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ARTICLE INFO ABSTRACT

Keywords: The scope of this work is to perform a techno-economic analysis of two Calcium Looping processes (CaL) for CO,
Cement capture in cement plants. Both tail-end CaL system with fluidized bed reactors and integrated CaL system with
Ca-Looping entrained flow reactors have been considered in the analysis. The calculation of the heat and mass balances and

CO,, capture
Economic analysis
Retrofitting

the economic analysis are consistent with the methodology defined in the framework of the H2020 Cemcap
project.

The analysis shows that the assessed CaL systems (especially the tail-end configuration) involve a significant
increase of fuel consumption compared to a reference cement kiln without carbon capture. However, a large part
of this additional energy input is exploited in a heat recovery steam cycle, which generates the electric power
required to satisfy the consumption of the CO, capture auxiliaries (i.e. the power absorbed by the air separation
and CO, compression and purification units). The integrated CaL process features a lower rise of equivalent fuel
consumption (+59% compared to the reference) and a larger reduction of direct CO, emission (-93% compared
to the reference). The specific primary energy consumption for CO, avoided (SPECCA), which takes into account
also the indirect fuel consumption/savings and indirect emissions/avoided emissions due to electricity exchange
(import/export) with the grid, ranges between 3.17-3.27 MJuv/kgco» for the integrated system vs. 3.76-4.42
MJpuv/kgcos for tail-end cases, depending on the scenario considered for the grid electricity mix.

The economic analysis highlights that CaL processes are capital intensive, which involve, roughly, a doubling
of the Capex of the whole cement plant with CCS compared to a greenfield conventional cement plant. However,
the obtained cost of CO, avoided is competitive with alternative technologies and ranges between about 52
€/tcoo of the tail-end configuration and 58.6 €/tco» of the integrated one.

1. Introduction

Cement production is responsible for about 8% of global anthro-
pogenic CO, emissions (Olivier et al., 2016). In state-of-the-art dry
clinker burning processes, CO, produced from CaCO; calcination re-
presents about 60% of the total CO, emissions, the remaining fraction
being emitted from fuel combustion. In the framework of the H2020
CEMCAP project (CEMCAP, 2015), different technologies for CO, cap-
ture in cement plants have been assessed and benchmarked, namely
oxyfuel combustion, chilled ammonia, membrane-assisted CO, lique-
faction and Calcium Looping (CaL).

CaL can be integrated in a cement kiln through two fundamental
approaches. The first one is the tail-end process configuration, where
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the CaL CO, capture process is placed downstream the clinker burning
line and the carbonator treats the flue gas exiting the cement kiln as an
end-of-pipe process (Atsonios et al., 2015; De Lena et al., 2017; Ozcan
et al., 2013). In this integration approach, the CaL system is based on
circulating fluidized bed reactors, with an operating principle success-
fully proven up to 1.7 MWpy,-scale (Arias et al., 2013; Kremer et al.,
2013) for CO, capture from coal-fired power plants flue gas and more
recently demonstrated experimentally at 30 kW, and 200 kWy, scale on
flue gases with higher CO, concentration, representative of cement kiln
effluents (Arias et al., 2017a; Hornberger et al., 2017). A comprehen-
sive process integration study with an extensive sensitivity analysis was
also recently published by the same working group of this paper (De
Lena et al., 2017), which showed the potential of this process in
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Nomenclature

Acronyms

ASU Air separation unit

CaL Calcium looping

Capex  Capital expenditure

CCA Cost of CO, avoided

CCS Carbon Capture and Storage
CFprocess Process contingency factor
CFproject  Project contingency factor
CHP Combined heat and power
CoC Cost of cement

CPU CO,, purification unit

EC Equipment cost

ECO Economizer

EVA Evaporator

HT High temperature

IC Installation cost

IL Integration level

INCF Indirect cost factor

LHV Lower heating value

LT Low temperature

OCF Owner’s cost factor

Opex Operating expenditure

PoE Price of electricity

PoF Price of fuel

SH Superheater

SPECCA Specific primary energy for CO, avoided [MJpyyv/kgcoz]
TDC Total direct cost

TPC Total plant cost

TRL Technology readiness level
TSA Temperature swing adsorption beds
uUsc Ultra supercritical

Symbols

ecoz Direct CO, emissions from the cement plant [kg/s or kg/t]

ecoze Indirect CO, emissions associated to power consumption
[kg/s or kg/t or kg/MWh]

ecoz,eq Equivalent CO, emissions of the cement plant [kg/s or kg/
t]

Ecoz.e Specific CO, emissions associated to power generation
[kg/s or kg/t or kg/MWnh]

K Molar flow of CaCOs in the preheated raw meal entering
the calciner [kmol/s]

Feq Sorbent molar flow from the calciner to the carbonator
[kmol/s]

Fros Molar flow of CO, entering the carbonator [kmol/s]

m Mass flow rate [kg/s or tpd]

L, Electric power [MW, or MWh,/t.]

q Direct fuel consumption in the cement plant [MWyy or
MJav/Kgeud

q, Indirect fuel consumption associated to power consump-
tion [MWLHV or MJLHV/kgclk]

Geq Equivalent fuel consumption of the cement plant [MWyy
or MJ;pv/kgeixl

KXinax Sorbent conversion degree after the fast kinetically con-

trolled period [-]

Greek letters

Ne Electric efficiency

Subscripts

cem Cement

clk Clinker

e Electric

eq Equivalent

ref Reference plant without CO, capture
th Thermal

achieving high CO, capture efficiency and technical retrofittability of
existing cement kilns.

The second option is the integrated Cal process configuration,
where the carbonator is integrated in the preheater of the clinker
burning line and treats only the flue gas from the rotary kiln and the
oxyfuel Cal calciner coincides with the cement kiln precalciner (Marchi
et al., 2012a, 2012b; Rodriguez et al., 2012; Romano et al., 2014). In
the integrated CaL configuration, two fundamental differences can be
highlighted with respect to the tail-end CaL configuration: (i) calcined
raw meal (i.e. CaO with other SiO,, Al,O5; and Fe,O3 raw constituents)
is preferably used as a source of CaO sorbent for the carbonator rather
than pure limestone; (ii) because of the small particle size of the raw
meal (dso = 10-20 pm), cement raw meal falls in the region of cohesive
particles (Geldart C particles (Geldart, 1973)) and entrained-flow re-
actors operating in the dilute pneumatic transport regime are preferable
over fluidized beds. Recent research on the integrated CaL configura-
tion for cement plants involved the assessment of the properties of the
raw meal as CO, sorbent in TGA and drop tube reactors (Alonso et al.,
2017; Pathi et al., 2013; Turrado et al., 2018) and the modelling of the
entrained-flow carbonator (Spinelli et al., 2018).

An overview of the technical pros and cons of the two CaL in-
tegration approaches is available in recent works (De Lena et al., 2017;
Spinelli et al., 2018, 2017).

This work aims at assessing the performance and costs of the two
alternative CaL configurations for CO, capture in cement plants, under

the framework of technical and economic assumptions described by
Anantharaman et al. (2017), enabling fair comparison with competing
technologies, such as MEA scrubbing, oxyfuel, chilled ammonia and
membranes.

Results presented in this work are based on: (i) validated cement
kiln model (Campanari et al., 2016); (ii) latest entrained-flow carbo-
nator model for the integrated CaL process (Spinelli et al., 2018); (iii)
accurate design of the heat recovery steam cycle, with realistic steam
parameters and turbine efficiency for the size of the plant; (iv) equip-
ment sizing and capital cost estimation methodologies supported by
industrial experience and (v) shared methodology for performance
evaluation and economic analysis (Anantharaman et al., 2017).

This paper is structured as follows: Section 2 presents the two CaL
concepts investigated and describes the process integration both with
the cement kiln and with the heat recovery cycle with the support of
Process Flow Diagrams and Temperature-Heat Duty diagrams; Section
3.1 reports the methodology followed for process simulation and the
main assumptions for the energy performance assessment, whose re-
sults are then discussed in Section 3.2; Section 4.1 illustrates the eco-
nomic framework also providing details on the equipment cost func-
tions as well as on the assumptions for Capex and Opex calculations,
while Section 4.2 discloses the economic results and presents the out-
come of a sensitivity analysis on the most significant economic para-
meters; finally, in Section 5 conclusions are drawn.
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2. Calcium-Looping cement plants
2.1. Tail-end calcium looping

A schematic of the cement kiln with CO, capture by the tail-end CaL
process is shown in Fig. 1. Flue gas from the preheater (stream #18) are
compressed by a fan and fed to the fluidized bed carbonator, where CO,
is captured by means of the reaction with CaO-rich sorbent (#24). CO,-
lean gas (#20) exit the carbonator at 650 °C, are partly cooled and used
as drying agent in the raw mill. Carbonated sorbent produced in the
carbonator (#22) is regenerated by oxyfuel combustion calcination in
the fluidized bed calciner. Oxygen produced in the air separation unit
(#5) is preheated and mixed with recirculated CO,-rich gas (#13) to
achieve O, concentration of 50% before entering the calciner (#9).
COa-rich gas released by the calciner at 920 °C is cooled down to 400 °C
and partly recirculated to the calciner (#13). The remaining gas frac-
tion is further cooled and sent to the CO, purification unit (CPU), where
CO, is purified to a molar concentration higher than 95%, according to
specifications for pipeline CO, transport (Anantharaman et al., 2017;
NETL, 2012).

