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1. INTRODUCTION

In fulfilment of Sol2H20! Grant Agreement on the obligations of the Consortium towards the
Project Owner (PO) regarding project deliverables, the current document stands as Deliverable
D2.1 - Solar-driven water production, water treatment and zero-liquid discharge solutions, as
described in the project Description of Action (Part A). Task 2.1 aims at developing the ground
know-how for the ensuing development of cutting-edge research in the fields of solar-driven
water production, water treatment and zero-liquid discharge to achieve sustainable integrated
seawater treatment chain for the production of freshwater and raw materials. By means of solar-
driven heat and power supply as energy source to water production and water treatment, has
technological focus on:

- Photovoltaic powered — Reverse Osmosis (PV-RO) desalination;

- Vacuum-enhanced air-gap Membrane Distillation (AGMD) for fresh water production
from brines and its coupling with solar thermal energy under dynamic conditions;

- Brine treatment processes for raw materials recovery and Zero Liquid Discharge;

- Solar driven wastewater treatment, focused on new concepts of solar photoreactors for
different applications, industrial and urban wastewaters and disinfection for reusing
purposes;

and encompasses a technical-economic assessment of these technological approaches, reported
in D2.1. This task bases the development of 1 PhD Thesis foreseen in the PhD Facility sought in
WP3 and provides the technical inputs for the Widening Rl upgrade foreseen in Task 2.3.

2. SOLAR DRIVEN WP TECHNOLOGIES

The increasing water demand worldwide has caused a strong development of desalination
technologies and their use during the last decades. However, desalination requires large
guantities of energy supply, which is mostly provided from the combustion of fossil fuels with the
consequent CO, emissions. Moreover, desalination increases energy demand, which means a
higher external dependence and economic expense in countries with low energy resources.

Desalination by renewable energies (RES) solves those disadvantages; it is a free-pollution process
that uses a local energy source (Delgado et al., 2019). Nowadays renewable desalination is mostly
associated with isolated locations due to the high specific water production cost. Consequently,
in order to achieve a more sustainable desalination, the development of desalination technologies
should advance in parallel with a growth in the use of renewable energy.

0 2.1. Solar desalination technologies (PV-RO, solar-thermal distillation)

RES—desalination matching is mainly categorised as distillation desalination technologies driven
by heat produced by RESs, and membrane and distillation desalination technologies driven by
electricity or mechanical energy produced by RES.

Indirect use of solar energy by means of solar thermal systems and photovoltaics (PVs) in tandem
with desalination seems to be the most applicable technology. Direct use of solar energy for
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Date: 15.05.2024 3/98 Doc. Version: 1



desalination, such as the use of solar stills, is the oldest, simplest, and most used method. Figure
1 below presents the possible combinations of solar energy technologies with desalination. The
selection of the most appropriate combination is mainly site specific (Tzen et al., 2012). In the part
dealing with PV-RO desalination of section 2.1.1, different production scales, as well as both off-
grid and on-grid configurations, are presented.
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Figure 1. Solar energy—desalination matching (Tzen et al., 2012).

= 2.1.1 State of the Art

PV-RO desalination

The use of desalination plants driven by RES is a technique that has been implemented for more
than four decades. Specifically, a solar photovoltaic (PV) powered RO plant was first investigated
on a commercial scale in Saudi Arabia in 1981, when a 3.2 m3/d SWRO desalination plant coupled
to an 8 kWp (kWatt peak) PV system was installed in Jeddah (Boesch et al., 1982). In the 1980s,
not long after the start of commercial markets for both RO desalination and PV power generation,
the first projects combining them to use RE for desalination emerged, generally with public
financial support. Most of these off-grid PV-driven RO desalination systems were just for R&D
activities, with production capacities in the range of 4 to 2,000 L/h; this production is associated
with the number of daily operation hours per day (about 5-8 h, depending on the place and the
day of the year); in other words, the daily production is 25-33% of an on-grid RO plant with the
same hourly capacity operating 24 h/day (Subiela et al., 2022).

Although research on PV-RO desalination systems began in the early 1980s (table 1 below), its
precise techno-economic feasibility has been assessed recently.
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Table 1. Highlights of PV driven RO plant development.

Year Event

1982 World’s first solar PV driven SWRO plant (Boesch et al., 1982)

1985 Use of ERD (positive displacement pump) in PV-driven SWRO plant (Keeper et al., 1985)
1988 First PV driven BWRO plant (Effendi et al., 1988)

1998 Hybrid brackish water PV-RO plant with solar stills (Hasnain and Alajlan, 1998)

2001 Introduction of PV-powered brackish RO system without batteries (Joyce et al., 2001)
2003 First battery-less seawater PV-RO system (Thomson and Infield, 2003)
2006 First isolated PV-RO system for a community water supply (Baltasar et al., 2006)

The coupling of off-grid solar PV and RO is one of the most used and analysed combinations of
renewable energy-powered desalination. It corresponds to about 32% of the total RE driven
desalination units (see figure 2 below). There are some reasons to explain this fact; on the one
hand, the wide range of water production capacity of the RO process, its modularity and its
applicability to different raw water salinities, and on the other hand, the easy access and
installation of the PV systems (Subiela et al., 2020). Furthermore, both PV solar energy and RO are
mature technologies with a wide commercial network of manufacturers and suppliers.

Others
19%
PV-RO
32%
Wind-MVC = PV-RO
5% = PV-ED
m Solar-MED
® Solar-MSF
= Wind-RO
Wind-RO » Wind-MVC
ind-
19% PV-ED Others
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6% 13%

Figure 2. Landscape of renewable energy desalination worldwide (Mito et al., 2019).

RO usually uses alternating current (AC) for the pumps, which means that DC/AC inverters have
to be used. Energy storage is a matter of concern, and batteries are used for PV output power
smoothing or for sustaining system operation when sufficient solar energy is not available.
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Figure 3. Scheme of a PV-RO system with batteries (Al-Karaghouli et al., 2010).
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% The DC voltage produced by the PV field goes to the batteries through a charge controller
to guarantee the good operation of the batteries.
R

% Energy from the batteries is converted into AC in the inverter to supply electricity to the
different loads. In this case the HPP.

PV-RO systems have been implemented in different regions (figure 4), e.g.: remote areas of the
Libyan desert, isolated areas of Jordan, Tunisia and Morocco, and outlying areas in Australia.
When considering commercial photovoltaics for connection to an RO system, PV-RO has
previously been regarded as not being a cost-competitive solution when compared with
conventionally powered desalination. However, the decline in PV costs over the last years has
changed this outlook. The distance to the national electric grid at which PV energy is competitive
with conventional energy depends on the RO plant capacity, and on the salt concentration of the
feed water (Carvalho et al., 2013; Davis et al., 2013; Fthenakis et al., 2015; Shatat et al., 2013).
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Figure 4. Geographical locations of SW and BW RO experimental setups powered by PV.
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Table 2. Photovoltaic installations used in desalination since 2011 (Subiela et al., 2022).

Country | Year ‘ Feed water Capacity (m3/d) |
Australia 2011 BW 4.8
USA 2012 BW 75
Egypt 2012 BW 5
Jordan 2012 BW 5.7
Jordan 2012 BW 5.7
Tunisia 2013 BW 1,800
Qatar 2013 SW 12,000
Vanuatu 2013 SW 96
Mexico 2014 BW 840
Mexico 2014 BW 48
Brazil 2014 BW 3,600
UAE 2015 SW 200
India 2015 BW 1.04
India 2015 BW 1.68
India 2015 SW 0.64
Qatar 2015 BW 100
Malaysia 2016 BW 5.1
Jordan 2016 BW 13-63
Turkey 2017 SW 24
Cape Verde 2021 SW 120
*KSA 2023 SW 60,000 (PV 20 MW)

*most recently added.
PV-RO key equipment, schemes and possible configurations.

The core components of a solar-PV system are: PV panels, charge controller, battery pack, DC/AC
inverter. These equipment should be added to a PV module to supply energy to a desalination
plant. In figure 5 below a typical PV-RO coupling diagram is represented, some figures about the
size of equipment have been included as a reference.

PV Pressure
Charge controller Inverter pump
85A 3 kW
— —@ Feed pump
Py 48 Voc -
— N
PVn —_I_— 230V/ 50Hz Other loads
Batteries
. (535 Ah, C10)

Figure 5. Scheme of an off-grid PV-RO system installed at ITC facilities in Pozo lzquierdo.
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Two configurations are possible: stand alone or grid connected PV-RO plants (Gorjian et al., 2020).

O OFF-GRID PV-RO desalination: all the energy required by the desalination plant is supplied
by the PV modules.

,._,/) Optional backup generator

M

DC/AC inverter

Solar PV system -
- Charge controller

Battery storage bank
Figure 6. Scheme of an off-grid PV-RO system.

Some considerations on the use of RES isolated from a power grid (off-grid / micro-grid) are:

Suitable for small/medium desalination plant capacities.

Storage of water/energy to overcome the variability of the energy resource is needed.
High investments depending on the m3 produced.

Requires an accurate control system in order to optimise the use of the energy resource.

YYVYVYY

It can be hybridised and/or combined with a diesel generator.

O ON-GRID PV-RO desalination: RES supplies a percentage of the energy required per year
(30-60% depending on the type of RES). Surplus energy can be sold back to the grid in some
cases.
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Figure 7. Scheme of an on-grid PV-RO system.
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Some considerations for the use of RES connected to a power grid (self-consumption or net
balance) are:

Suitable for medium and large production capacities.

Water storage could be needed to meet demand.

Requires a control system to manage the load.

Sale of energy. Economic viability due to the sale of the resource.

YVYVVY

Existing regulatory constraints, it will depend on the country's regulations.

Fruit of the lessons learnt from a case study carried out by the ITC at Pozo lzquierdo testing
facilities in Gran Canaria, in the table below the comparison of a PV-RO desalination plant with
battery back-up system versus a battery-less system is shown.

Table 3. PV-RO with battery back-up system vs. battery-less system.

PV-RO with constant production PV-RO with variable production capacity
capacity (batteries) (battery-less)

Advantages Disadvantages Advantages Disadvantages
Simpler control Higher space Lower investment Higher desalination plant
system. requirement. cost in PV panels investment: due to

and batteries (for variability of operation a

RO plant of less Higher investment 24/365 control). higher production scale
complexity. cost in PV panels. plant is needed for

' . . Lower investment guaranteeing a daily
Higher vyater ngh%er investment cost in electrical production.
production per cost in battery installation.
year for the same capacity (89%). Needs greater water
PV field. Lower maintenance storage capacity.

Higher investment costs

Greater operation | cost in electrical (batteries/PV). Lack of understanding of
stability which installation (20%). the behaviour and life of
means fewer Less space RO membranes
breakdowns (less | Higher requirement. operating under variable
stops per year). maintenance costs conditions during several

(batteries/PV).
years.

Lower-scale

desalination plant

dimension.

Guarantees stable
water production.
Lower water
storage capacity
required.

Long term lower
OPEX.
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e The need for solar PV-RO desalination and its challenges.

The use of RO desalination has grown in response to water scarcity. Despite steady improvements
made in SWRO process energy efficiency, mainly thanks to the use of energy recovery devices
(ERDs) based on isobaric chambers, together with the introduction of last generation RO
membranes with higher fluxes; RO desalination remains an energy-intensive process. For that
reason, the use of solar PV energy is an attractive solution in order to:

=> Reduce RO plants’ carbon footprint.
=> Decrease their running costs.
=> Eliminate the link between water prices and fuel costs.

