal fluid selections under different weighting factors 

Application example 

Parameter assumptions 

Results 

Zeotropic mixtures improve 
the round-trip efficiency ηrt. 
✓  Higher COP or ηorc for 
thermodynamic cycles. 
✓  Significant improvement 
of ηrt based on pure fluids. 
✓ Decreasing trend of ηrt with 
Heat storage temperature. 

Working fluid pairs recommended 

under 7 storage temperatures and 3 

groups of weighting factors: 

✓ Variation of screened fluids 

✓ Difference among weighting 

factors 

Thermo-economic performance 

analysis under different weighting 

factors: 

✓ Fluid performance is screened 

under designer’s expectation. 

 

 

 

 

 

 

 

 

 

Conclusions and perspective 

✓ Utilization of zeotropic fluids promoted the thermodynamic efficiency 

of HP and ORC respectively based on the pure fluids 

✓ Highest round-trip efficiency is improved obviously by Zeotropic fluids 

 Full report and references available on https://heatpoweredcycles.eng.ed.ac.uk/ 

The Heat Powered Cycles Conference 2023 edition comes home at 

The University of Edinburgh, where J.C. Maxwell, R. Stirling,  

W. Rankine and J. Black, the fathers of the theory  

of heat and heat-powered devices have  

first moved their steps. 

✓ Weighting factors guide the selection of working fluid performance 

✓ Screened results varies with storage temperatures to form a better match 

between working fluids and working conditions. 

Contact: c.wen@reading.ac.uk (C. Wen) 
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