Part of the calcined solids from the CaL calciner is extracted from
the loop (#2), cooled, mixed with the remaining portion of the raw
meal fed to the cement kiln and milled in the raw mill to an average
particle size of 10-20 um. A fraction of the sorbent material is con-
tinuously purged from the CaL process to avoid excessive build-up of
inert species (i.e. coal ash and CaSO,) in the solids, that reduce the
average activity of the solids for CO, capture. Therefore, the purge of
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the CaL process needs to be compensated with a limestone make-up
(#8), which is first sent to a dedicated limestone mill where it is crashed
to the particle size suitable for fast fluidized beds (i.e. average size of
100-300 pm). The integration level (IL) (Eq.(1)) is defined as the ratio
between the limestone fed to the CaL process through the limestone mill
(#8) and the total amount of CaCO; fed to the cement kiln (through
streams #8 and #1). As pointed out in the results section and ex-
tensively discussed in (De Lena et al., 2017), IL significantly affects the
heat input to the CaL calciner and the overall energy balance of the
plant.

_ CaCO;s fed to the CaL process
" Total CaCO; fed to the plant (€9)]

A steam cycle is needed to recover the large thermal power gener-
ated in the CaL process (Fig. 2). Most of the thermal power is recovered
from the cooled carbonator and the CO,-rich gas released from the
calciner. A non-reheated steam cycle with evaporation pressure of
100 bar and SH temperature of 530 °C have been assumed, compatible
with the resulting steam cycle size (Anantharaman et al., 2017;
Consonni and Vigano, 2012), which is characterized by a steam turbine
gross power output between 40 and 66 MW for IL of 50% and 20%
respectively.

For a detailed discussion on the tail-end CaL plant configuration, on
thermal integration between the CaL system and the steam cycle, on the
effects of the CaL process parameters on the cement kiln energy balance
and on the retrofittability of existing cement kilns, the reader is ad-
dressed to (De Lena et al., 2017).
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Fig. 1. Schematic of the cement kiln with tail-end CaL process.
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Fig. 2. Schematic of the steam cycle for heat recovery from the tail-end CaL cement kiln.

2.2. Integrated Calcium looping

The flowsheet of the integrated CaL process cement kiln is shown in
Fig. 3. This process configuration exploits the cement kiln raw meal as
CO,, sorbent in the CaL process. A single oxyfuel calciner is adopted,
representing both the cement kiln precalciner and the CaL calciner.
Therefore, this configuration has an intrinsic IL of 100%.

Flue gas from the rotary kiln (stream #5) is cooled in a two-stage
raw meal preheater (Fig. 4a). The amount of the raw meal fed to this
preheater is tuned to achieve a gas temperature at preheater outlet and
carbonator inlet (#6) of 434°C, which allows achieving the target
adiabatic mixing temperature of 600 °C of the solid-gas mixture at the
carbonator inlet. The carbonator is a 120 m long gooseneck refractory
lined reactor, where about 80% of the inlet CO, is captured by the
sorbent. Recarbonated solids from the carbonator are partly (30%) sent
to the calciner (#7) and partly (65%) sent to a sorbent cooler (#8) to be
recirculated to the carbonator itself, whereas the residual amount (5%)
escapes the cyclone and is entrained with the decarbonated gas (#9).
The internal sorbent recirculation (#8) increases the residence time of

the particles in the carbonator and the average sorbent conversion,
allowing to reduce the flow rate of sorbent sent to the calciner (#7) and
the fuel consumption for a given target carbon capture efficiency
(Spinelli et al., 2018). The oxyfuel calciner is fired with coal (#21) and
a 30%vol. O, stream, obtained by mixing 95% pure O, from the ASU
(#19) and a fraction of the calciner off-gas (#25), which is cooled at a
temperature of 400 °C and then recycled to the calciner inlet. Com-
bustion provides the heat required for heating and calcining both the
recarbonated sorbent (#7) and the preheated raw meal, which comes
partly from the two-stage preheater (#4) and partly from a three-stage
preheater (#3) using CO,-rich calciner off-gas at 920 °C (#22) as heat
source (Fig. 4b). A fraction of the calcined raw meal (42%) is sent to the
rotary kiln (#32), partly (53%) sent to the carbonator after cooling in
the sorbent cooler (#30) and partly (5%) entrained with the CO,-rich
gas from the calciner. Carbonator inlet temperature has been demon-
strated to be an important parameter for the CO, capture efficiency in
an adiabatic reactor (Spinelli et al., 2018). For this reason, before being
introduced into the carbonator, the hot sorbent (#30) is cooled to
620°C (#31) in a sorbent cooler (Fig. 4c), by direct contact with
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Fig. 3. Schematic of the cement kiln with integrated CaL process.

tertiary air (#14) and carbonator exhaust gas (#10), cooled to 214 °C.
Sorbent circulation between the calciner and the carbonator is tuned to
achieve a CO, capture efficiency in the carbonator of about 80%.

One of the technical uncertainties of the integrated CaL process is
related to the high solid-to-gas ratio needed in the carbonator to
achieve high CO, capture efficiency (Spinelli et al., 2018). In the as-
sessed integrated CaL plant, the resulting solids to gas ratio at the
carbonator inlet (including the entrained dust from the last cyclone of
the kiln gas preheater) is 13.5kg/Nm® to be compared with the
1-1.5kg/Nm?® in the preheaters of conventional cement kilns. Also in
the sorbent cooler, a relatively high solids to gas ratio of 5.1 kg/Nm?>
has been obtained compared to conventional cement kiln risers.

248

Although correlations show that with a gas velocity of 15m/s no
choking should occur in the carbonator with such solids loading
(Spinelli et al., 2018), experimental validation of the flow stability in
industrially relevant conditions is needed.

Also in the integrated CaL plant, a heat recovery steam cycle must
be used to recover the large amount of heat generated in the process
(Fig. 5). Steam cycle is based on a superheated Rankine cycle without
reheat, with evaporation pressure of 65 bar and SH steam temperature
of 460 °C, defined on the basis of conventional steam power plants with
similar size (Consonni and Vigano, 2012). High temperature heat is
recovered from: (i) tertiary air (IIl Air coolers) by water preheating,
steam evaporation and superheating, (ii) CO,-lean gas at carbonator
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outlet (Decarbonated gas cooler) by high temperature water pre-
heating, (iii) CO,-lean gas at sorbent cooler outlet (CO,-lean gas HT
cooler) by steam evaporation and (iv) CO,-rich gas cooler by steam
evaporation and water preheating (CO4-rich gas coolers).

The temperature-heat diagram of the steam cycle of the integrated
CaL cement kiln is shown in Fig. 6.
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Fig. 4. Temperature-heat diagrams of the preheaters and of the sorbent cooler.
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3. Heat and mass balances
3.1. Method

Heat and mass balances are calculated with the in-house process
simulation code (GECOS, 2016), which was formerly validated for the
calculation of the heat and mass balances of the benchmark cement kiln
without CO, capture (Campanari et al., 2016). Aspen Plus (AspenTech,
2016) has been used for the calculation of the steam cycle and of the
CPU. For the CPU, a model developed by Sintef researchers in the fra-
mework of the Cemcap project has been used (Jamali et al., 2018),
allowing a consistent comparison between the CalL and the oxyfuel
cement kiln technologies. Fluidized bed and entrained flow carbonators
have been simulated with the Matlab models described in (Romano,
2012) and (Spinelli et al., 2018) respectively.

For a detailed discussion of the calculation methodology and as-
sumptions of the cement plant with the tail-end CaL system, the reader
is addressed to (De Lena et al., 2017). In the present work, cases with
integration level of 20% and 50% presented in (De Lena et al., 2017)
have been selected as representative cases of the technology. It must be
noted that the performance indicators of the tail-end plants in this work
slightly differ from the previous study by the same authors (De Lena
et al., 2017), because of the new model used for the calculation of the
CPU and because of additional consumptions of auxiliaries for heat
rejection by cooling tower.

Simulation assumptions for the calculation of the integrated CaL
cement kiln are consistent with the CEMCAP project framework
(Anantharaman et al., 2017). Differently from limestone, where an
abundant literature on its properties as CO, sorbent is available, the
capacity of raw meal as CO, sorbent cannot be satisfactorily predicted
from the number of carbonation-calcination cycles only, as it strongly
depends on the level of aggregation between Ca and SiO, and on the
calcination conditions (Alonso et al., 2017; Arias et al., 2017b). Due to
the lack of experimental data on the CaL process in industrially relevant
conditions, it is not possible to define a reliable correlation for the
sorbent capacity and a maximum CaO to CaCOj3 conversion degree after
the fast kinetically controlled period (X,ax) of 0.40 has been assumed.
The sorbent circulation rate between the calciner and the carbonator
has been assumed equal to 3.32 kg/Nm?> (corresponding to Fc,/Fco of
3.9). Sorbent recirculation in the carbonator of 65% has been assumed.
According to the carbonator model, the combination of the assumed
sorbent circulation and sorbent recirculation leads to a carbonator
outlet temperature of about 670 °C and a CO,, capture efficiency of 82%.

For the heat recovery steam cycle, steam parameters and steam
turbine efficiency has been assumed according to (Consonni and
Vigano, 2012) and are representative of the current technology for
steam turbines with gross power output of 20-30 MW,. Steam para-
meters and turbine efficiency in the integrated CaL case are lower than
in the tail-end case (evaporation pressure 65 bar vs. 100 bar, SH tem-
perature 460 °C vs. 530 °C, turbine isentropic efficiency 78.9% vs.
85.7%), due to the smaller size of the steam cycle.

The main assumptions used for the calculation of the mass and
energy balances of the integrated CaL plant are resumed in Table 1.