Whereas the power output of solar-PV fields is intermittent and fluctuating, commercial RO plants
are designed to work at constant flow, pressure and power level. The plant adaptability to RES
can be improved, matching the load to the available power by means of:

% Plant configuration (modular desalination plant design). Different RO racks or pressure
vessels in the same rack can be connected/disconnected based on the available energy.

% Operational strategy (variable-speed operation). Using a variable frequency drive to
change the HPP speed according to the available power. Positive displacement pumps are
suitable for variable-speed operation, as they offer consistent efficiency at varying flow
rates.

« An accurate control system design.

% Including a backup system (connection to electric grid, energy/water storage system or
diesel generator).

We find some challenges that must be faced when operating an RO plant on a discontinuous basis.
Anyway, in the two main technical challenges noted below, negative consequences, but also
positive ones, can be found among the literature and the studies carried out. These challenges
are:

0 Shortened RO membrane lifetime.

Negative: continuous start-ups, shutdowns, flow variation and pressure fluctuations can
lead to mechanical fatigue with a negative impact on membrane lifetime and
performance.

Positive: after numerous studies there are contradictory opinions; some authors report
shorter lifetimes while others highlight improvements in performance, arguing that
turbulence improves the diffusion through the membrane and decreases the effect of
concentration polarisation leading to increased permeate flux and quality.

0 Reduced performance of ERDs (must be taken into account that in very small production
capacities desalination plants, usually no ERD is used as the recovery rate is too low).

Positive: unlike centrifugal devices, isobaric devices can operate at nearly constant
efficiency with a varying flow rate making them more suitable for variable operation.
Additionally, their decoupled operation from the HPP offers a great advantage for variable
operation, as it allows the independent variation of membrane flux and recovery.

Negative: however, the negative effects of mixing and leakage on overall performance
could worsen under variable operation due to increased pressure and flow fluctuations.
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Apart from the challenges mentioned above, there are other types of non-technical challenges
that must be faced when installing an off-grid PV-RO system in a remote location. Some of them
are: the low technical qualification of the staff who will operate and maintain the desalination
plant and the PV field, the difficulties in carrying out adequate corrective maintenance, the high
costs of equipment replacement, etc.

o Desalted water cost.

The current water cost for a small-scale SWRO-grid connected desalination plantis around 1-1.3
€/m? produced (considering 0.14 €/kWh). During the last decade, PV module costs have been
reduced considerably. This is a clear benefit over the PV-RO investment costs, where the ratio of
isolated peak power installed has decreased from 10 €/Wp (in 2007) to 2.0-3.5 €/Wp (including
panels, converters, power control, batteries and place).

Depending on the scale, energy required and amortisation period, for a PV-RO-batteries system
without subsidies the cost of the water produced is estimated from 1.5 — 3.0 £/m? (brackish — sea
water). Lower than prices that an isolated local population could pay for freshwater nowadays: 3
-10€/m3. And also could be reasonably compared with current water cost for small-scale SWRO-
grid connected desalination pointed out above.

PV-RO connected to the grid can be an excellent solution to industrial places (reduction of 25-35%
OPEX).

Innovations and challenges that PV-RO systems should face in the near future are included in the
Beyond SoA section (2.1.2).

Solar-thermal distillation

Solar thermal distillation systems can be direct or indirect, depending on whether solar radiation
is used to heat up the feed water directly or indirectly.

The direct solar distiller or solar still is based on the passive solar heating of saline water. A solar
stills consist of an air-tight basin covered with a tilted transparent cover material through which
solar radiation passes. Solar radiation is absorbed by the saline water, which is heated and
evaporated. Water vapour condenses at the inner side of the cover and the distillate flows by
gravity into a collection system. When water evaporates, all the salts are left in the basin. Solar
stills are the oldest method of desalination and they have intrinsic inefficiencies by integrating the
functions of solar collection, water heating, evaporation, and condensation into a single volume.

condensation
collector

air-vapor mixture

basi

Figure 8. Scheme of a solar still.

Indirect solar thermal distillation systems use separate units for collection of solar thermal energy
and for distillation. They consist of a field of solar thermal collectors that provide heat to a thermal
distillation unit. The heat can be provided by heating the feed saline water directly in the
collectors, but this is not recommended since it can cause scaling inside the solar collectors by
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precipitation of divalent salts contained in the saline water. Typically, a different fluid is used
inside the solar collectors and a heat exchanger to transfer the heat from the solar collectors’ field
to the saline water used as feed in the desalination unit. Solar thermal collectors are classified in
relation to their operational temperature. Standard collectors have the same area for collecting
than for absorbing solar radiation. Concentrating solar collectors have a much larger area for
intercepting radiation: they use additional reflecting surfaces to focus the sun’s beam radiation
into a smaller absorbing area, thus enhancing the radiation flux on the absorber. This increases
the operating temperature. Since storing thermal energy is easier and cheaper than batteries to
store photovoltaic energy, solar thermal desalination technologies have a clear advantage for
coping with the natural variability of the solar radiation.

Thermal distillation is a phase change process. By providing the heat of vaporization to the feed
water, it evaporates and further condensation of the vapour produces distilled water, leaving
behind a non-evaporated concentrate with all the salts. The evaporation process is endothermic,
requiring the latent heat of evaporation, while the condensation is an exothermic process and
releases the latent heat of condensation. By recovering the latter, the process can be much more
energy efficient. The recovered heat can be used for additional evaporation at a lower
temperature or for preheating the feed water. Since the energy required for thermal distillation
is much less affected by salinity than osmosis-based systems, thermal distillation can be used for
brine concentration as well.

The performance of thermal desalination systems is commonly expressed using an energy ratio
(Gained Output Ratio, GOR) that compares the rate of heat addition (Qex) to the latent heat
required to vaporize the total mass of distilled water produced:

m A
GOR = —£

=exr

where m, is the feed flow rate (kg-h*), and AHy is the latent heat of vaporization.

Industrial-scale solar thermal distillation technologies are multistage flash (MSF) and multi-effect
distillation (MED). Both are designed to recover as much thermal energy as possible from the
latent heat of condensation, for preheating the feed (MSF) or for further evaporation (MED). Both
processes consist of a number of stages or effects at successively decreasing temperature and
pressures.

The MSF technology is based on the sudden evaporation (flash) of hot saline water when it enters
an evacuated chamber. The vapour condenses on the external surface of the condenser tubes
through which the saline feed water circulates and subsequently is preheated by the latent heat
of condensation. Generally, only a small percentage of the feed water is converted into steam,
depending on the pressure maintained in the chamber, since boiling continues only until the feed
water cools to the boiling point of each chamber. The rest of the feed water that does not
evaporate passes to the next chamber (stage) and the process takes place again at lower
temperature and pressure, and subsequently at successive chambers (stages) with decreasing
temperature and pressure.

Current commercial MSF installations are designed with 10—30 stages (2 °C temperature drop per
stage). They are generally built in units of about 4000 to 60000 m3/day. Feed saline water is
preheated by circulating inside the condenser tubes and is further heated in the brine heater using
an external source. The MSF plants usually operate at the top brine temperatures after the brine
heater of 90-11529C. The maximum temperature is limited by the feed salt concentration to avoid
scaling. The GOR is typically around 8-10. The thermal efficiency of the plant depends on the
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difference between the temperature in the last stage on the cold end of the plant and the brine
heater exit, not on the number of stages.
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Figure 9. Scheme of the MSF technology.

MED also takes place in a series of vessels (effects) maintained at decreasing
pressure/temperature levels. The feed saline water enters the different effects after being
preheated in the condenser and different preheaters. It is sprayed or distributed onto the outer
surface of evaporator tubes in a thin film to promote rapid boiling and evaporation. External heat
(i.e. low pressure steam or hot water) is used inside the tubes of the first effect. The heat released
by the condensation of the low pressure steam or the cooling of the hot water inside the tubes of
the first effect, evaporates part of the seawater on the outside of the tubes. Only a portion of the
feed saline water on the surface of the tubes is evaporated in order to avoid scaling. The rest of
the feed water not evaporated flows from the first effect to the second effect in the forward feed
configuration, which is the most widely implemented. The vapour generated in the first effect is
used as heat source to the second effect, circulating inside the evaporator tubes. This vapour is
condensed to fresh water product inside the tubes, while giving up heat to evaporate a portion of
the feed saline water in this second effect. The process continues for successive effects, and the
vapour generated in the last effect is condensed in the condenser using an external cooling
source. The latter is typically a large volume of the feed saline water, part of which is used as
actual feed of the plant while the rest is discarded. As the brine flows from one effect to the next
at a lower pressure, it flashes and therefore generates additional vapour. In the same manner the
distillate produced inside the tubes of each effect flashes when it enters the next effect and allows
to evaporate additional feed saline water. Part of the vapour generated in each effect is used to
preheat the feed saline water in the preheaters. The produced fresh water and the brine are
extracted from the condenser and the last effect.

Typically, a MED plant can contain from 8 to 16 stages. They are generally built in units of about
2000 to 30000 m3/day. The MED plants usually operate at the top brine temperatures of 702C in
the first effect. The GOR can be as high as 12-14 and is directly related with the number of effects
of the plant. Different designs have been used for the heat exchanger area, such as vertical tubes
with falling brine film or rising liquids, horizontal tubes with falling film, or plates with a falling
brine film. By far the most common heat exchanger used in MED units consists of horizontal tubes
with an external seawater falling film.
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Figure 10. Scheme of the MED technology.

Thermal-based desalination is currently less than a third of global installed capacity in the world,
mostly in the Middle East area, where it dominated the market until 3-4 years ago. Despite being
more energy intensive, MSF is the dominant technology, with 3-times more installed capacity than
MED. Solar thermal desalination installations at large-scale are scarce. The main limitation is the
large area required for solar energy collection needed in large-scale plants. Thus, a possible
solution is to combine desalination with solar electricity production using concentrated solar
power (CSP). CSP technologies concentrate solar energy in a small area using mirrors to convert
it into high temperature heat (350-600 °C). Electricity is produced with this heat, and the waste
heat from the turbine can be used for thermal desalination. The fact that CSP plants require water
for their operation makes this cogeneration option the most viable way of implementing large-
scale solar thermal desalination. However, industrial implementation of CSP+D has not yet been
realised. Therefore, the existing solar thermal desalination plants are not a very large scale, which
in the case of MED and MSF hampers the viability due to the economies of scale (it is difficult to
downscale the plants without a strong economic penalty).

Table 4. Largest solar thermal desalination plants.

Location Technology Capacity
Al-Ain (UAE) MED and MSF 500 m3/day
Cape Verde MSF 300 m3/day

Abu Dhabi (UAE) MED 120 m3/day
Kuwait MSF 100 m3/day
Almeria, Spain MED 72 m3/day

Amongst the small-scale thermal distillation technologies, the most basic is humidification-
dehumidification (H-DH). It is based on the principle of mass diffusion: a current of air is used to
carry water vapour from an evaporator which humidifies the air to a condenser which
dehumidifies it. As such, it mimics the natural hydrologic cycle of water on Earth (solar radiation
heats the seawater, evaporation fills air with water vapour, this humid air is moved by natural
convection currents to colder areas where its temperature drops below dew point, thus water
vapour condenses and the resulting freshwater drops as rain). An advantage of H-DH systems is
that the latent heat of condensation can be recovered. Systems have been improved with
thermodynamic balancing via mass extractions and injections, but one of the main drawbacks is
the large footprint required, due to the use of air instead of only vapour.
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Figure 11. Scheme of the H-DH technology.