Energy and environmental performance are evaluated through the
key performance indicators defined in equations (2(4). Equivalent fuel
consumption gq,, is computed with Eq. (2) as the sum of the direct fuel
consumption of the cement kiln (g) and the indirect fuel consumption
associated to the electricity imported by the plant from the electric grid
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(R./7,). Equivalent CO, emissions eco ¢, are computed with Eq. (3) as
the sum between the direct emissions from the cement kiln (eco,) and
the indirect emissions associated to the electricity imported from the
electric grid (B, +Eco.), which depend on the specific CO, emissions
associated to power generation (Eco,,). It must be noted that in the tail-
end CaL plants with sufficiently low IL, the steam cycle generates
electricity in excess compared to the auxiliaries. In this case, the cement
plant becomes a net electricity producer (P, < 0), leading to negative
indirect fuel consumptions and emissions (i.e. fuel and emissions

Temperature-heat diagram of the steam cycle of the integrated CaL plant, shown in Fig. 5.

credits). The specific primary energy consumption for CO, avoided
(SPECCA) is then calculated with Eq. (4), with respect to the reference
cement kiln without CO, capture (ref).

Qog =9 + ]
“ 7 @
ecoz,eq = €co2 + B*Econe 3)
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Table 1

Main assumptions for the simulation of the cement kiln with integrated CaL.

Clinker burning process

Clinker production [tpd] 2817
Clinker/cement factor [kgcix/Kgcem] 0.737
Electric consumption of auxiliaries [kWhe/tcem] 97

Primary and transport air to rotary kiln [Nm®/kgeoai] 1.74
Secondary air to rotary kiln [Nm®/t.] 272.3
Rotary kiln gas outlet temperature [°C] 1078.4
Secondary air temperature [°C] 1137
Tertiary air temperature [°C] 1049.8
Clinker temperature at cooler outlet [°C] 114.9
Temperature of solids after milling [°C] 60
Preheaters cyclones efficiency [%] 86
Heat losses from rotary kiln [kJy/kgcnl 180.2
Heat losses from clinker cooler [kJu,/kgex] 11.13
Air in-leakages into rotary kiln [Nm®/t.] 12.01
Ca-Looping process
Maximum CaO to CaCOs conversion degree (Xmax) [-] 0.40
Sorbent recirculation in the carbonator [%] 66
Sorbent circulation rate from calciner to carbonator [kg/Nm>] 3.32
Gas superficial velocity at carbonator inlet [m/s] 15
Adiabatic gas/solid mixing temperature at carbonator inlet [°C] 600
Calciner outlet temperature [°C] 920
Raw meal calcination degree at calciner outlet [%] 89.1
Pressure losses in calciner and CO, Tower [kPa] 11
Pressure losses in sorbent cooler [kPa] 4
Pressure losses in carbonator [kPa] 4
Recirculated CO,-rich gas temperature [°C] 400
Oxygen preheating temperature [°C] 150
Cyclones efficiency [%] 95
Oxygen concentration in oxidant flow to calciner [%vol.] 30
Oxygen concentration in calciner off-gas [%vol.] 5
Fans isentropic efficiency [%] 82
Fans electric-mechanical efficiency [%] 94
Auxiliaries for calciner fuel grinding [kWhe/tcoal 14
Air separation unit
Oxygen purity [%vol.] 95
Electric consumption [kWh,/tO,] 230
LP steam consumption for TSA regeneration [kJum/kgoz] 58.3
Heat recovery steam cycle
Evaporation pressure [bar] 65.2
Superheated steam temperature [°C] 460
Condensation pressure [bar] 0.07
Steam turbine isentropic efficiency [%] 78.9
Gearbox and electric generator mechanical-electric efficiency [%] 94
Feedwater pump hydraulic efficiency [%] 75
Feedwater pump mechanical-electric efficiency [%] 94
Electric consumption for heat rejection to ambient [% of the heat 1
rejected]
Pressure drop in the economizer [bar] 20
Pressure drop in the superheater [%)] 8
Pressure drop in the turbine admission valve [%] 5
Deaerator temperature [°C] 140
Pressure drop of the steam to the deaerator [%] 7
Pinch point temperature difference [°C] 20
CO, compression and purification unit
Pressure in the liquid-vapor separator [bar] 20-23
Temperature in the liquid-vapor separator [°C] -50
Number of LP/HP intercooled compression stages 4/2
Minimum AT in the main heat exchanger [°C] 3
Temperature at intercoolers outlet [°C] 28
Compressors isentropic efficiency LP/HP [%] 85
Compressors mechanical efficiency LP/HP [%] 95
Last stage compressor discharge pressure [bar] 84
Pump hydraulic efficiency [%] 80
Pump mechanical efficiency [%] 95
CO, target purity [%vol.] > 95%
CO,, delivery pressure [bar] 110

CO,, delivery temperature [°C] 37
Equivalent electric consumption for dehydration [MJg,/kgp20] 16.6
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SPECCA = —ea ~ eares

(€]

eCOZ,eq,ref - eCOZ,eq

For the calculation of the indirect fuel consumption and emissions, a
reference power generation scenario must be defined with the related
electric efficiency 7, and carbon intensity Eco, . In this work, out of the
several possible scenarios defined in the CEMCAP project
(Anantharaman et al., 2017) two scenarios have been considered: (i)
the average EU-28 non— CHP energy mix of year 2015 (7, = 45.9%,
Ecoze = 262 kgco2/MWh,) and (ii) a pulverized coal USC power plant
(1, = 44.2%, Ecose = 770 kgcoa/MWh,). This second case has been
selected among the different proposed scenarios, as it represents the
state-of-the-art power generation technology using the same fuel of the
cement kiln.

3.2. Results

The main results of the mass and energy balances are reported in
Table 2. The properties of the streams of the plant are reported in the
appendix in Table Al.

All the CaL cases involve an increased fuel consumption compared
to the reference cement kiln without CO, capture. The integrated CaL
case has the lowest increase (+67%), followed by the tail-end 50%-IL
case (+119%) and the tail-end 20%-IL case (+170%). The lower fuel
consumption of the integrated CaL case is substantially due to the fact
that only the CO, generated in the rotary kiln is captured in the CaL
carbonator and requires heat for sorbent regeneration. Conversely, in
the tail-end cases, the fluidized bed carbonator is fed with all the CO-
rich off-gas released by the cement kiln preheater, including CO, re-
leased by CaCOj calcination in the air-fired calciner. Hence, the CO,
generated by raw meal decomposition experiences a double calcination
process, the first one in the air-blown precalciner and the second one in
the oxyfuel CaL calciner for regenerating the carbonated sorbent. This
double calcination process is responsible for the higher fuel consump-
tion calculated for the tail-end plants compared to the integrated ones.
For the same reason, tail-end cases with lower IL need higher fuel input,
since a higher portion of the inlet CaCOs is calcined in the cement kiln
air-blown precalciner, leading to double calcination of the associated
CO,, rather than in the oxyfuel CaL calciner, requiring a single oxy-fuel
calcination step.

In all the cases assessed, there are minor changes in the fuel input to
the rotary kiln (the highest being a 7% reduction in the integrated CaL
case, resulting from the higher temperature of the inlet calcined raw
meal produced in the oxyfuel precalciner). In the tail-end cases, about
70% of the total fuel input is burned in the CaL calciner, whereas the
residual fraction is burned in the cement burning line (i.e. in the rotary
kiln and in the precalciner). Fuel consumption in the cement kiln is
between 14 and 36% less than in the reference kiln, thanks to the re-
duced fuel demand in the precalciner, which is partly fed with the
preheated CaO-rich material purged from the CaL unit. In the in-
tegrated CalL case, the CaL calciner coincides with the precalciner and
consumes 79% of the total fuel input. The fuel balance of the different
systems is graphically shown in Fig. 7a.

The total CO, capture efficiency, computed as the ratio between the
CO, to storage and the total CO, generated by fuel combustion and raw
meal calcination, is higher in the integrated CalL case (94.6% vs.
91.4-93.6% of the two tail-end cases) despite the lower CO, capture
efficiency of the carbonator (82.0% vs. 88.8-90.0%) because of two
reasons. The first one is that the carbonator of the integrated CaL plant
treats only the rotary kiln off-gas, while all the CO, generated in the
oxyfuel calciner is captured with nearly 100% efficiency, typical of the
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Table 2
Main results from the mass and energy balances of CaL cement kilns and of the benchmark cement kiln without CO, capture.
Cement kiln w/0 CCS Tail-end 20%-IL CaL Tail-end 50%-IL CaL Integrated CaL
IL, % - 20 50 -
FolFcon - 0.16 0.60 3.96
FealFeoz - 4.78 2.94 3.90
Direct fuel consumption (q), MWy — MJIpav/Kgeix 105.9 3.24 285.9 8.72 232.2 7.10 177.2 5.44
Fuel consumption in the rotary kiln, MWyyv — MJrav/kgex 40.2 1.23 39.9 1.22 39.9 1.22 37.5 1.15
Fuel consumption in the precalciner, MWy — MJpnv/Kgek 65.7 2.01 50.8 1.55 27.6 0.85 - -
Fuel consumption in the CalL calciner, MWy - MJpav/Kgex - - 195.2 5.95 164.6 5.04 139.8 4.29
Oxygen Input, t/day — kgos/kgei - - 1453.9 0.51 1236.2 0.44 1057.6 0.38
CO, capture efficiency of the carbonator, % - 88.8% 90.0% 82.0%
CO,, generated from fuel combustion, kg/s — kgcoz/teix 9.87 301.8 26.64 812.6 21.63 661.6 16.52 506.6
CO, generated from raw meal calcination, kg/s — kgco/teik 18.42 563.4 18.44 562.4 18.73 572.9 17.85 547.5
Captured CO, to storage, kg/s — kgcoo/teik - - 41.20 1256.6 37.78 1155.5 32.51 997.1
Total CO, capture efficiency, % - 91.4% 93.6% 94.6%
Direct CO, emission from kiln flue gas, kg/s — kgcoz/teix 28.3 865.2 2.6 79.5 1.6 48.0 0.8 25.7
Direct CO, emission from the CPU, kg/s — kgcoa/tax - - 1.3 39.0 1.0 31.1 1.0 31.3
Total direct CO, emission (eco2), kg/s — kgcoa/tex 28.3 865.2 3.9 118.5 2.6 79.1 1.9 57.0
Direct emission reduction, % - 86.3% 90.9% 93.4%
Power balance
Gross steam turbine electricity production, MW, -kWh/tcii - - 66.16 560.6 41.58 353.2 21.90 186.6
Steam cycle pumps, MW, — kWh./tcx - - —1.28 —-10.9 —0.80 —6.8 —-0.34 —-2.9
Auxiliaries for steam cycle heat rejection, MW, ~-kWh,/t - - -1.11 -9.4 -0.78 —6.6 —0.49 —-4.2
ASU consumption, MW, — kWhe/tex - - —13.69 —116.0 —11.64 —98.9 —9.96 —84.9
Fans in CaL system, MW, — kWh,/tox - - —-2.97 —25.2 —-2.70 —-22.9 —-1.21 -10.3
CO, compression, MW, — kWh./ti - - —-17.60 —149.0 —-16.11 —136.9 —-14.11 —-120.2
Power consumption for cooling system, MW, — kWh,/te - - —-0.74 —-6.3 —-0.67 —5.7 —0.58 —5.0
Auxiliaries for calciner fuel grinding, MW, — kWhe/tex - - —-0.22 -1.8 -0.18 -1.5 —0.26 —-2.2
Cement plant auxiliaries, MW, — kWhe/t —15.49 —-131.6 —15.53 -131.6 —15.49 —-131.6 —-15.36 -130.9
Net electricity production, MW, — kWhe/t —15.49 —-131.6 13.01 110.3 -6.79 -57.7 —20.41 —-173.9
Net electricity production, kWhe/tcem -97.0 81.3 —42.5 —128.2
10000 Fig. 7. (a) Fuel balance. Left column: fuel
9000 (a) consumed in the different combustion zones
T and indirect fuel consumption; right column:
8000 equivalent fuel consumption and indirect fuel
7000 - saving. (b) CO, balance. Left column: CO,
—_ generation sources, including indirect CO,
< 6000 ~ 1364 .. . .
= ~J 15953 emissions; right column: CO, captured, emitted
_? 5000 and indirect CO, avoided. ecapt,0xy indicates
2 n i the CO, captured by oxyfuel combustion (i.e.
A " 2-1032 7856 7553 qcicarc 0 CO, generated from fuel burned in oxyfuel
3000 - aprecale it conditions + CO, generated from first calci-
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0
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Table 3
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Key performance indicators of the CaL cement kilns and the benchmark cement kiln without CO, capture under different electricity production scenarios.

Cement kiln w/o0 CCS

Tail-end 20%-IL CaL Tail-end 50%-IL CaL Integrated CaL

Direct fuel consumption (), MWynyv — MJrav/Kgex 105.9 3.24
Direct CO, emission (ecoz), kg/s — kgcoa/tex 28.3 865.2
Net electricity consumption (F), MW, — kWhe/tax 15.49 131.6

State of the art pulverized coal USC power plant (n. = 44.20%, Ecoz,e = 770 kgcoz/MWh,)

Indirect fuel consumption (g,), MWy v — MJpuv/Kgex 35.0 1.07
Equivalent fuel consumption (qq), MWy ~MJpnv/Kgeik 141.0 4.31
Indirect CO, emission (ecoz,e), kg/s — kgcoz/teik 3.3 101.3
Equivalent CO, emission (ecoz,eq), k8/s- kgcoz/teik 31.6 966.6

Equivalent fuel consumption increase, % -
Equivalent emission reduction, % -
SPECCA, MJyv/kgco2 -

EU-28 non-CHP energy mix (2015) (7. = 45.9%, Ecoa,e = 262 kgco2/MWh,)

Indirect fuel consumption (q,), MWy — MJpuy/Kgek 33.7 1.03
Equivalent fuel consumption (qeq), MW,y -MJpnv/Kgeik 139.7 4.27
Indirect CO, emission (ecoz,c), kg/s — k8coz/teik 1.1 34.5
Equivalent CO, emission (ecoz,eq), kg/s- kgcoo/teik 29.4 899.7

Equivalent fuel consumption increase, % -
Equivalent emission reduction, % -
SPECCA, MJiuv/kgco2 -

285.9 8.72 232.2 7.10 177.2 5.44
3.9 118.5 2.6 79.1 1.9 57.0
—13.01 -110.3 6.79 57.7 20.41 174.0
—-29.4 —0.90 15.4 0.47 46.2 1.42
256.5 7.82 247.5 7.57 223.4 6.85
-2.8 —84.9 1.5 44.4 4.4 133.9
1.1 33.6 4.0 123.5 6.2 190.9
81.4% 75.5% 58.9%

—96.5% —87.2% —80.3%

3.76 3.86 3.27

—28.4 —0.86 14.8 0.45 44.5 1.36
257.6 7.86 247.0 7.55 221.7 6.80
-0.9 -28.9 0.5 15.1 1.5 45.6
2.9 89.6 3.1 94.2 3.3 102.5
83.8% 76.7% 59.1%

—90.0% —89.5% —88.6%

4.42 4.07 3.17

oxyfuel process. On the contrary, the carbonator of the tail-end cases
treats the entire CO, flow rate generated in the rotary kiln and in the
air-blown calciner, resulting in a higher CO, slip compared to the total
CO,, generated in the plant despite the higher carbonator efficiency. The
second reason is related to the higher fuel consumption of the tail-end
cases, which determines the generation of a higher CO,, flow rate in the
CaL calciner and therefore a higher CO, loss from the CO, purification
unit. Therefore, also the direct CO, emission reduction is lower in the
tail-end cases (86.3-90.9%) compared to the integrated CaL case
(93.4%). For better clarity, the CO, balance of the different systems is
graphically reproduced in Fig. 7b.

As for the power plant, a general result obtained is that the higher
the total fuel consumption in the CaL system, the higher the thermal
power recovered by the steam cycle. Therefore, the tail-end CaL 20%-IL
plant is the plant configuration with the highest steam turbine power
(66.2 MW,), which overcomes the electric consumption related to the
CO, capture section (mainly associated to CO, compression and O,
production) and to the other conventional cement plant auxiliaries
(14.27 MWy, or 89.1 kWh,/tcem). Therefore, the cement kiln integrated
with this tail-end CaL configuration (20%-IL) becomes a co-producer of
cement and electricity, with a net power output of 13 MWS,. In the tail-
end CaL 50%-IL plant, the steam turbine generates a lower gross power
(41.58 MW,), which is high enough to compensate the CO, capture
island auxiliaries and part of the conventional cement plant parasitic
consumptions, but not enough to export electricity to the grid. As a
result, the plant remains a net importer of electricity, although power
absorption is 56% less than in the reference cement plant without CO,
capture (42.5 vs. 97 kWh/t.em). In the integrated Cal. case, steam
turbine power is 21.98 MW,, which mostly compensates the power
absorption of the CO, capture island. Net electricity consumption in this
case is 20.4 MW, or 128 kWh,/t.em, corresponding to an increase of
32% with respect to the power absorbed by the reference cement plant
without CO5 capture.

In Table 3, the key performance indicators of the assessed plants are
reported for the two power generation scenarios considered in this
work and introduced in Section 3.1. Negative indirect fuel consumption
and CO, emissions are obtained in the tail-end 20%-IL case, thanks to
the net power export. Therefore, equivalent fuel consumption and
emissions are lower than the direct ones. On the contrary, equivalent
fuel consumption and emissions of the other CaL cases are higher than
the direct consumptions and emissions because of the net electricity
import. As a result, equivalent emissions reduction becomes higher in
the tail-end 20%-IL CaL case compared to the other cases. The effect is
amplified in the USC power generation scenario, mainly due to the
higher carbon intensity of the electricity exchanged with the grid. On
the other hand, the equivalent fuel consumption remains the highest in
the tail-end 20%-IL case, despite the effect of power export.

The best SPECCA is obtained for the integrated CaL case, ranging
between 3.17 and 3.27 MJ; yv/tco2, depending on the power generation
scenario assumed for the electric grid. For the tail-end CaL plants,
SPECCA of 3.86-4.07 MJ; yv/tco2 and 3.76-4.42 MJ; yv/tco2 have been
calculated for the 50%-IL and 20%-IL cases respectively.

As outlined in Table 3, most key performance indicators (indirect
CO,, emissions, total CO, emission reduction, indirect fuel consumption
and SPECCA) change depending on the parameters (i.e. carbon in-
tensity and fuel-to-electricity conversion efficiency) of the power gen-
eration scenario considered. More specifically, the lower the carbon
intensity of the electric mix, the lower the indirect CO, emissions due to
electricity imports. This is a positive contribution for the integrated and
the tail-end 50%-IL cases, which are net power importer, whereas for
the tail-end 20%-IL case, this contribution is negative since it represents
indirect CO, emissions savings, due to the surplus of electricity ex-
ported. It is worth highlighting that, in case a more aggressive GHG
reduction scenario is considered, e.g. the beyond 2 °C scenario of IEA
(IEA, 2017) for which the CO, intensity of global electricity generation
is expected to fall below zero by 2060 (-10 gco2/kWh), the cases



E. De Lena et al.

without electric export will be even more advantageous than the 20%-
IL scheme, from the point of view of both total emissions reduction and
SPECCA, as a result of the reduction of the indirect CO, emissions.