On the contrary, a novel technology such as membrane distillation (MD), shares the modularity
and compactness of membrane systems but is a thermal distillation technology. Membrane
distillation (MD) is a separation process driven by a vapour pressure difference at two sides of a
microporous hydrophobic membrane. This vapour pressure difference is usually established by a
temperature difference, which can be set up in different configurations. The simplest is direct
contact membrane distillation (DCMD), where hot feed is on the evaporation side and a cooler
solution is in direct contact with the permeate side of the membrane. Then, vapour crosses the
pore of the membrane from the hot side and condenses in the cold liquid/vapour interface
created in the permeate side. In this configuration, the distillate produced is mixed with the cold
solution. The main is the large sensible heat losses by conduction through the membrane, given
that a cold solution circulates on the permeate side. To reduce these losses, a condensation
surface is introduced in the module, separated from the membrane by a layer of stagnant air. This
configuration is called air-gap membrane distillation (AGMD). The coolant solution circulates
through the other side of the condensation surface, and vapour crosses the air gap to condense
over the cold surface. Because of the air gap, there is an additional mass transfer resistance and
therefore, the distillate fluxes obtained are lower. This disadvantage can be remedied if the gap
is full of a stagnant cold liquid (usually the permeate). This configuration, permeate-gap
membrane distillation (PGMD), has fewer heat losses by conduction than DCMD, and the mass
transfer resistance is lower than in AGMD. Besides the previous configurations, there are two
more in which the condensation takes place outside the module in a separate unit. In sweeping
gas membrane distillation (SGMD), a cold inert gas sweeps the vapour from the permeate side to
the condenser. To avoid the subsequent separation of vapour and gas, vacuum can be applied in
the permeate side. This reduces the conductive heat losses, but with the vacuum, the liquid entry
pressure of the membrane pores can be surpassed, causing membrane wetting.
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Figure 12. Scheme of the MD technology for different configurations.

Up to date, several companies have commercialized MD pilot plants. The module design with the
best thermal performance so far is spiral wound, initially developed by the Fraunhofer Institute
of Solar Energy and commercialized afterwards by SolarSpring. Hydraulic design in those modules
improves the contact between water flows with different temperatures, enhancing the recovery
of the latent heat delivered by the condensing vapour that passes through the membrane pores
as sensible heat to preheat the saline feed that circulates counter-currently as a coolant (Winter
et al., 2011). This provides much better thermal energy recovery than plate-and-frame modules.
Several demonstration plants were installed worldwide and PGMD modules with different
channel lengths assessed, using solar energy and waste heat as thermal sources in a wide variety
of operating and ambient conditions.

In the framework of the SMADES project, a system called “compact SMADES” was evaluated at
the University of Science and Technology of Irbid (Jordan). Five more were installed afterwards in
Jordan, Morocco, Egypt, Germany and Spain, all of them with flat plate collector areas lower than
7 m? and AGMD modules, except the one installed in Pozo lzquierdo (Gran Canaria, Spain), that
was a PGMD module with the same membrane area. Compact layouts were characterized by
circulating the brackish feed directly through the solar collectors (single loop operation. Maximum
water productivity was achieved in the so-called “compact SMADES”, with reported permeate flux
of 0.5 1 h m? and STEC around 200 kWh m? (Banat et al., 2007). Results and experimental
background gathered with compact devices made possible the development of larger solar MD
systems (“large SMADES”) with a two-loop hydraulic setup, i.e. a heat exchanger separating the
circuits of solar fluid and feed, with thermal storage as a way of extending the operation. The
systems were also autonomous, off-grid, and bore similar AGMD modules, sometimes combining
several of them. The first was installed in Agaba (Jordan) and was operated with real seawater
coming from the Red Sea. Four AGMD modules of 10 m* membrane area each were thermally
supplied with a solar field of 72 m? made of flat-plate collectors. Permeate flux was three times
higher in “large SMADES” with four times more membrane area, and thermal energy consumption
was similar (200 kWh m), even with higher feed concentration (Koschikowski et al., 2009).
Another similar system, with higher capacity, was also placed in Pozo lzquierdo (Gran Canaria,
Spain), using 90 m? solar aperture area of flat-plate collectors and five spiral-wound AGMD
modules (Subiela et al., 2009). As an improvement in relation to “compact SMADES” units, the
operation with the “large SMADES” devices was extended up to 6 hours after the sunset using
thermal storage, increasing permeate flux slightly up to 1.6 | h" m. Despite the loss of thermal
efficiency due to the installation of the heat exchanger, the choice for thermal supply in the vast
majority of solar MD facilities up to now is two-loop, for avoiding the damage derived from the
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use of common collectors not designed for circulating saline water through their internal tubing
or the cost overrun of expensive corrosion-resistant collectors. As demonstrated with the
SMADES systems, upscaling solar MD systems maintaining the energy consumption and the
productivity is possible, but larger solar fields require heat storage for keeping the permeate flux
in the same range. The MEDIRAS project continued in the same line, developing small
autonomous solar systems for installation in remote areas. Two systems of two loops were
installed in the Italian island of Pantelleria and in the Spanish island of Gran Canaria between 2010
and 2011. Moreover, another two-loops system was installed in Amarika (Namibia). The three
systems consisted of 12 MD modules with 10 m? or 14 m? of membrane surface area each one.
The permeate production was in the range of 1.4 m3/day and 3.69 m3/day with a specific thermal
energy consumption between 171 kWh m (GOR=4.4) and 300 kWh m3 (GOR=2.4) (Schwantes et
al., 2013). More recently, a two loop Solar Spring MD system with a PGMD configuration module
and a membrane surface area of 10 m? with channel length 7 m was characterized at Plataforma
Solar de Almeria The maximum permeate flux obtained was 2.68 | h"X m, and the minimum STEC
was 225.8 kWh m (Ruiz-Aguirre et al., 2017).

The main conclusion of the studies with spiral-wound MD modules is that recovering the latent
heat to preheat the feed leads to a strong trade-off between productivity and thermal efficiency,
which is very dependent on the residence time of the feed inside the module. Longer residence
times yield better heat recovery but decrease the driving force and hence the permeate flux.
Minimizing the feed flow rate increases the residence time, which results in maximum GOR of 2.9
for a module with 7 m channel length. Heat recovery is better in the modules with 10 m channel
length, achieving GOR of 4.4, which highlights the importance of the internal design of the
module. Spiral-wound MD modules have found new upscaling opportunities with the multi-
envelope arrangement introduced by the Aquastill BV, similar to that used in reverse osmosis (RO)
modules. This design improves the heat recovery by increasing the membrane area and the
residence time of the feed inside the module without extending the channel length. This way,
problems such as excessive hydraulic pressure drops at relatively low feed flow rates, disperse
flow, and bad deaeration are avoided. Early pilot-scale multi-envelope modules with air gap
configuration (AGMD) made by Aquastill BV were modules AS7 and AS24, with membrane areas
of 7.2 and 24 m?, respectively, with same number of internal channels (six) but different length
1.5 m and 5 m, respectively). Duong et al. (2015) measured permeate productivity of 1.4 | ht m=
and STEC around 220 kWh m?3 in a preliminary evaluation of a module AS7 for treating brackish
water from a coal seam gas exploitation. In subsequent studies, Ruiz-Aguirre et al. (2018) assessed
the influence of residence time in the performance of modules AS7 and AS24, as wellasa 7 m
single-envelope PGMD module. By comparing these modules with different channel lengths, the
ruling influence of residence time in the thermal efficiency of spiral-wound modules was
corroborated, and the benefit of the multi-envelope configuration highlighted. With half the feed
velocity than in the single envelope module (3.9 cm s), GOR values up to 6.5 were reached in
module AS24, double than in the former, although obtaining half the permeate flux (up to 1.5 h
1 'm2). Contrarily, the module AS7, with channels 4.7 times shorter than those of the single-
envelope one, yielded 25% more permeate flux (4.0 | h™X m), but 30% lower thermal efficiency
(GOR around 2.6). To achieve similar figures of thermal efficiency in both modules AS7 and AS24,
Duong et al. (2016) drastically reduced the feed velocity in the former up to 1 cm s2, highlighting
the importance of residence time in the performance.

Another way to improve the thermal efficiency of MD modules is by increasing the permeate flux
without additional thermal needs. Multi-effect configurations are based on the recovery of the
latent heat of condensation as latent heat of evaporation in consecutive effects. This is the basis
of the memsys technology, which implements the use of vacuum to increase the vapour
production in multi-effect plate-and-frame modules. Solar energy was used in an experimental
study of the performance of these units in a wide range of operational conditions (Zhao et al.,
2013). With a 6-effect module and membrane area 5 m?, permeate flux of 7 1 h* m? and STEC of

Date: 15.05.2024 17 /98 Doc. Version: 1



240 kWh m?3 were obtained for seawater. Soon after, the Dutch company Aquaver BV
commercialized V-MEMD systems with memsys modules. A first prototype was evaluated at
Plataforma Solar de Almeria. The module in this prototype had 6 distillation effects, membrane
area of 5.76 m?, and separated circuits of heating and cooling. Permeate fluxes up to 7.1 | h't m™
were reached, and values of STEC were in the same range as those reported before (below 250
kWh m3), but not constant in time because cooling water temperature was influenced by ambient
temperature, affecting thus the thermal power needs and the permeate production, especially in
summer. An autonomous and full-portable solar V-MEMD system for producing fresh water in
isolated regions or disaster zones was studied in Saudi Arabia (Chafidz et al., 2014). The whole
system was stored in a container and had a memsys module with 4 effects and membrane area
6.4 m2. 16 PV modules and batteries were included for off-grid operation. Thermal needs were
supplied by coupling 18 evacuated tube collectors of 1 m? area each, a heat storage tank of 600 |,
and a heat pump of 0.37 kW. Permeate fluxes reported were larger than at PSA (up to 8 | h"* m™)
for similar feed flow rate and despite having two distillation effects less. It was demonstrated that
feed salinity up to 35 g I'* had no effect in permeate production, so these differences were
probably caused by the lower cooling temperature, regulated in the Arabian system at the
expense of parasitic energy consumption not reported explicitly. Further results of solar V-MEMD
were obtained at the University of Almeria (Spain), using real seawater in a facility installed very
close to the Mediterranean Sea. An improved commercial prototype from Aquaver BV (MDS-40B)
was coupled to a solar field of 15 flat-plate collectors with aperture area 35.9 m2. Solar system
also had a heat storage tank of 1500 |. The memsys module in this unit had 4 effects and was
simpler and improved. Unlike modules evaluated before, MDS-40B did not need a separate
cooling circuit because the feed acted as coolant in the condenser, being thus preheated by the
latent heat of condensation of the vapour coming from the last effect, before entering the
module. Compared with the previous V-MEMD studies, a reduction in the STEC from 240 to 200
kWh m was found, as well as an increase in permeate flux (8.5 | h* m?) (Andrés-Mafias et al.,
2018).

Comparing the results of pilot-scale MD operation, it can be observed that the permeate flux
tends to be larger for the multi-effect than for the spiral-wound MD modules. To reach the highest
thermal efficiencies obtained with spiral-wound modules, a much larger number of effects needs
to be implemented in V-MEMD modaules. In addition, the electrical energy consumption in the
latter is much higher due to the use of a vacuum pump. Therefore, the results obtained with
Agquastill multi-envelope AGMD spiral-wound modules with long channel lengths are the best in
terms of thermal energy efficiency.