4. Economic analysis
4.1. Method

The method for the economic analysis performed in this work has
been defined in the framework of the CEMCAP project (Anantharaman
et al.,, 2017; Voldsund et al., 2018). An Excel spreadsheet has been
developed for the calculation of the cost of cement (COC) and the cost
of CO, avoided (CCA) according to the CEMCAP method (De Lena et al.,
2018).

The main financial assumptions are reported in Table 4.

Assumptions for the calculation of Capex and Opex are reported in
Table 5.

Total plant cost (TPC) of each item is estimated with Eq. (5), by
increasing the total direct costs (TDC) by the indirect cost factor (INCF),
the owner’s cost factor (OCF) and the project contingencies factor
(CFproject)- Total direct costs are estimated with eq.(6), as the sum of the
equipment cost (EC), the installation cost (IC), increased by process
contingency factor (CFpyrocess)-

TPC = TDC+(1 + INCF + OCF + CFypject) 5)

TDC = (EC + IC)«(1 + CFprocess) ©)

To estimate the equipment cost (EC), functions reported in Table 6
have been used, most of which taken or adapted from (Cinti et al.,
2018).

As indicated in Table 6, two different process contingency factors
have been assumed for the different items (Voldsund et al., 2018), ex-
pressed as percentage of the installed equipment cost. The first process
contingency factor depends on the maturity of the technology, i.e. on its
technology readiness level (TRL). For the tail-end Cal reactors, which is
considered a TRL6 technology, based on the significant experimental
experience with fluidized bed CaL reactors at significant scale and in-
dustrially relevant operating conditions (Arias et al., 2013; Hornberger
et al., 2017; Kremer et al., 2013), process contingencies have been as-
sumed equal to 20%. For the integrated CaL plant, which is considered
at TRL3, process contingencies of 60% have been assumed for the CaL
reactors. For the CPU, process contingencies are equal to 20%. For other
standard components (preheaters, fans, steam cycle, ASU), process
contingency of 5% are assumed. The second process contingency factor
depends on the level of detail of the equipment list used to estimate the

Table 4

Assumptions for the economic analysis.
Cost basis €2014
Capacity factor, % 91.3
Tax rate, % 0
Operational life, yrs 25
Construction time for cement kiln, yrs 2
Construction time for CO, capture plant, yrs 3
Percentage of TPC depreciated, % 100
Inflation rate, %
Discount rate, % 8

International Journal of Greenhouse Gas Control 82 (2019) 244-260

Table 5
Assumptions for Capex and Opex calculations.

CAPEX

Process conting. of CO, capture plant (maturity), %(EC + IC) see Table 6

Process conting. of CO, capture plant (level of detail of equipment see Table 6
list), %(EC + IC)
Indirect costs factor (INCF), %TDC 14

Owner’s costs factor (OCF), %TDC 7
Project contingencies factor (CFpoject), %TDC 15

VARIABLE OPEX

Raw meal price, €/t 3.012
Coal, €/GJiav 3
Electricity, €/MWh, 58.1
Cooling water, €/m* 0.39
Carbon tax, €/tcoa 0

Ammonia price for SNCR, €/tyus 0.13
Other variable O&M costs, €/tcem 0.8
FIXED OPEX

Insurance and local tax, %TPC/year 2
Maintenance cost, %TPC/year 2.5
Number of employees in cement kiln 100
Number of employees in CO, capture plant 20
Cost of labor, k€/y per person 60
Maintenance labor, % of maintenance cost 40
Administrative and support labor, % O&M labor cost 30

equipment cost. It has been assumed equal to 12% of the installed
equipment cost and has been applied only to the CaL reactors and the
CPU.

To calculate the Capex of the plants with CO, capture, the TPC
calculated for the CO, capture plant with the method described above is
summed to the depreciated cost of the existing cement plant, which is
equal to 203.7 M€. This calculation approach, with a value of the ex-
isting cement plant independent of the capture plant, reflects the
methodology followed for evaluating retrofit projects. It can be ob-
served that the integrated CaL case is penalized by this approach
compared to a greenfield project, since the existing equipment of the
preheater are assumed to be substituted by the new equipment for the
CaL process.

Once Capex and Opex have been defined, the cost of clinker and
cement (COC) are calculated as the breakeven selling price leading to a
net present value of the project equal to zero. The cost of CO, avoided is
calculated with Eq. (7), as the ratio between the differential COC and
the differential equivalent specific emissions of the cement plant with
CO,, capture and the reference cement plant without capture.

COC — COCrt
CCA= ——mMmMmMmm—

eCOZ,eq,ref - eCOZ,eq (7)
4.2. Results

In Table 7, the breakdown of the total plant cost is reported for the
CaL plants. In all cases, the largest cost (more than 50% of the cost of
the capture plant) is associated to the ASU and the CPU. In the tail-end
cases, a significant share of the cost is associated to the fluidized bed
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Table 6

Assumptions for the calculation of the capital costs of cement plants with CO, capture.
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Item

EC function [M€3014]

Installation cost
factor [% of EC]

Process contingencies
factor (maturity) [% of
EC + IC]

Process contingencies factor
(details of equipment list item)
[% of EC + IC]

Existing cement plant

Limestone grinding
plant

ASU

Fluidized bed
carbonator

Fluidized bed calciner

Entrained flow
carbonator

Entrained flow calciner

Preheter stages (riser,
cyclone, feed pipe)
Kiln riser

Refractory Ducts

Insulated Ducts

Tower structure

Fans

Steam turbine

Heat exchangers
Pumps

Feed water preheaters
Condenser

149.8

EC = 1.3.( "Rawearloh] ¢
: 30
_ o2 [ipd] \*®
EC= 22‘(T)
EC = 0.217-Q[MW] + 3.83
EC = 0.193+(Qrrv [MW])06°
. 3 0.5
EC = 859-(Vm [MT])

. 37\%5
EC = 52.5410-3-(1/“[ [MT])

ECY = 3.98-10~%(Deyet [mm])? + 2.73-107%-Dyet [mm] + 1.6-1072

. 3 0.5
EC = 8.52‘10’3{%“[ [”‘TD

. 37)0°
EC = 2.59~1o*2~(vﬂu, ["‘T])

. 3 0.5
EC = 2.44- 10—2-(1/,,m [”‘T] )

M [ton]
670

3T\05

V[T} JERRNA
s + Gy 2]

Vref Pref

Calculated with (Thermoflow Inc., 2018)
Calculated with (Thermoflow Inc., 2018)¢
Calculated with (Thermoflow Inc., 2018)
Calculated with (Thermoflow Inc., 2018)
Calculated with (Thermoflow Inc., 2018)

EC = 35.0-

ECP = x¢.C

Calculated with (Thermoflow Inc., 2018)
Calculated with (AspenTech, 2016)

Cooling Tower
CPU

0 (included in EC

function)

0 (included in EC 0

function)

110% 20

107% 20

0 (included in EC of 60

“Tower structure”)

0 (included in EC of 60

“Tower structure”)

166% 0

206% 0

280% 0

240% 0

0 (included in EC 25

function)

40% 0
0
0°
0
0
0
0
20

12

12
12

12

12

2 Diameter of high efficiency cyclones: D[mm] = 647V [m®/s]°*?2. Diameter of conventional cyclones:

D[mm] = 1,548V [m3/s]%2%.

b For reference volumetric flow rate V,ef = 25,000-380,000 — 485,000 m>/h: C; = 31.1/254.7/430.5; for reference power B = 75 - 1100 - 2000 kW: C, = 19.1/

148.9/286.6.
¢ Conventional fans: x = 1; sealed fans: x = 1.4.

4 Material is function of steam temperature: T < 350 °C: Carbon Steel; 350 °C < T < 450 °C: T22; T > 450 °C: T91. O, preheater: stainless steel.
€ Purge cooler: process contingencies factor for maturity and details of equipment list item are 20% and 12% respectively. For O, preheater: 5% and 10%.

Table 7

Breakdown of the total plant cost (TPC) of the CaL CO, capture plants.

Tail-end CaL 20%-IL

Tail-end CaL 50%-IL

Integrated CaL

CO,, capture plant cost, M€
Carbonator

Calciner

CO,, preheater

Kiln gas preheater

Sorbent cooler riser

Kiln risers

Ducts

Tower structure

ASU

CPU

Fans

Limestone grinding plant

Heat exchangers

Steam Turbine

Pumps

Feed water preheaters and deaerator
Condenser

Cooling Tower

Total CO, capture plant cost, M€
Existing cement plant cost, M€
Total plant cost, M€

46.0
23.3

68.9
65.4

28.3
19.7

62.5
68.0

8.1
9.6
4.6
1.4
3.7
0.3

54.8
56.9
64.0

255



E. De Lena et al.

Table 8

Breakdown of the clinker costs for the cement kilns with and without CaL system.
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Cement kiln w/o CCS

Tail-end 20%-IL CaL

Tail-end 50%-IL CaL

Integrated CaL

Raw meal, €/t 5.00
Fuel, €/t 9.41
Electricity, €/t 7.65
Cooling water, €/t 0.00
Other variable costs, €/t 1.74
Variable Opex, €/t 23.79
Labor, €/tqy 8.93
Insurances and local tax, €/t 4.33
Maintenance cost, €/t 5.41
Fixed Opex, €/tax 18.67
Cement Kkiln, €/t 21.08
CO,, capture plant, €/t 0.00
Capex, €/tqx 21.08
Cost of Clinker/Cement (COC), €/tqy — €/tecem 63.5 - 46.7

4.88 4.92 5.00
26.16 21.30 16.31
—6.41 3.35 10.11
1.15 0.85 0.64
1.74 1.74 1.74
27.52 32.16 33.79
11.29 11.23 11.32
9.21 8.62 9.02
11.51 10.78 11.28
32.01 30.64 31.63
21.67 21.60 21.58
24.57 21.44 23.28
46.24 43.04 44.86
105.8 -77.8 105.8 -77.8 110.3 - 81.1

Table 9

Breakdown of costs of CO, avoided for the different CaL cases assessed.