= 2.1.2 Innovations beyond State of the Art

PV-RO desalination

Currently, the technology most commonly used for large-scale seawater desalination is reverse
osmosis. While more efficient than in the past, RO desalination is a highly energy-demanding
process, with state-of-the-art technologies requiring between 2 and 4 kWh/m? of clean water
produced, although beyond SoA in RO desalination has achieved SEC below 2 kWh/m? (DESALRO
2.0 desalination plant in ITC). If fossil fuels are used to produce the required energy, the carbon
footprint of RO desalination is consequently high, making it non-sustainable. For that reason, the
main challenge in PV-SWRO desalination is to scale up from the existing low capacity systems to
the medium and large scale desalination (above 40,000 m3/day).

RES have not been used to drive large plants, except with a grid connection, due to the
intermittency and fluctuation of such sources. Current large-scale RE powered RO plants are grid-
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connected to ensure constant water production, such as the 60,000 m3/day Al Khafji solar-PV
powered RO plant in Saudi Arabia. Such plants are considered more economical than conventional
fossil-fuel powered RO plants, especially when the RES availability and the feed-in tariff are high.
However, grid-connected RO plants place a high load on national grids and affect grid stability. A
high penetration of RE into the electricity grid is required to support these desalination plants.
Such penetration would decrease the electric grid's reliability and power quality by introducing
voltage rise, flicker and harmonics. The transition to fully renewable RO plants is desirable to allow
a high fraction of RE while maintaining stable grids (Mito et al., 2019).

® Energy storage options for large-scale PV-RO desalination.

Electricity can be stored through the power grid; however, where the grid has structural
constraints, which may often be the case when a large power generation or demand is localised
on a grid segment, it may be important to limit the exchanges with the grid through partial off-
grid energy storage.

Traditionally used energy storage systems are impractical for large-scale applications, as they
require a large area, increase capital cost and can complicate the system due to requiring
additional equipment, such as charge controllers. Specifically, batteries tend to be expensive,
have a short lifetime and require regular replacements, all features that cripple their economic
feasibility and increase water production cost. Accordingly, this type of energy storage is limited
to small standalone installations and is not favourable for large scale applications. For that reason,
other additional energy storage systems should be contemplated if we want to scale up to the
large scale PV-RO desalination.

D. Ganora et. al., 2019 analysed the potential to implement large-scale SWRO desalination
considering photovoltaics as the only energy source. A simulation carried out in the wide area of
the Mediterranean showed that it is technically possible to ensure desalinated water for some
200 million people in the region using only PV energy, and that the benefits of energy storage in
batteries and/or water tanks are usually greater than its costs. The PV-RO desalination plant used
for the simulations considered four possibilities regarding energy storage:

(A) Only grid to store energy: energy is exchanged with the power grid, which provides
electricity when PV production is not sufficient and receives the electricity produced by
the PV plant when this exceeds the RO plant requirements.

(B) Grid + battery: part of the energy produced by the PV plant in excess of RO plant
requirements is stored in a battery at the plant.

(C) Grid + water reservoir: power is used first to pump water to the reservoir up to the
maximum volume required to guarantee the flow and then fed to the grid.

(D) Grid + battery + water reservoir: the battery is first charged, residual power, if any, is
used first to pump water to the reservoir and then fed to the grid.
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e Hybrid renewable energy systems.

The feasibility and stability of RE driven RO can be improved by exploiting the strength of one RES
to overcome the weaknesses of others. For instance, wind turbines can be used with solar-PV to
extend energy availability to include night time and overcast days, providing more consistent
output. This will help improve system reliability and economic feasibility, as it will provide better
use of capital invested in the RO plant.

The combination of solar and wind resources in the same system allows for more available power
for the RO plant, and consequently, more operation time and water production. Furthermore, the
problems derived from discontinuous operation could be reduced or partially avoided under a
hybrid generation system. On the other hand, the main drawback is the complexity of the system
in terms of installation, maintenance and control. The main pros and cons of hybrid generation
systems are presented in table 5 (below) (Subiela et al., 2022).

Table 5. Pros and cons of hybrid PV/wind-powered desalination systems.

Pros Cons

More power at all times, more | Not all locations are appropriate, since simultaneous
energy per day. availability of solar and wind resources are required.

More operation time, more water | Two types of generation systems with very different
production. variability in  power production, maintenance
requirements and operation performance.

Probable reduction in water cost, | More complex control & monitoring systems to check the
in comparison with a system based | power balance and reach a stable operation.
only on one RE source.

Subiela et al., 2020 used an off-grid multi-generation model (solar photovoltaic, wind power and
diesel) to assess the performance of a low scale (up to 250 m3/d) SWRO desalination plant with
four different operating modes: fix, variable (180 - 250 m3/d), modular-fix (100 + 150 m3/d) and
modular-variable operation (100 + 115 — 150 m3/d).

e Water storage as an energy strategy.

Within the E5DES Project (MAC interreg Programme), ITC conducted a study on the integration of
desalination technologies with renewable energy systems in the Canary Islands. A real-time
energy management strategy was developed, supported by a sophisticated Energy Management
System (EMS), based on linear programming algorithms, which not only optimises the operation
based on energy production and water demand, but also responds to the limitations of RE
discharge into the electrical network. This approach allows the activation of an additional RO rack,
taking advantage of the surplus of energy, to generate strategic storage of desalinated water,
which can be redistributed in periods of high demand. The figure below shows the renewable
energy generation (PV & wind) and desalination plants electricity consumption.
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Figure 13. Assumption of coordination between RE generation and electricity consumption of the
desalination plant (blue line: desalination energy consumption; orange line: wind energy
produced; green line: PV energy produced).

The result of the work carried out was an energy planning and management tool for hybrid
systems combining renewable generation parks (photovoltaic and wind) with large desalination
plants. The system was applied to a 33,000 m3/day desalination plant located in Gran Canaria,
resulting in a coverage of the electricity demand of the plant using renewable sources up to 67%,
applying the output data of the optimization model, with an economic saving of 32% on the
electricity bill of the desalination plant.

e Control actions for variably-operating RO plants.

The control system for variably-operating plants is a Multiple-Input Multiple-Output (MIMO)
system that can handle different manipulated variables such as feed pressure, feed flow rate and
recovery ratio in order to control target variables such as permeate flow rate and permeate
concentration. The control is based on the available power from the discontinuous RES and water
demand, in a manner that ensures proper plant operation and water quality. Additionally, the
controller should provide fast response, high stability and minimum disturbances to adapt the RO
plant against the discontinuous energy source.

Cabrera et al. 2024 present options to make low-carbon footprint large-scale desalination a reality
on arid islands with weak electrical grids. Through these options, the goal is to reconfigure on-grid
wind energy/desalination systems for large- and medium-scale water production. In this context,
it is proposed to use lithium ion batteries for stationary energy storage together with
management strategies aimed at avoiding the wind energy/desalination systems having to
consume energy from the conventional grid they are connected to. The control strategy is based
on ensuring that the power provided by the wind farm and batteries remains in synchrony with
the power demand of the desalination plant throughout the system’s useful life.

Advanced control techniques for RO plants.

Proportional-Integral-Differential (PID) control and Model Predictive Control (MPC) have been
frequently described in the literature for controlling RO plants. MPC is an advanced optimization-
based control technique that is applicable to multivariable control problems, specifically for
MIMO systems. It relies on currently measured outputs from the process and future predicted
outputs supplied by a dynamic model to calculate the required change in the input variable, so
the measured output reaches the set point in an optimal manner.
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The first use of artificial neural networks (NN) to control the operation of a standalone wind-RO
plant was reported by Cabrera et al., 2017; implementing a NN in the control system of a wind-
powered RO plant, to adapt the plant energy consumption to changes in available energy by
generating feed flow rate and pressure set points while considering the wind power, feed
temperature and conductivity.

e Zero energy discharge and battery less system using the VFD DC bus

Battery-less systems that couple the PV modules directly to variable speed DC pump motors seem
to have the highest potential for energy-efficient and cost-effective small-scale PV-RO
desalination. However, the long-term performance and reliability of such systems has not yet
been sufficiently tested. As shown in figure 14 (below) in this case the PV field is connected to the
DC bus of the HPP variable frequency drive of the RO plant, without batteries. Operating the PV-
RO desalination plant pseudo-connected to the electrical grid.
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Figure 14. Scheme of the configuration for zero energy discharge using the VFD DC bus.
The main advantages of this innovative configuration would be:

=> Savings of 25 to 30% of electrical energy from the grid.
=> 100% use of solar energy.
=> Solar PV field voltage adapted to the inverter voltage.
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Case study in Gran Canaria:

Currently, there is VFD technology to increase the scale of PV-RO with VFD/DC. ITC is testing for
medium and large scales the viability of incorporating solar PV into the HPP variable speed drive.
The purpose is to evaluate the annual energy and money savings given that there is no injection
of energy into the electrical grid, no batteries back-up system, and all the solar energy is used by
the desalination plant. This concept is being tested in a 375 m3/day pilot plant connected to a
24.44 KW PV field, distributed in two strings of 17 PV modules connected in series.

Figure 17. RO plant main panel, with the VFDs of the HPP, booster pump and CIP pump.
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Figure 18. VFD-Grid electrical diagram.

The application of a system of this type to desalination, in which photovoltaic energy is integrated
into the loads through conventional frequency converters, aims to reduce energy consumption
from fossil fuels by injecting renewable energy without the incorporation of new electronic power
equipment more than the ones that the desalination plant incorporates.

The advantages of the system are:

Eliminate the installation of inverters.

Reduces energy from the grid by injecting energy from RES.
Energy auto balance RES_GRID.

Allows coupling of micro grids.

S 2 2 0 7

Low installation cost.
The disadvantages of the system are:
=> Requires surface area for photovoltaics.

Solar-thermal distillation

MD is the thermal distillation technology with the greatest prospects for wide implementation
with solar energy, given its high thermal efficiency and modularity. There are three aspects where
significant advances in the state of the art can be highlighted:

e New configurations of MD for improved performance

Extraction of air from the gap of AGMD modules can enhance permeate flux without a strong
impact on the energy consumption. Applying light vacuum to remove air from the gap and the
membrane pores mitigates mass transfer resistance and speeds up the diffusion of vapour
through the membrane pores and the gap, improving the production. The vacuum level is not
enough to reduce the absolute pressure below the saturation pressure, so all vapour is condensed
inside the gap. In a bench-scale module, Winter obtained 2.5-fold higher permeate flux (2.6 | h!
m2) and subsequently 50% lower STEC (127 kWh m?) than in conventional AGMD operation
(Winter; 2014). This so-called vacuum-assisted air gap (V-AGMD) operation extracts air from the
gap but condensation takes place inside the module and the liquid-vapour equilibrium is not
affected, unlike in vacuum MD (VMD). The beneficial effect of vacuum enhancement was further
demonstrated for multi-envelope modules at pilot scale. A preliminary evaluation of V-AGMD in
commercial modules was carried out in nominal conditions by Andres-Mafas et al. (2018). An
increase of 40% in permeate flux and a reduction of 45% in STEC were measured, although the
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trade-off remained even with the use of vacuum. In particular, the module with the shortest
residence time yielded a permeate flux of 8.7 | h" m, and the module with the longest residence
time attained STEC as low as 49 kWh m3, equivalent to GOR = 13.5. These are the most extreme
performance figures reported up to date in the MD literature for seawater desalination at pilot-
scale. Further applications of V-AGMD have been recently explored. Bindels et al. (2020)
investigated the use of this technology in the batch concentration of RO brines at a large scale
combined with other membrane technologies, and performed an economic analysis to estimate
the corresponding levelized cost of water of each alternative. More recently, a thorough
characterization of the impact of vacuum enhancement on the performance of three multi-
envelope MD modules under a wide variety of operating conditions, i.e., hot and cold inlet
temperatures and feed flow rates was presented. The modules have different internal designs,
comprising different number and length of circulation channels, which lead to different circulation
velocities and hence different residence times. Permeate productivity and specific thermal energy
consumption were used as performance indicators in this assessment. An extensive experimental
campaign was carried out using the solar membrane distillation facilities at Plataforma Solar de
Almeria. The study included a rough estimate of the specific electrical energy consumption that
considers both the electric consumption for pumping the feed and for generating the vacuum,
with values that can be between 0.2 and 0.3 kWh/m™ (Andrés-Mafias et al., 2022).