Tail-end 20%-IL
CalL

Tail-end 50%-
IL CaL

Integrated CaL

Fuel, €/tcoz 20.69 14.77 8.66
Electricity, €/tcoz —-17.35 -5.33 3.09
Other variable costs, €/tco, ~ 1.27 0.95 0.80
Variable Opex, €/tcoz 4.61 10.39 12.54
Fixed Opex, €/tcoz 16.47 14.85 16.25
Capex, €/tcon 31.05 27.26 29.82
Cost of CO,, avoided 52.13 52.50 58.62

(CCA), €/tcoz

CaL reactors (30% and 24% in the 20%- and the 50%-IL cases respec-
tively). The carbonator results to be more expensive than the calciner,
because it includes the heat transfer surface to keep the reactor at the
target temperature of 650 °C by steam generation. The case with lower
integration level (20%-IL) results in a higher Capex, because of the
higher amount of fuel burned in the CaL calciner and the consequent

higher cooling duty of the carbonator. After the ASU, the CPU and the
CaL reactors, with an overall Capex share of 88% of the CO, capture
plant, the largest cost in the tail-end CaL plants is associated to the
steam turbine (about 7% of the capture plant TPC).

In the integrated CaL case, the carbonator and calciner cost is sig-
nificantly lower than in the tail-end case (8% of the total CO, capture
plant cost). The steam turbine also results in a smaller share (4%). On
the other hand, the cost of the new tower structure balances out the
advantage on the cost of the reactors. The cost of the structure and the
related foundations has been assumed to be proportional to the weight
of the equipment to be supported. In the integrated CaL case, the weight
of the equipment was estimated to be about 1.6 times higher than the
weight of the conventional equipment. Therefore, assuming a tower
cost of 35 M€ for the reference cement kiln, the cost of the new tower
and foundations was estimated to be about 55 M€.

By summing the cost of all the equipment, a total CO, capture plant
cost of 202 and 231 M€ has been obtained for the 50%-IL and the 20%-
IL tail-end plants respectively. For the integrated CaL plant, an inter-
mediate cost of about 220 M€ has been obtained.

The breakdown of the clinker cost is reported in Table 8. Cost of
clinker and cement for the reference plant without CO, capture is 63.5

—— - Cement kiln w/o CCS

Tail-end 20%-IL CaL

Tail-end 50%-IL CaL

Integrated CaL

100
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Fig. 8. Cost of cement for the different plants as function of the carbon tax. The two tail-end cases are hardly distinguishable and appear superimposed on this chart.
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Fig. 9. Cost of cement for the different plants as function of the price of electricity, for a carbon tax of 50 €/tco,. Note that the reference PoE is increased to 71.2
€/MWh, as it is assumed that the carbon tax affects the electricity price according to its carbon intensity.
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Fig. 10. Cost of cement for the different plants as function of the price of fuel, for a carbon tax of 50 €/tcoo.
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Fig. 11. Cost of cement for the different plants as function of process contingencies, for a carbon tax of 50 €/tco2.
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and 46.7 €/t respectively. Capex, variable Opex and fixed Opex con-
tribute with a similar share to the total cost of clinker. Cost of cement
for the CalL plants varies in a relatively narrow range, between 77.4 €/t
of the tail-end case with high IL, and 81.1 €/t of the integrated CaL
case.

The two tail-end cases show the same cost of cement of 77.8 €/t.
The tail-end 20%-IL case is the capture plant with the lowest variable
Opex, thanks to the revenues from the net electric power sold to the
grid. The lower variable operating costs compensate the higher Capex
and fixed Opex, resulting in roughly the same final cost of clinker
compared with the tail-end plant with higher IL.

In all the CaL plants, the highest contribution to the cost of clinker
derives from the capital expenditures, which are roughly doubled
compared to the reference plant. Fixed Opex also increase significantly,
being linked to the Capex, as shown in Table 5. Increase of variable
costs is also significant and is mainly driven by the cost of fuel.

In Table 9, CO, avoided cost breakdown is reported. Total CCA of
around 52 €/t have been obtained for the tail-end plants, which is less
than the CCA of 58.6 €/t calculated for the integrated CaL plant. In all
the cases, the increased Capex are responsible for more than 50% of the
total CCA. In the tail-end cases, significant cost is associated to fuel
consumption, which is partly compensated by the favorable contribu-
tion of the electric balance thanks to the power export (20%-IL) or
lower power import (50%-IL) with respect to the reference kiln without
capture.

Compared with the techno-economic study by Atsonios et al.
(2015), who assessed a tail-end CaL configuration with very low in-
tegration level (around 8%), a lower increase of the cost of cement
(+67% vs. + 84%) and a lower CCA (52 €/t vs. 69 €/t) have been
obtained in this work. An economic comparison of the assessed CaL
plants with alternative technologies for CO, capture in cement plants
can be found in (Voldsund et al., 2018), showing that the estimated
CCA of CaL processes is higher than oxyfuel technology (42.4 €/t) and
lower than post-combustion capture technologies (66.2-83.5 €/1).

In Fig. 8, the sensitivity of the cost of cement on the carbon tax is
shown. The dependency of the COC with the carbon tax is much higher
in the case without CO, capture, reaching more than 90 €/t.e, for a
carbon tax of 70 €/tcoo. On the contrary, COC is relatively insensitive to
the carbon tax for the plants with CO, capture.

In Fig. 9, the sensitivity of the COC on the price of electricity is
shown for a carbon tax of 50 €/tco,. Negative slope is obtained for the
tail-end 20%-IL case, which is a net electricity exporter and therefore
benefits from high electricity selling price. COC is negatively affected
by higher electricity prices for all the other cases. Nevertheless,
a = 50% variation of the price of electricity leads to a maximum COC
variation of *+ 5%.

In Fig. 10, the sensitivity of the COC on the price of fuel (PoF) is
shown. A variation of the PoF of + 50% leads to a maximum COC
variation of = 12% (20%-IL tail-end configuration) and a minimum
variation of = 7% (integrated configuration). In general, CaL plants are
negatively affected by an increase of the fuel price compared with the
reference cement kiln, due to their higher specific fuel consumption.

Finally, in Fig. 11, the sensitivity of the COC on the process con-
tingencies is shown. Process contingencies are varied in the -67%/
+100% range compared with the reference contingencies assumed. A
similar impact on the COC is obtained for the different systems, namely
-5/+8% in integrated case and -3/+ 5% in the tail-end cases.

5. Conclusions
This work presents the techno-economic comparison of different

Appendix A
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Calcium looping processes for CO, capture in cement plants. Two CaL
technologies have been compared, namely the tail-end CaL process,
where fluidized bed CaL reactors treats the flue gas downstream a ce-
ment burning process, and the integrated CaL system, where the en-
trained-flow CalL reactors are integrated in the preheater and the pre-
calciner of the cement kiln. The study allows to achieve the following
main conclusions.

e Both the Cal plants involves a significant increase of fuel con-
sumption. Such increase is more significant in the tail-end config-
uration (+119-170%), as the CO, released by raw meal calcination
and captured in the CaL carbonator requires a second calcination in
the oxyfuel CaL calciner. Fuel consumption increase is lower in the
assessed integrated Cal process (67%). Both processes allow
achieving direct emission reduction between 86.3-90.9% (tail-end
cases) and 93.4% (integrated CaL case).

The additional fuel consumption in the Cal process generate high
temperature heat that must be recovered in a steam cycle to gen-
erate power. The higher the fuel consumption, the higher the power
generated, which make the cement plant a net electricity exporter in
the tail-end case with low (20%) integration level (i.e. with low
amount of CaCO; fed to the CaL system). In the tail-end case with
high integration level (50%) and in the integrated CaL plant, power
generation allows compensating totally or partially the electricity
demand required for oxygen production and CO5 compression and
the cement plant remains a moderate net consumer of electricity.
Specific primary energy consumption for CO, avoided (SPECCA) has
been calculated considering the indirect fuel consumptions and CO,
emissions associated to the electricity imported or exported by the
cement plant. Therefore, SPECCA depends on the reference power
generation scenario assumed for the electric grid. Depending on the
assumed scenario, SPECCA of 3.76-4.42 MJyv/kgcoo for the tail-
end cases and of 3.17-3.27 MJpuy/kgcos for the integrated case
have been obtained.

All the CaL technologies are capital intensive. Estimated total plant
costs of the capture plant are roughly as high as the cost of the
conventional cement plant. In all the cases, more than 50% of the
capital cost is associated to the air separation unit and the CO,
compression and purification unit. In the tail-end CalL cases, a sig-
nificant cost is also associated to the CaL reactors. In the integrated
CaL plant, the highest cost after ASU and CPU is related to the
structure of a new tower needed to support the additional equip-
ment of the CaL. process components.

Cost of clinker of 106 €/t (+67% compared with the reference
case without capture) have been calculated for the tail-end CaL
cement plants. A slightly higher value of 110 €/t (+74%) have
been obtained for the integrated CaL plant. The cost of CO5 avoided
is about 52 €/tcor and 58.6 €/tco. for the tail-end and the in-
tegrated cases respectively.