e Use of Artificial Intelligent techniques to optimise non-stationary operation

The operation of MD under variable temperature profiles due to the non-stationary nature of
solar irradiance, and variable salinity feeds due to the batch operation required to concentrate
brines, make it necessary to use specific control and optimization techniques for proper
management. The use of Artificial Intelligence techniques for real-time optimization of the
operation of MD modules in variable conditions can bring significant advances for commercial
implementation. Adequate control techniques able to optimise the system operation according
to the solar energy behaviour are being developed (Pendevis et al., 2020). Furthermore,
optimization of MD modules operating in batch mode is another field where scientific works are
being increasingly published (Gil et al., 2023).

e Direct use of solar energy in MD

To spare the cost of the solar collectors, some researchers have proposed direct coupling of the
MD process with the collection of solar energy. Water productivity in these systems should also
increase because thermal losses are strongly reduced. Chen et al. (2010) covered the hot side of
a lab-scale DCMD module (with membrane area 0.06 m?) with a solar absorber plate for heating
the feed directly inside the module, resulting in a water productivity up to 4.1 1 h"X m2. Soon after,
Chang et al. (2011) applied the same idea to a small AGMD device (with membrane area 0.05 m?),
increasing the thermal efficiency of the module up to 86.5 %, but with 40 % less water productivity
in relation to the DCMD module referred above, most likely due to the reduced permeate flux of
the AGMD configuration. Ma et al. (2018) applied a similar concept in a modified FPC with
aperture area 0.35 m?, prepared to work as an MD module. The flat space through which the
saline feed circulated was formed by the solar absorber on one side, and by a MD membrane on
the other, so at the same time the feed was heated up and vapour passed through the membrane
pores. The permeate side of the collector was under vacuum and vapour was condensed outside
the FPC. Permeate flux values obtained were up to 13.5 | h* m?2,
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Direct solar heating of MD can also be made using hollow-fibre systems. A cogeneration prototype
in which fibres are integrated inside evacuated tube collectors where thermal energy is harvested
and permeate is simultaneously produced was evaluated with simulated seawater (Li et al., 2019).
With 1.6 m? of solar collector area, and 0.2 m? membrane area, permeate flux of 1.0 | h' m? was
achieved, and up to 6 kWh of heat energy were simultaneously harvested, improving in this way
the global energy efficiency of the system. However, the authors’ model predicts that permeate
flux can reach 10 | h' m2 in long-term operation.

Another innovative concept reported and put into practice regarding solar MD is to couple PV
cells with small-scale plate and frame MD modules in a hybrid multi-stage setup with internal
latent heat recovery (Wang et al., 2019). The waste heat from photovoltaic cells was used for
heating the feed seawater. Permeate flux with this experimental unit (around 2.75 | h* m? with
membrane area 16 cm?) was in the range of that obtained with state-of-the-art spiral-wound
modules. Removing the waste heat not only can produce water through MD, but improved the
PV efficiency.

The advantages of direct solar heating of MD are:

=> Reducing thermal losses by eliminating heat transfer resistance from the bulk fluid to
the membrane and losses in the absorber
=> Reducing CAPEX by sparing the solar collectors field

The disadvantages of the system are:

=> Solar collection area is limited to membrane area

=> Requires low velocity of the feed for solar heating, which is detrimental for the MD
process

=> Standard heat recovery technologies are hard to implement if membranes must be

exposed directly to solar radiation

= 2.1.3 Techno-economic assessment

PV-RO desalination

Key Factors for this kind of assessment are:

< Capital costs: initial investment required for installing PV panels, electronics, batteries and
RO systems.

% Operational costs: costs associated with maintenance, monitoring, and replacement of
components over the system's lifetime (in isolated places).

% Energy efficiency: efficiency of the whole system (PV panels, inverters, batteries and the
RO system).

< Water production per day: the amount of water the RO system can produce over a given
period or per day.

< Energy consumption: the energy required by the RO system to operate, which can be
partially or fully supplied by the PV system.

% Environmental impact: assessing the environmental benefits such as reduced greenhouse

gas emissions compared to traditional energy sources.
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Numerous studies and research projects have been conducted to assess the techno-economic
feasibility of PV-RO systems in different regions and contexts. These studies provide valuable
insights into the potential benefits, challenges, and optimal configurations of such systems. They
are crucial for determining their viability as sustainable solutions, taking into account both
technical and economic factors. But this kind of studies must be done to each system to be
projected.

So, the results of techno-economic assessments of PV-RO systems can vary depending on factors
such as location, energy prices, water demand, and system design. Some common outcomes that
have been observed are:

o Cost savings: in regions with high solar insolation and expensive electricity prices, PV-RO
systems can result in significant cost savings compared to traditional fossil fuel-powered
desalination plants or grid-connected RO systems. This is especially true in isolated or off-
grid areas where extending the local grid infrastructure is costly.

o Energy independence: PV-RO systems offer the advantage of energy independence,
particularly in off-grid or remote locations. By generating electricity on-site from solar
energy, these systems reduce reliance on external energy sources and provide a more
reliable and sustainable water supply.

o Environmental benefits: PV-RO systems contribute to reducing greenhouse gas emissions
and environmental impact compared to conventional energy sources. The use of solar
energy helps mitigate carbon footprint and environmental degradation associated with
fossil fuel combustion using generators.

o Water production reliability: the reliability of water production from PV-RO systems
depends on factors such as solar irradiance variability, system design, and maintenance
practices. Adequate sizing of PV arrays and water storage capacity, along with efficient
system monitoring and maintenance, are essential to ensure consistent water supply.

o Initial investment and payback period: the initial capital investment for PV-RO systems
can be higher compared to conventional desalination plants due to the cost of PV panels
and associated components. However, over the system's lifetime, savings in energy costs
and potential revenue from excess electricity generation to the grid can lead to a shorter
payback period.

o Optimization opportunities: it identifies opportunities for optimising the design,
operation, and maintenance of PV-RO systems to enhance cost-effectiveness and
performance. This may include optimising the size and configuration of PV arrays,
improving energy management strategies, and integrating energy storage solutions.

o Policy and regulatory considerations: government incentives, subsidies, and regulations
related to RES and water supply influence the economic viability and deployment of PV-
RO systems. Supportive policies that promote RE integration and water sustainability can
enhance the attractiveness of these systems.

Date: 15.05.2024 27 /98 Doc. Version: 1



Solar-thermal distillation

The main cost of solar thermal desalination is the CAPEX of the solar collectors field. When
operating with solar thermal energy, the nominal operating temperature is not always achieved.
This is related to the capacity factor of the solar energy system being less than 100%, given the
variability of the solar radiation. This is usually referred to as the solar fraction, that is, the
percentage of the total thermal demand that is satisfied by solar energy. The solar fraction can be
increased by enlarging the solar field and using heat storage. The heat storage can be loaded when
there is solar radiation available, in order to have enough heat when there is no radiation.
Achieving a solar fraction of 100% is unfeasible, since meeting the total energy demand with solar
energy in the worst conditions of radiation (i.e., winter) means that there would be excess of it in
the most favourable seasons. Therefore, a compromise is met to achieve a solar fraction that is
economically feasible, typically avoiding situations where excessive solar thermal energy is stored.
With this strategy, the thermal desalination plant operates only when there is available radiation.
This is not very feasible in large scale thermal desalination plants like MED and MSF, since
discontinuous operation is a disadvantage due to the whole plant operating under vacuum (the
main electricity cost is to establish it before the operation). Membrane distillation, however, can
operate with more flexibility in discontinuous conditions.

The techno-economic analysis of solar thermal distillation depends very strongly on sizing the
solar field, once the capacity of the desalination plant is set. The thermal efficiency of the
distillation unit is the main parameter to consider. An example is illustrated in Figures 19 and 20
for solar membrane distillation. Considering a solar field with 17 kW power and 1.5 m3 thermal
storage, Figure 19 shows the results of a yearly simulation for the V-MEMD module with 6.4 m?
membrane surface area. The bars show the fraction of time that the distillation plant is able to
operate within different temperature ranges, for three different operating regimes of the
distillation plant, determined by the evaporating temperature set point. When the plant operates
at minimum temperature, the solar field is able to meet the required conditions (100% within the
599C-612C range). This corresponds to the conditions of minimum thermal demand by the plant.
As the operating temperature increases, the solar field shows its limitations to supply the total
amount of heat required, and the real temperature range is below the nominal: only about 35%
of the time the 702C set point is met, and less than 5% in the case of the 802C set point. As a
matter of fact, in the latter case 80% of the time the unit operates at a temperature lower than
719C, even though the set point is larger.

This analysis illustrates the interlinkage between the CAPEX of the solar field (that is, its size) and
the capacity of the distillation plant, determined by its efficiency to convert heat into water. The
solar field could be enlarged to achieve better performance, that is, a higher fraction of the
operating time with the most demanding temperature conditions. On the contrary the thermal
distillation plant can be more effective. The results for a more thermally efficient unit (the V-
AGMD module with largest membrane surface area) are shown in Figure 20. In this case, the
maximum operating temperature set point can be met almost 30% of the time, and the unit
operates in more favourable conditions with the same solar field (i.e., CAPEX), given that its
specific heat demand is lower.
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Figure 19. Simulation of the solar energy supply from a solar field with 17 kW power and 1.5
m?3 thermal storage to a VMEMD unit with 6.4 m? membrane area operating at different set
points of evaporator temperature.
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Figure 20. Same as Figure 19 but for a V-AGMD MD unit with 25.92 m?> membrane area.
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0 2.2. Brine concentration technologies

Thermal desalination is less sensitive to feed salinity than RO, and in principle can be used to
concentrate the feed water. However, due to scaling the maximum feed salinity in thermal
desalination systems tends to be limited. Brine concentration, that is, feed salinity larger than
about 70 g/l to achieve higher than 200 g/l salinity, has not been reported with state of the art
desalination processes such as MED or MSF.

= 2.2.1 State of the Art

The standard technology for brine concentration is mechanical vapour compression (MVC). As a
matter of fact, MVC systems are usually referred to merely as brine concentrators. They consist
of an evaporator in which latent heat of condensation from condensing vapour on one side of a
heat transfer surface is used to evaporate brine on the other side. The driving force is supplied by
a compressor. The temperature of the process is reduced by lowering the overall pressure. In
MVC, feed water is preheated by heat exchangers using the sensible heat of distilled water and
then is mixed with a recirculating brine slurry in the brine concentrator sump. The brine slurry is
taken to the top of the concentrator and flows downward through a set of heat transfer tubes.
The flowing brine forms a thin film on the inner surface of the tubes where water evaporation
takes place. Scaling on the heat transfer tubes can be avoided by adding calcium sulphate seeds
to the recirculating brine. These act as preferential precipitation sites, keeping the precipitated
salts in suspension. The produced water flows to the vapour compressor, which delivers the
compressed steam to the outer surface of the heat transfer tubes. The superheated vapour
condenses and transfers its latent heat to the falling brine slurry inside the tubes, which vaporizes.
The condensate on the surface of the heat transfer tubes slides down and is collected as distillate
which preheats the incoming feed water before being reused. The formation of a thin falling film
is essential, since it improves the rate of heat transfer and thus reduces the compression ratio and
the energy required by the compressor.

A typical MVC unit is shown in Figure 21. It consists of a shell and tube heat exchanger. Brine
enters a vessel (2) operated under a negative pressure generated by the compressor. The vapour
generated is also compressed by the compressor (4) to raise the pressure and temperature in the
brine section, thus increasing the enthalpy of the vapour. The circulating brine (7) receives the
latent heat from the condensing vapours on the walls of the tubes in the falling film evaporator
(3) and is partially evaporated. The condensed distillate (6) is used to preheat the incoming brine
(1). These energy recovery devices can reduce energy consumption, but the energy consumed by
brine concentrators is very high. The Bureau of Reclamation of the US Department of Interior
conducted a study on brine concentrate treatment and disposal options and in 2009 reported
values for a brine concentrator used in a Zero Liquid Discharge process around 19-24 kWh/m? of
feed. The Water Reuse Foundation reported energy consumptions around 25 kWh/m? of feed
(Mickley, 2008). Performance values from a pilot system to treat oil and gas produced water with
aninlet concentration between 45 and 80 g/L were between 28 and 39 kWh/m? of feed (McGinnis
et al., 2013). Figures reported per unit of distillate produced are larger than those reported per
unit of feed. Values from 23 to 42 kWh/m?3 of distillate are reported by Thiel et al. (2015) for a
single stage MVC system depending on the compressor efficiency and system size. The reference
energy consumption values commonly used for MVC systems are 20-25 kWh/m? of distillate
(Tong and Elimelech, 2016), although commercial values as high as 55.4 kWh/m?3 of distillate are
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reported by Schwantes et al.,, 2018 for a system that reduces wastewater to 0.5-5 times the

original volume.
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Figure 21. Typical MVC unit.

MVC brine concentrators can achieve salinity concentrations of 250 g/L, with water recovery
between 90% and up to 98%, producing high quality product water (TDS < 10 mg/L). Capital costs
of MVC are high due to the use of expensive materials such as titanium and nickel based alloys,
which are required to prevent corrosion by the boiling brine. A combination of Hastelloy C and
titanium components are recommended (Schwantes et al., 2018). The pre-heating heat exchanger
should also consist of titanium tubes. MVC has proven to be a reliable and robust technology over
the past 30 years can operate with few complications.

= 2.2.2 Innovations beyond State of the Art

e Non-evaporative technology — OARO (Osmotically Assisted Reverse Osmosis)

Conventional membranes used in standard reverse osmosis systems cannot be used for the
treatment of high-concentration brines due to their maximum durable pressure limitations. RO
membranes can withstand maximum pressures of 80 bar and are effective with maximum feed
concentrations ranging from 65 to 75 g/L.

High pressure reverse osmosis (HPRO), forward osmosis (FO), and pressure-assisted forward
osmosis (PAFO) provide different pathways for brine concentration through semi-permeable
membranes. However, OARO stands as an innovation beyond the state of the art.

Osmotically Assisted Reverse Osmosis (OARO) is a non-evaporative, membrane-based process
that enables high-recovery, energy-efficient desalination of high salinity brines. OARO is a hybrid
membrane process that combines the principles of forward osmosis (FO) and RO. Similar to RO,
OARO utilises hydraulic pressure to move water across a semipermeable membrane against the
osmotic pressure difference between the feed and the permeate. However, unlike RO, in which
the permeate TDS is very low, OARO incorporates a saline sweep on the permeate side to

Date: 15.05.2024 31/98 Doc. Version: 1



decrease the osmotic pressure difference across the membrane, keeping the osmotic pressure
difference close to 70 bar.

This modification allows water transport even when the osmotic pressure of the feed surpasses
the burst pressure of the membrane. The resultant water flux concentrates the feed while diluting
the sweep. Consequently, OARO extends the maximum TDS level from which water can be
recovered in hydraulic pressure-driven membrane processes. By connecting multiple OARO stages
in series, this process facilitates the recovery of freshwater from highly saline brines. The
concentrated reject from the OARO process can potentially undergo crystallisation or electrolytic
conversion into acids and bases.

A basic diagram of an OARO system is shown below:

Pressurised Brine
saline feed Qp effluent
PHigh THigh
*...*....#...*....*....*...
PLo'w TLow 1
Diluted Draw Qp

draw solution
Figure 22. Osmotically Assisted Reverse Osmosis (extracted from C.D. Peters and N.P. Hankins,
2019)

Concentration profile

Typically, there are two OARO membrane orientations, owing to the asymmetrical nature of the
TFC membrane. In the AL-FS mode, the active layer confronts the feed solution while the draw
solution interacts directly with the porous support layer. Conversely, in the AL-DS mode, the active
layer faces the draw solution, and the feed solution permeates through the porous support layer.
When the feed solution is pressurised, the membrane is pushed against the draw solution spacer.
In the AL-DS mode, the active layer interfaces directly with the spacer, resulting in a reduced
active area of the membrane.
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Figures 23 and 24. Two different ways of representing a schematic concentration profile in OARO
membranes (Extracted from K. Nakagawa et al., 2020 and B. Beigi et al., 2022).
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Figures above represent the solute concentration profile, from the retentate side to the permeate
side, for osmotically assisted reverse osmosis (OARQO). Here, unlike RO, there is a substantial
concentration gradient at the support medium. This concentration gradient is accounted by the
internal concentration polarisation (ICP) model, as shown in the following equation:

AP — /Ay CppexpP/* — Cprexp=IH
iRT T 14 B(exptK —1) /),

Where:
Jw is the water flux
Awm is the water permeability coefficient of the membrane
Cu,n is the bulk retentate concentration
Cp, is the bulk permeate concentration
B is the salt permeability
K is a constant described by the following equation:

Tds
"~ Ds
Where:

8s is the thickness
T is the tortuosity
€ is the porosity of the porous support layer
D is the solute diffusion coefficient in water

System configuration

A brine concentration system containing OARO membranes can be setup in different ways,
depending on the configuration selected, as shown in the following figure:

(a) Permeate
Feed
Pump Brine
b Bi
(®) e ¥ 2 Permeate
Feed =2 | ——
Pump Pump

Brine

Food Permeate
Brine o

Figure 25. Schematics of brine concentration systems using RO and OARO membranes. (a) RO, (b)
OARO, (c) Split-feed counterflow RO, (d) COMRO. (Extracted from K. Park et al., 2022).

In the (c) Split-feed counterflow RO version, following reverse osmosis (RO), the brine is bifurcated
(split-feed) and fed into the OARO module in opposite directions (counterflow). This setup
equalises osmotic pressure across the split brine flows, reducing pressurisation requirements and
enhancing desalination recovery, irrespective of brine salinity.
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Cascading osmotically mediated RO — COMRO (d) connects multiple OARO modules in series, and
the inlet feed circulates all the OARO modules as feed and finally as brine. The permeate is
produced in an RO module located at the end of the COMRO configuration.

Additional configurations are under exploration and development owing to the favourable
performance exhibited by OARO membranes.

Existing pilot plants

A successful pilot plant incorporating NF-RO-OARO was developed in Jubail (Saudi Arabia) by
SWCC-DTRI, achieving concentrations consistently around 170 g/L after 2 OARO stages during 8
months, even reaching concentrations of 210 g/L after 3 OARO stages.
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Figure 26. Phase 2 Pilot Plant Configuration at Jubail, Saudi Arabia (Dec. 2019 — Nov. 2020) SWCC-
DTRI

In December 2023, ITC acquired an OARO pilot plant from the Turkish company Hyrec. The OARO
technology allows the concentration of monovalent ion-rich brine coming from a nanofiltration
process to levels exceeding 220 g/L, with significantly lower specific energy consumption (SEC),
below 10 kWh/m?3, compared to thermal processes.

Another successful OARO plant has been recently constructed and commissioned also by Hyrec in
Indonesia, although its results have not been revealed yet.

Barriers and Future directions

OARO, as any membrane system, unlike evaporators, is more susceptible to irreversible fouling,
scaling, and permanent damage through repeat chemical cleans.

In addition, as high brine concentrations are achieved through OARO, the total dissolved solids
ratio for contaminants and organics also increases. This exacerbates the risk of organic and
biological fouling. Therefore, sound engineering and membrane health must be prioritised when
considering OARO.

Furthermore, high temperatures of the brine are achieved during the process, which could affect
the operating pressure and cause membrane damage. OARO has recirculation streams, which
might increase the temperature higher: fluid dynamic losses during pump shaft work as well as
during membrane separation process may be the major sources of heat. A cooling system might
be needed to maintain the high level of concentration. Precise estimation of the temperature
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increase will be essential in a commercial large-scale OARO system design for long-term robust

operation

In a recent article (K. Park et al., 2022), a graphic description (Figure 27) shows the required
membrane conditions for brine management in comparison to the current level of membrane
technology and therefore, the existing gap; considering maximum durable pressure and
membrane structural parameters.
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Figure 27. Future direction of OARO membranes (Extracted from K. Park et al., 2022).
e Batch-MD

An alternative brine concentration technology can be membrane distillation (MD). Unlike MVC, it
is a thermal operation that works at low pressure and with low grade heat at temperatures below
85 °C. Because of that, its coupling to renewable thermal energy sources such as solar or waste
heat has been thoroughly explored. Tolerance of MD membranes to salinity is much higher than
those of RO and this allows brine concentrations higher than 200 g I'* without damage and with
no need of pre-treatments. In addition, the technology is scalable and modular, which gives it the
opportunity of reaching the commercial breakthrough at a large scale.

The best thermal performance results up to date of seawater desalination at commercial scale
has been obtained with advanced multi-envelope spiral-wound modules operating in vacuum
assisted air-gap mode (V-AGMD). They can reach specific thermal energy consumption (STEC)
figures as low as 40 kWhth m. The main hurdle of spiral-wound V-AGMD modules to be used for
brine treatment is their low water recovery, not higher than 8%. To improve this figure, batch
operation of MD with recirculation of brine has been proposed (see Figure 28). In batch operation,
the feed salinity can go from 35 g/l up to 245 g/I. The main operational expenditures associated
with V-AGMD come from thermal energy, at least one order of magnitude higher than those of
electrical energy. Therefore, the heat efficiency attained in Aquastill long modules (AS26) is
necessary for an affordable large-scale coupling with solar energy systems for brine

concentration.
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Figure 28. Scheme of batch V-AGMD operation. Feed is recirculated until the desired
concentration is reached, at which point it is rejected.