Acknowledgements

This project has received funding from the European Union's
Horizon 2020 research and innovation programme under grant agree-
ment no 641185 (CEMCAP). Mari Voldsund, Stefania Gardarsdottir,
Rahul Anantharaman and Simon Roussanaly (SINTEF Energy Research)
are also acknowledged for the calculation of the heat and mass balance
and the cost of the CPU and for the support in the preparation of the
economic model.



International Journal of Greenhouse Gas Control 82 (2019) 244-260

E. De Lena et al.

800y  0S'IT T26'9¢  6¥'IT ST 0'sc 911‘S ¥eT 3 se
66'C 0c'o 12°96 09°0 0ST 0'sc - Ly'eE O ve
¥°0 9T'l LLO I8°€T SL°0T €v'€9 £L9'6 61T - 09°¢ce () g€
2e0 €T'l €8'C SC's 444" 99 c9'8Y 81 €6°0 1444 LL0 0°0C6 - TE'8E () ze
0€’0 L0'T ¥9'C 88t 6v°el 581 SE'8E €8¢l [40n8 €0'S ¥8°0 9’619 - 6L'TLL ®) 1¢
2ce0 €T'l €8°C ST's 444" 99 298y 81 €6°0 1444 LL0 0°026 - 90°81 (s) o¢
000 000 ¥S'T €0'C 9€'€e LE'ET 6v'6L ST'0 S0°0 000 100 0°09 160 () 6T
ST'S ¥6°0 Ly'1T L1'18 LT'1 €60 0°09 8EYLL SL'LE 3) 62
000 000 ¥S'T €0'C 9€’e LEET 6v°6L ST'0 S0°0 000 100 £4'C8¢ 160 (s) 8T
ST'S ¥6°0 LY'TT LT'18 LT'1 ¥6°0 L'T8T 8EYLL SL°LE 3) 8z
000 00°0 ¥S'T €0'C 9€'¢e LE'ET 6v°'6L ST'0 S0°0 000 100 0'0ce 160 ) LT
ST'S ¥6°0 Ly'11 LT'18 LTl S6°0 0°0C¢ 8EYLL SLLE ®3) Lz
000 000 ¥S'T €0C 9€'e LEET 6v°6L ST'0 S0°0 000 10°0 0°00% 160 (s) 9T
ST'S ¥6°0 Ly'1T L1'18 LT'1 S6°0 0°00% 8EY LL SLLE 3) 9z
000 000 ¥S'1T €0C 9€’e LEET 6v°6L ST'0 S0°0 00°0 10°0 ¢Sy 10°T () sT
ST'S ¥6°0 LY 1T LT'18 LT°1 00°1T ¢Sy 68LV8 I tar44 ®3) sz
000 00°0 ¥S'T €0'C 9€’e LEET 6v°6L ST'0 S0°0 000 10°0 0°00% °6'T [OR%4
ST'S ¥6'0 Ly'1T L1'18 L1 S6°0 0°00% 0SS‘091 0008 ®3) ve
000 000 ¥S'1T €0C 9€’e LEET 6v°6L ST'0 S0°0 000 100 1929 6’1 (s) €T
ST'S ¥6°0 LY'TT LT'18 LT°1T 96°0 1929 0SS°09T 0008 ®) ez
ce0 €'l €8'C S¢S 14 a4" 99 2981 81 €60 1444 LL°0 0°0c6 SS'Y [OF44
9T’s Y60 YT11 6€°18 8C'1l 660 0°0C6 021091 16°64 @) ze
/I ST'LT AHT ‘D %C0°0 IMSION %S0 “USY %S 9T ‘O %6 ‘N %8+°0 ‘S %S0 ‘H %t O %69 0°09 - ST'S ) 1T
000 00°0 ¥S'1T €0'C 9€'e LEET 6v°'6L ST'0 S0°0 000 10°0 €'19¢ 10'T (s) 0T
¢C'9¢ 6Tl 8L'8 €1'c9 891 00°T €'19¢ €8T LIT 0¢'SS 3) oz
00°S6 00C 000 000 00°€ 60°T 0°0ST T6¥°TE S6°CL @ 61
00°S6 00°C 00°€ 1Tt 0'ST 26T S6°CL 3) 81
68'v1 1564 6C'¢ LE'T S6°0 96°0 L'LEY 950°CIT €L°6€ 3) L1
68°v1 1564 6C°¢ LE'T S6°0 L6°0 9619 950°CT1 €L°6E @) 9t
0€°0 SO'T 8€'C 8€Y SICt ¢S'1e 06°1€ LY'ET 84T 956 ¢S’ 0°cee 096 () st
86V 1 Ly'6L sc'e SeE'l S6°0 00°T 0'cee 99€°12T €L°6€ ) st
170 9T'l LL0 18°€T SL0T €v'e9 £L9'6 €vic 940 [OR41
€4°0T 8C'LL €0'1T €00 260 86°0 €VvIiT 8¥T €L 61°9C @ v
¥0 9T'1T LL0 18°€T SL0T €v'€9 £9'6 8'6¥01 940 ®) et
€4°0C 8C'LL €0'1L €00 26°0 00°T 8'6¥01 8¥C L 61°9C @3 et
/I ST'LT AHT ‘1D %T0°0 IMSION %S0 “USY %S9T ‘O %6 ‘N %87°0 ‘S %S0 ‘H %b D %69 0°09 - 8¢l [OR4!
€4°0C 8C'LL €0'T €00 260 00°T 0°LETT 6S6°1E er'lt @3 11
620 0L 8S'C 9LV ocer 8€°€T 85°v¢€ Sy'eEl 00°T 06’y 280 €vic €88 () ot
s8¢ 04°€8 SS°L 16°€ 00°T 260 evic 808°8€ YS€L @3 ot
620 0T 85T 9Ly 0C'el 8€°€T 85°v€ SHET 00°T 06'Y 280 9'1L9 €88 ®6
S8'€ 04°€8 SG°L 16°€ 00°T €6°0 9'1L9 808°8€ vSET ®e6
620 0’1 85C 9LV 0cel 8€'€T 8G9V SP'EL 00’1 06t 280 9149 - 148418 )8
620 0T 85T 9Ly 0C'el 8€°€T 85v€ StET 00°T 06t 280 9'1L9 - TL°€S ® L
100 c0'0 181 86'L 6C'¢ 60°€T 90°84 200 620 fealt} el 0c’o 9'veEY 4! ®9
LT°¢ 80°'14 9 6€°81 G680 860 9'veEY L69°Gh 0€’LL @9
v0 9Tl LL0 I8¢l SL0T €v'e9 £L9°6 ¥'8401 €6'C ®s
6C'¢ 8’14 68°S 0S'8T S8°0 00°T ¥'8401 St'sy veLT @S
90°0 91’0 €'l SL'T 68'C ¢S'IT €4°89 110 06T 8Y'L VL8 €e'l 8'6vL - 60°1¢C ® v
Y00 ST°0 el €1'e 09°¢ 0S°€T YT 0L 629 °6'1 cr'o LS°0 (N0} G'888 - 11°S€ ®¢€
ST 20'C Se'e CEET 8¥'6L 620 0°09 - 9€'61 ®c
ST c0'c Se'e ceel 8¥'6L 62°0 0'09 - 85°¢ce ®1

vOseD 03I €0D3IN ! v €018 €0DBD o®ed SZO veD SED AvyD Moty c0 °N O%H 0D v [req] [D.] [U/ Nl [s/34]
["1m05] wonisodwod ssey [%10A] uonisoduiod Ie[oN d L A w weans

'€ 81 UT UMOUS U[DY JUdUIdD TeD pajeidalu] jo saniadoid sureans

[AACICLAR

259



E. De Lena et al.

References

Alonso, M., Alvarez Criado, Y., Fernandez, J.R., Abanades, C., 2017. CO2 carrying ca-
pacities of cement raw meals in calcium looping systems. Energy & Fuels 31,
13955-13962. https://doi.org/10.1021/acs.energyfuels.7b02586.

Anantharaman, R., Berstad, D., Cinti, G., De Lena, E., Gatti, M., Gazzani, M., Hoppe, H.,
Martinez, 1., Monteiro, J., Romano, M., Roussanaly, S., Schols, E., Spinelli, M.,
Storset, S., van Os, P., Voldsund, M., 2017. CEMCAP Framework for Comparative
Techno-economic Analysis of CO2 Capture from Cement Plants. CEMCAP deliver-
able D3.2.. www.sintef.no/projectweb/cemcap/results/.

Arias, B., Diego, M.E., Abanades, J.C., Lorenzo, M., Diaz, L., Martinez, D., Alvarez, J.,
Sanchez-Biezma, A., 2013. Demonstration of steady state CO2 capture in a 1.7MWth
calcium looping pilot. Int. J. Greenh. Gas Control 18, 237-245. https://doi.org/10.
1016/j.ijggc.2013.07.014.

Arias, B., Alonso, M., Abanades, C., 2017a. CO2 capture by calcium looping at relevant
conditions for cement plants: experimental testing in a 30 kW th pilot plant. Ind. Eng.
Chem. Res. 56, 2634-2640. https://doi.org/10.1021/acs.iecr.6b04617.

Arias, B., Turrado, S., Alonso, M., Marbéan, G., Abanades, C., 2017b. Results of Entrained
Flow Carbonator / Calciner Tests. CEMCAP deliverable D12.2. www.sintef.no/
projectweb/cemcap/results/.

AspenTech, 2016. Aspen One V9.1.

Atsonios, K., Grammelis, P., Antiohos, S.K., Nikolopoulos, N., Kakaras, E., 2015.
Integration of calcium looping technology in existing cement plant for CO2 capture:
process modeling and technical considerations. Fuel 153, 210-223. https://doi.org/
10.1016/j.fuel.2015.02.084.