As feed concentration increases, the driving force of MD decreases because the vapour pressure
is slightly reduced with the salinity of the feed solution. This decreases the permeate flux, and the
effect is the more important the lower the driving force is. Permeate flux and STEC of the AS26
module are represented in Figure 29 for two different residence times of the feed at 80°C
evaporator temperature. As the permeate flux decreases with salinity, the STEC increases. For
feed salinity up to 105 g/l, the STEC is lowest with the longest residence time. However, when
feed salinity surpasses 105 g/l, the permeate flux is so reduced with the longest residence time
that the STEC increases dramatically because there is almost no production. Therefore, for these
high salinities, the residence time in the longest module must be reduced (thus the feed flow rate
increased) in order to obtain enough permeate flux and a better thermal efficiency than with the
longest residence times. This has serious implications in the operation for concentrating brine,
because as the feed is concentrated in batch operation, the operating conditions (i.e., the feed
flow rate) must be changed to minimize the thermal energy consumption while producing enough

permeate flux.
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Figure 29. Performance results (permeate flux and STEC) of V-AGMD module AS26 for 80° C
evaporator temperature, different feed flow rates and feed salinities.
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The specific energy consumption of batch V-AGMD for a case with 70 g/L feed TDS and 75%
recovery is shown in Figure 30. The graph shows total brine salinity and recovery rates over the
whole batch period. In batch V-AGMD the concentrate returns to the feed tank, and the pump
recirculates water through the modules at a constant feed flow rate during a 250-minute cycle
(residence time of feed water in the module is about 1 minute in a single pass for the operation
considered). Over the cycle time, the feed volume decreases while concentration increases. As
the graph shows total values up to the corresponding time, it appears that the increase of salinity
accelerates with time. This is the effect of the feed volume reducing, as the actual permeate flux
decreases with time.
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Figure 30. Specific thermal (STEC) and electric (SEEC) energy consumption as a function of cycle
time, brine salinity (S) and recovery rate, in batch V-AGMD, for the case of 70 g/L feed TDS and
75% recovery.

Figure 31 illustrates the results of LCOW obtained by using a preliminary empirical performance
model of module AS26 and literature economic estimations for a large-scale 100 m3 day? plant
(Bindels et al., 2020). Different feed water salinities and water recoveries were considered, using
three different values for thermal energy cost and electricity costs of 0.07 USD kWhel™? and 0.21
USD kWhel™. For the thermal energy cost values, a minimum of 0.01 USD kWhth? can be
considered for waste heat, 0.03 USD kWhth is the target cost of solar heat at a large scale, and
a maximum value of 0.05 USD kWhth™ for a typical cost of solar heat from current small-scale
solar thermal plants. The influence of the cost of thermal energy is very clear. For example, the
estimated LCOW for the concentration of RO brines up to 280 g L stays around 2.3 USD m™3 when
thermal energy cost is low (0.01 USD kWhth™), but increases up to about 8 USD m? if heat cost is
5-fold higher.
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Figure 31. LCOW of batch V-AGMD using module AS26 for different thermal energy costs and
electricity costs of: (a) 0.07 USD kWhe%; (b) 0.21 USD kWhe 2. For each process, initial and final
salinity, as well as water recovery, are indicated.

= 2.2.3 Techno-economic assessment

The techno-economic assessment of brine concentration is presented as a comparison of the
levelized cost of water (LCOW) resulting from OARO and batch V-AGMD. A breakdown of the
different cost components is shown in Figure 32.
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Figure 32. Breakdown of levelized cost of water production via OARO (left) and batch V-AGMD
(right) at 100 m3/day capacity for feed concentration and recovery rate of 70 g/L and 75%,
respectively.

Six scenarios of feed salinity and brine concentration were chosen (Table 6), considering three
feedwater salinity cases and two levels of recovery rates (RR) corresponding to low brine
concentration in the range of 139-167 g/L for minimum liquid discharge, and high brine
concentration in the range of 232-279 g/L for input into crystallizers to achieve zero liquid
discharge (ZLD).

Table 6. Energy consumption, membrane area, and number of stages/cycle time for OARO and
batch V-AGMD 100 m3/day desalination plants.

Scenario 35g/L, | 35g/L, | 70g/L, | 70g/L, | 125g/L, | 125 g/L,
75% RR | 85% RR | 50% RR | 75% RR | 25% RR | 50% RR

OARO SEEC (kWh(e)/m?) 4.96 5.26 5.90 10.31 9.53 13.06
Batch V-AGMD SEEC 0.39 0.42 0.44 0.51 0.53 0.60
(kWh(e)/m?)
Batch V-AGMD STEC 93 105 109 141 146 173
(kWh(th)/m3)
OARO: # of stages 2 2 2 4 3 5
OARO membrane area (m?) 711 873 1,839 7,198 7,110 13,324
RO membrane area (m?) 230 183 196 195 196 195
Batch V-AGMD: Operation 199 238 146 248 85 189
time for one batch (min)
Batch V-AGMD membrane 1,615 1,680 1,751 1,984 2,023 2,252
area (m?)

The main variables in the analysis are the levelized cost of energy (LCOE), that influences the
OARO costs, and the levelized cost of heat (LCOH) which is the main factor affecting batch V-
AGMD costs. The LCOW is presented in Figure 33 for a reference LCOE of 7 US¢/kWh and LCOH
of 2.5 USE/kWh for the six cases listed in Table 6. OARO has a lower LCOW than batch-V-AGMD
for 35 g/L feed water salinity and 70 g/L with moderate RR (50%). When the recovery rate and/or
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salinity increases, batch V-AGMD is cheaper than OARO. The reason is that the required
membrane area for OARO increases by approximately a factor of 3 between the 3™ and 4" cases,
and a factor of 2 between the 5™ and the last case.
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Figure 33. Comparisons of OARO and batch V-AGMD in respect to LCOW and brine concentration
for selected cases and reference energy costs of LCOE: 7 ¢/kWh and LCOH: 2.5 c¢/kWh; plant
capacity 100 m3/day.

Figures 34 and 35 show the same analysis for thermal energy (LCOH) and electricity (LCOE) prices
lower and higher than the reference case.
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Figure 34. Comparisons of OARO and batch V-AGMD with respect to LCOW and brine
concentration for selected cases and low energy costs; LCOE: 3 ¢/kWh, LCOH: 1 ¢/kWh; plant
capacity 100 m3/day.
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Batch V-AGMD generally performs better at higher feed salinity scenarios, in both the low energy-
cost and the reference scenarios. For the high energy-cost scenario, however, batch V-AGMD
loses its advantage due to its strong dependency on the cost of thermal energy. The cost of
thermal energy is the main contributor to the LCOW for V-AGMD, unlike OARO which is strongly
dependent on CAPEX associated with the number of stages. The simulations show that there is a
significant increase in LCOW for OARO at the feed salinity of 70 g/L from the RR target of 50% to
the high RR of 75%, as the required number of stages, and hence the membrane area, is largely
increased, as shown in Table 6.

The turning point that determines when V-AGMD can outperform OARO depends on energy costs,
and also on the salinities of feed water and final brine. In general, batch V-AGMD outperforms
OARO at high salinities and recoveries when the cost of thermal energy (LCOH) is relatively low.
Salinity has a stronger impact on OARO than on batch V-AGMD, so when the LCOH is low, V-AGMD
has an advantage at high salinities. As LCOH increases, the margin of V-AGMD outperforming
OARO decreases. V-AGMD outperforms OARO for thermal cost not surpassing 0.025 USD/kWhth
when brine concentrations higher than 166 g/L are reached. This happens in the last three cases
shown. Specifically, when the feed salinity is seawater, batch V-AGMD can only outperform OARO
at an LCOH of <1 US¢/kWh, while at higher salinity levels it can outperform OARO even when
LCOH is 3—4 US¢/kWh; this advantage ceases at LCOH of 5 USD/kWhth. It is worth noting that
utility-scale solar PV has reached LCOEs as low as 2—3 US¢/kWh, while the LCOH of solar thermal
can be as low as 2.5 US¢/kWhth.

As a conclusion, membrane costs are the dominant cost contributor in OARO, while thermal
energy cost is the dominant component in batch V-AGMD. At high salinity feed and brine
concentrations, OARO results in higher LCOW, due to the cost of multiple staging and large volume
of membrane modules. The LCOW of OARO is strongly influenced by the LCOE, whereas the LCOW
of batch V-AGMD is strongly influenced by the LCOH. For LCOE in the range of $0.02-0.14/kWhe
and LCOH in the range of $0.01-0.05/kWhth, OARO is more cost effective than batch V-AGMD
when feedwater salinity is below 70 g/L and recovery below 75%, whereas batch V-AGMD is more
cost effective at higher recovery rates and salinity levels.
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0 2.3. Brine valorization technologies

= 2.3.1 State of the Art

The escalating water demand, coupled with the global population growth and the concurrent rise
in water consumption juxtaposed with diminishing water resources, exacerbates water scarcity in
numerous regions worldwide. This pressing issue has prompted the search for alternative water
sources to meet the surging demand, such as seawater desalination (Mavukkandy et al., 2019).

Desalination is a process designed to extract salts from seawater, yielding water that meets the
required quality standards, particularly in terms of salinity, for various human uses. Essentially,
the desalination process divides intake seawater into two streams: freshwater and a concentrate
stream known as waste brine.

Currently, two categories of desalination processes are in use: thermal-based and membrane-
based processes. Over the last 15 years, membrane-based processes, notably reverse osmosis
(RO), have emerged as the predominant technologies for desalination. Today RO dominates the
desalination market due to their superior efficiency compared to other thermal-based
technologies (Mezher et al., 2011), accounting for a fresh water production of 65.5 million m* per
day, approximately 69% of the total fresh water output considered.

Jones et al. (2019) conducted a comprehensive analysis of the global state of desalination and
brine production. Their study encompassed 15,906 desalination plants situated in 177 countries
and territories across the world. The total production capacity of the desalination plants under
scrutiny amounts to approximately 95.37 million cubic meters per day (34.81 billion cubic meters
per year), marking a tenfold increase over the past 40 years. Indeed, the capacity in 1975 was
below 10 million cubic meters per day.

Figure 36 illustrates the installed capacity of desalination plants from 1960 to 2020.
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Figure 36. Trend of desalination plant, (a) number and capacity of total and operational
desalination plant and (b) desalination technologies used (Mezher et al., 2011).

As depicted in the inset b of Figure 36, the evolution of desalination technologies from 1980 to
2020 is quite evident.

Figure 37 shows the geographical distribution of desalination plants in the world.
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Figure 37. Global distribution of desalination plants with capacity higher than 1000 m* per day by
sector use of produced water (Mezher et al., 2011).

Middle East and North Africa areas host the largest number of desalination plants, accounting for
48% of the total desalination capacity. In contrast, Europe contributes 9.2% to the total capacity,
with Spain alone accounting for 5.7% of this share. Consequently, approximately 50% of the total
desalination capacity is concentrated in the Mediterranean basin, leading to the discharge of
approximately 50% of the total produced brine into the sea.

The production of fresh water is intrinsically linked to the generation of waste brine. In the
expansion of desalination processes and facilities, brine production stands out as a significant
obstacle. Waste brine primarily originates from sea and brackish water desalination plants but
also from various industrial sectors including oil and gas production, mining, textile
manufacturing, dairy processing and industrial water softening plants.

Global brine production currently stands at ~141.5 million m3/day, equivalent to 51.7 billion
m?3/year, roughly 50% higher than the total fresh water production (Jones et al., 2019). It typically
contains high concentrations of dissolved salts, reaching up to 400,000 mg/L total dissolved solids
(TDS), with minor traces of organic matter, metals, nutrients, and potentially harmful substances
(Archimidis et al., 2020; Panagopoulos and Haralambous, 2020a). The characteristics of brine
depend on several factors, including the quality of the feed water, the specific industry generating
it, the recovery rate of the desalination process, the purity of the freshwater produced, the
presence or not of pre-treatment units, and any chemical additives employed (Panagopoulos et
al., 2019).

A usual rough classification divided brine treatments processes into membrane and non-
membrane based brine treatment technologies.

Table 7 provides a picture of state of the art brine treatments technologies.
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Table 7. Classification in membrane and non-membrane based brine treatments technologies.