Campanari, S., Cinti, G., Consonni, S., Fleiger, K., Gatti, M., Hoppe, H., Martinez, I.,
Romano, M., Spinelli, M., Voldsund, M., 2016. Design and Performance of CEMCAP
Cement Plant without CO2 Capture. CEMCAP Deliverable D4.1. www.sintef.no/
projectweb/cemcap/results/.

CEMCAP, 2015. EU H2020 Project: CO2 Capture from Cement Production.
Agreement n.641185. www.sintef.no/cemcap/.

Cinti, G., Anantharaman, R., De Lena, E., Fu, C., Gardarsdottir, S.O., Hoppe, H., Jamali,
A., Romano, M., Roussanaly, S., Spinelli, M., Stallmann, O., Voldsund, M., 2018. Cost
of Critical Components in CO2 Capture Processes. CEMCAP deliverable D4.4. www.
sintef.no/projectweb/cemcap/results/.

Consonni, S., Vigano, F., 2012. Waste gasification vs. Conventional Waste-To-Energy: a
comparative evaluation of two commercial technologies. Waste Manag. 32, 653-666.
https://doi.org/10.1016/j.wasman.2011.12.019.

De Lena, E., Spinelli, M., Martinez, 1., Gatti, M., Scaccabarozzi, R., Cinti, G., Romano,
M.C., 2017. Process integration study of tail-end Ca-Looping process for CO2 capture
in cement plants. Int. J. Greenh. Gas Control 67, 71-92. https://doi.org/10.1016/j.
ijggc.2017.10.005.

De Lena, E., Spinelli, M., Romano, M.C., Voldsund, M., Gardarsdottir, S.O., Roussanaly, S.,
2018. CEMCAP Economic Model Spreadsheet. Annex of CEMCAP deliverable D4.6.
www.sintef.no/projectweb/cemcap/results/.

GECOS, 2016. GS Software. www.gecos.polimi.it.

Geldart, D., 1973. Types of gas fluidization. Powder Technol. 7. https://doi.org/10.1016/
0032-5910(73)80037-3.

Hornberger, M., Sporl, R., Scheffknecht, G., 2017. Calcium looping for CO2 capture in
cement plants — pilot scale test. Energy Procedia 114, 6171-6174. https://doi.org/10.
1016/j.egypro.2017.03.1754.

Grant

260

International Journal of Greenhouse Gas Control 82 (2019) 244-260

IEA, 2017. Energy Technology Perspectives 2017. OECDhttps://doi.org/10.1787 /energy_
tech-2017-en.

Jamali, A., Fleiger, K., Ruppert, J., Hoenig, V., Anantharaman, R., 2018. Optimised
Operation of an Oxyfuel Cement Plant. CEMCAP Deliverable D6.1. www.sintef.no/
projectweb/cemcap/results/.

Kremer, J., Galloy, A., Strohle, J., Epple, B., 2013. Continuous CO2 capture in a 1-MWth
carbonate looping pilot plant. Chem. Eng. Technol. 36, 1518-1524. https://doi.org/
10.1002/ceat.201300084.

Marchi, M.L, Cinti, G., Romano, M.C., Campanari, S., Consonni, S., 2012a. Improved
Process for the Production of Cement Clinker and Related Apparatus (in Italian).
Patent application MI2012 A00382. .

Marchi, M.I, Cinti, G., Romano, M.C., Campanari, S., Consonni, S., 2012b. Process and
Improved Plant for the Production of Cement Clinker (in Italian). Patent application
MI2012 A00383. .

NETL, 2012. Quality Guidelines for Energy System Studies - CO2 Impurity Design
Parameters. DOE/ NETL-341/011212. .

Olivier, J.G.J., Janssens-Maenhout, G., Muntean, M., Peters, J.A.H.W., 2016. Trends in
Global Co2 Emissions: 2016 Report, The Hague: Pbl CO, Netherlands Environmental
Assessment Agency; Ispra: European Commission. Joint Research Centre.

Ozcan, D.C., Ahn, H., Brandani, S., 2013. Process integration of a Ca-looping carbon
capture process in a cement plant. Int. J. Greenh. Gas Control 19, 530-540. https://
doi.org/10.1016/j.ijggc.2013.10.009.

Pathi, S.K., Lin, W., Illerup, J.B., Dam-Johansen, K., Hjuler, K., 2013. CO2 capture by
cement raw meal. Energy and Fuels 27, 5397-5406. https://doi.org/10.1021/
ef401073p.

Rodriguez, N., Murillo, R., Abanades, J.C., 2012. CO2 capture from cement plants using
oxyfired precalcination and/ or calcium looping. Environ. Sci. Technol. 46,
2460-2466. https://doi.org/10.1021/es2030593.

Romano, M.C., 2012. Modeling the carbonator of a Ca-looping process for CO2 capture
from power plant flue gas. Chem. Eng. Sci. 69, 257-269. https://doi.org/10.1016/j.
ces.2011.10.041.

Romano, M.C., Spinelli, M., Campanari, S., Consonni, S., Marchi, M., Pimpinelli, N., Cinti,
G., 2014. The calcium looping process for low CO2 emission cement plants. Energy
Procedia 61, 500-503. https://doi.org/10.1016/j.egypro.2014.11.1158.

Spinelli, M., Martinez, I., De Lena, E., Cinti, G., Hornberger, M., Spérl, R., Abanades, J.C.,
Becker, S., Mathai, R., Fleiger, K., Hoenig, V., Gatti, M., Scaccabarozzi, R.,
Campanari, S., Consonni, S., Romano, M.C., 2017. Integration of Ca-Looping systems
for CO2 capture in cement plants. Energy Procedia 114, 6206-6214. https://doi.org/
10.1016/j.egypro.2017.03.1758.

Spinelli, M., Martinez, I., Romano, M.C., 2018. One-dimensional model of entrained-flow
carbonator for CO2 capture in cement kilns by Calcium looping process. Chem. Eng.
Sci. 191, 100-114. https://doi.org/10.1016/j.ces.2018.06.051.

Thermoflow Inc, 2018. Thermoflex v.27.0. www.thermoflow.com.

Turrado, S., Arias, B., Fernandez, J.R., Abanades, J.C., 2018. Carbonation of fine CaO
particles in a drop tube reactor. Ind. Eng. Chem. Res. 57, 13372-13380. https://doi.
org/10.1021/acs.iecr.8b02918.

Voldsund, M., Anantharaman, R., Berstad, D., De Lena, E., Fu, C., Gardarsdottir, S.O.,
Jamali, A., Pérez-Calvo, J.-F., Romano, M., Roussanaly, S., Ruppert, J., Stallmann, O.,
Sutter, D., 2018. CEMCAP Comparative Techno-economic Analysis of CO2 Capture in
Cement Plants. CEMCAP deliverable D4.6. www.sintef.no/projectweb/cemcap/
results/.


https://doi.org/10.1021/acs.energyfuels.7b02586
arxiv:/www.sintef.no/projectweb/cemcap/results/
https://doi.org/10.1016/j.ijggc.2013.07.014
https://doi.org/10.1016/j.ijggc.2013.07.014
https://doi.org/10.1021/acs.iecr.6b04617
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.sintef.no/projectweb/cemcap/results/
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0030
https://doi.org/10.1016/j.fuel.2015.02.084
https://doi.org/10.1016/j.fuel.2015.02.084
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.sintef.no/cemcap/
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.sintef.no/projectweb/cemcap/results/
https://doi.org/10.1016/j.wasman.2011.12.019
https://doi.org/10.1016/j.ijggc.2017.10.005
https://doi.org/10.1016/j.ijggc.2017.10.005
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.gecos.polimi.it
https://doi.org/10.1016/0032-5910(73)80037-3
https://doi.org/10.1016/0032-5910(73)80037-3
https://doi.org/10.1016/j.egypro.2017.03.1754
https://doi.org/10.1016/j.egypro.2017.03.1754
https://doi.org/10.1787/energy_tech-2017-en
https://doi.org/10.1787/energy_tech-2017-en
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.sintef.no/projectweb/cemcap/results/
https://doi.org/10.1002/ceat.201300084
https://doi.org/10.1002/ceat.201300084
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0100
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0100
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0100
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0105
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0105
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0105
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0110
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0110
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0115
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0115
http://refhub.elsevier.com/S1750-5836(18)30747-3/sbref0115
https://doi.org/10.1016/j.ijggc.2013.10.009
https://doi.org/10.1016/j.ijggc.2013.10.009
https://doi.org/10.1021/ef401073p
https://doi.org/10.1021/ef401073p
https://doi.org/10.1021/es2030593
https://doi.org/10.1016/j.ces.2011.10.041
https://doi.org/10.1016/j.ces.2011.10.041
https://doi.org/10.1016/j.egypro.2014.11.1158
https://doi.org/10.1016/j.egypro.2017.03.1758
https://doi.org/10.1016/j.egypro.2017.03.1758
https://doi.org/10.1016/j.ces.2018.06.051
arxiv:/www.thermoflow.com
https://doi.org/10.1021/acs.iecr.8b02918
https://doi.org/10.1021/acs.iecr.8b02918
arxiv:/www.sintef.no/projectweb/cemcap/results/
arxiv:/www.sintef.no/projectweb/cemcap/results/

	Techno-economic analysis of calcium looping processes for low CO2 emission cement plants
	Introduction
	Calcium-Looping cement plants
	Tail-end calcium looping
	Integrated Calcium looping

	Heat and mass balances
	Method
	Results

	Economic analysis
	Method
	Results

	Conclusions
	Acknowledgements
	mk:H1_13
	References