Non-membrane based

Crystallization

Membrane-based technologies | Acronym . Acronym
technologies
Wind-Aided Intensified

High P R 0 i HPRO .

igh Pressure Reverse Osmosis eVaporation WAIV

Pressure Retarded Osmosis PRO Eutectic Freeze Crystallization EFC

Forward Osmosis FO Salinity Gradient Solar Pond SGSP

Nanofiltration NF

Osmotl'cally—Assmted Reverse OARO

Osmosis

ElectroDialysis Methathesis EDM

Reverse ElectroDialysis RED

Electro-Dialysis ED

Membrane Distillation / MD/MCr

Furthermore, processes can be divided according to the driving force for the separation process

in:
(i) Pressure / Osmotically driven;
(ii) Electrically driven;
(iii) Temperature driven;

(iv) Combined.

In Table 8 brine treatments processes are grouped taking into account the driving force.

Table 8. Classification of brine treatments processes on the basis of the driving force for the

separation.

Pressure / Osmotically

. Electrically driven | Temperature driven Combined
driven
High Pressure Reverse ElectroDialysis Wind-Aided Intensified Thermally-Driven
Osmosis Methathesis eVaporation Forward Osmosis

Pressure Retarded
Osmosis

Electro-Dialysis

Eutectic Freeze
Crystallization

Nanofiltration

Reverse Electro-
Dialysis

Salinity Gradient Solar
Pond
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Pressure / Osmotically . . .
. Electrically driven | Temperature driven Combined
driven
Osmotically-Assisted Membrane Distillation
Reverse Osmosis / Crystallization

In the following, the above mentioned technologies will be briefly described, on the basis of the
classification provided according to Table 8.

Pressure / osmotically driven
High Pressure Reverse Osmosis

Advanced Reverse Osmosis Systems now operate at pressures exceeding 100 bars. Achieving such
high pressures is made possible through specialized systems known as "Pall Disc Tube modules"
or specialized high-pressure spiral-wound modules. These systems feature unique plate-and-
frame stacks comprising moulded ABS spacing discs that separate membrane cushions. These
cushions are constructed from three octagonal layers welded together ultrasonically at their
periphery. Originally introduced by Pall Corporation, these systems are now extensively utilized
in the leachate treatment industry. Additionally, high pressures can be attained using special
membranes with a distinct spiral-wound design (Schantz et al., 2018; Davenport et al., 2018).

Advantages of the HPRO system include its commercial availability and the decades of research
and development that have enhanced conventional RO technology, providing a solid foundation
for the development of HPRO.

However, the HPRO system also has several disadvantages, such as limited water recovery, the
need for pre-treatment, and the requirement for specific membranes. (Glinther et al., 1996)
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Figure 38. Schematic of a possible integration of HPRO plant with a Nano filtration unit.

Pressure Retarded Osmosis

In a PRO unit, a membrane is positioned between the feed and draw solutions, leveraging the
concentration gradient to osmotically transfer water from the feed to the draw stream. The draw
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stream undergoes partial pressurization to create hydraulic/pressure energy, which is then
utilized to drive hydro turbines for electricity generation (Bajraktari et al., 2017; Lee et al., 2020a).
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Figure 39. Schematic of a PRO unit.

Advantages of the PRO system include energy production, brine dilution, capital cost sharing with
RO plants, high efficiency, and theoretically high power density. However, there are
disadvantages, such as the need for a lower salinity stream (e.g., municipal wastewater), internal
concentration polarization, membrane fouling, pre-treatment requirements, and higher systemic
capital expenditure (CAPEX) and operating expenditure (OPEX) (Straub et al., 2016; Lee et al.,
2020b).

Nanofiltration

Nanofiltration (NF) is a pressure-driven membrane process that falls between reverse osmosis
(RO) and ultrafiltration in terms of pore size and cut-off ability. Unlike RO, NF operates at lower
operation pressures, offers higher water fluxes, requires lower investment, and maintains high
rejection rates for divalent ions (Zhou et al., 2015; Diawara, 2008).
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Figure 40. Schematic of a possible integration option of nanofiltration within a RO plant.
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Nanofiltration offers advantages such as low operating pressure, high rejection rates for divalent
ions, and low investment costs. However, it is typically used alongside other technologies in zero
liquid discharge (ZLD) systems for brine treatment. Additionally, compared to reverse osmosis,
nanofiltration may have lower sodium chloride rejection, especially when dealing with high
salinity brines, sometimes even approaching zero. Moreover, the rejection of bivalent ions may
decrease significantly when processing certain brines (Pérez-Gonzélez et al., 2015).

Osmotically-Assisted Reverse Osmosis

Osmotically Assisted Reverse Osmosis (OARO) is a membrane-based technology that combines
elements of both Reverse Osmosis (RO) and Forward Osmosis (FO). Like traditional RO, OARO
utilizes hydraulic pressure to facilitate the movement of water molecules through a
semipermeable membrane. However, it introduces a lower osmotic pressure sweep solution on
the permeate side of the membrane to reduce the osmotic pressure differential. This adjustment
enhances water flux, allowing for the recovery of freshwater from feed streams with higher Total
Dissolved Solids (TDS) concentrations (Bartholomew et al., 2017; Chen et al., 2018).

Sweep Sweep
Solution Solution
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Figure 41. Schematic of the OARO unit.

OARO typically employs multiple stages to achieve a high TDS concentration, extending the range
of inlet TDS concentrations from which freshwater can be extracted. Various developmental
schemes exist under different names, including DPRO, COMRO, and CFRO (Peters and Hankins,
2019).
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Figure 42. Example of a multistage scheme.
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Advantages of Osmotically Assisted Reverse Osmosis (OARO) include its high development
potential, ability to overcome burst limits for membranes, lack of feed pressure requirements,
modular design with low fouling propensity, high rejection of many contaminants, and lower
energy intensity compared to equivalent Specific Energy Consumption (SEC) of Membrane
Distillation (MD). However, it comes with disadvantages such as high capital expenditure,
complexity of the system, and the need to select the appropriate 'draw solution’.

Electrically driven
ElectroDialysis Methathesis

Electrodialysis Metathesis (EDM) is an electro-membrane process renowned for its distinctive
capability to selectively transport and concentrate ions, facilitating the transition from one
solution to another. Employing a process layout featuring four-compartment repeating cells, it
enables the conversion of solutions containing sparingly soluble salts into highly soluble ones.
EDM can be integrated with other processes to reclaim valuable compounds and achieve Zero
Liquid Discharge Desalination processes (Chen et al., 2019; Bond and Veerapaneni, 2011).
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Figure 43. Schematic of the EDM unit.

Advantages of Electrodialysis Metathesis (EDM) include the production of high solubility salts
solutions, ensuring high purity of products, and achieving high current efficiency. Additionally,
EDM is less susceptible to scaling compared to other methods and can enhance water recovery in
existing desalination plants.

However, there are some disadvantages to consider. Limited results are available on its
effectiveness, and additional drying may be necessary to obtain solid salts, which can increase the
final cost. Moreover, high energy consumption is observed when treating seawater reverse
osmosis brines (Bazinet and Geoffroy, 2020).

Electro-Dialysis

Electrodialysis (ED) is a membrane-based process that utilizes an electric field to transport ions in
solution through ion exchange membranes (IEMs). Apart from its conventional use in brackish
water desalination, ED is increasingly recognized as a valuable technique for brine valorization. In
ED, alternating cation- and anion-exchange membranes are positioned between a pair of
electrodes, with the space between the membranes serving as flow channels. When an electric
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potential is applied across the electrodes, cations migrate toward the cathode, passing through
the cation-exchange membrane (CEM) while being blocked by the anion-exchange membrane
(AEM). Conversely, anions move towards the anode, permeating through the AEM and being
obstructed by the CEM. This results in ion concentration on one side of the membrane
(concentrate channel) and ion dilution on the other side (dilute channel). To mitigate fouling, the
polarity of electrodes is often reversed, leading to the configuration known as Reverse
Electrodialysis (RED) (Strathmann,2010; Campione et al., 2018; Gurreri et al., 2020).

Both ED and RED have been proposed for brine treatment to concentrate one stream while
diluting the other, without achieving significant desalination rates.
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Figure 44. Schematic of an Electro-Dialysis unit.

Advantages of the system include its reduced susceptibility to scaling in comparison to RO,
particularly its resistance to silica scaling. It boasts a high salt removal rate and can achieve
significant brine concentration, with Total Dissolved Solids (TDS) ranging from 150 to 200 g/L.

However, there are notable disadvantages. The system tends to have high energy consumption
and relatively steep capital costs. Additionally, supplementary pretreatment may be necessary to
prevent organic fouling. Furthermore, when dealing with high feed salinity, the system is often
limited to partially removing salts from one stream while concentrating another, without
producing fresh water (Korngold et al., 2009; Kobuchi et al., 1983).

Reverse ElectroDialysis

In a Reverse Electrodialysis (RED) stack, high and low concentration solutions flow alternately
through stacked anion exchange membranes (AEMs) and cation exchange membranes (CEMs).
Anions and cations migrate in opposite directions from high to low concentration compartments
through stacked AEMs and CEMs, respectively. The internal ion transport within the stack creates
a potential difference throughout the RED stack, which is then converted into an external electric
current at the electrode compartments (Mei et al., 2018; Cipollina et al., 2016; Yasukawa et al.,
2020).
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Figure 45. Schematic of a RED unit.

Advantages of RED technology include the absence of moving parts, direct electricity production,
and operation at low temperatures. However, there are disadvantages such as the high cost of
ion exchange membranes (IEM), relatively low power densities, decreased energy efficiency when
using highly concentrated brine, and reduced performance when real streams are employed
(Tedesco et al., 2016; Tamburini et al., 2017).

Temperature driven

Wind-Aided Intensified eVaporation

WALV, or Wind-Aided Intensified Evaporation, operates by installing closely spaced vertical
surfaces near or within a pond and circulating the concentrate repeatedly over these surfaces to
maintain moisture. This setup positions the vertical surfaces parallel to the prevailing wind
direction, allowing the wind to pass through the wetted surfaces and carry moisture due to
thermal and mass transfer gradients. Any surplus water drips back into the pond or a designated
sump, from where the remaining brine is returned to the main pond. This cycle repeats until
saturation is reached and crystals begin to precipitate (Panagopoulos et al., 2019; Katzir et al.,
2010; Gilron et al., 2003).
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Figure 46. Schematic of a WAIV system.

Advantages of WAIV include its extremely low energy consumption, ease of operation, and its
ability to achieve ten times more evaporation than conventional ponds. However, it also has its
Date: 15.05.2024 50/98 Doc. Version: 1



drawbacks, such as producing low-quality salts due to non-selective crystallization, generating a
large amount of waste solids proportional to the volume of brine, requiring labour-intensive
maintenance, and having limited information available due to proprietary knowledge (Macedonio
et al., 2011).

Eutectic Freeze Crystallization

The EFC process operates on the principle that every saline solution has a eutectic point (EP),
which is a specific point in the phase diagram of a salt-water mixture where equilibrium exists
among ice, salt, and a particular concentration solution. EFC is conducted by cooling a saline
solution until it reaches the EP, causing both ice and salt to crystallize. Because of their different
densities, the salts and ice can then be separated by gravity (Stepakoff et al., 1974; Randall and
Nathoo, 2018; Reddy et al., 2010).

Samples =717 g

Loss=75g
1

= ice =4010 g

_ waste =166 g

Feed = 5000 g = STAGE 1 = STAGE 2 ™ 96.7% reduction

STAGE 3

Y

_ Na;S0,.10H,0=15.7 g
" 96.4% pure

_ CaS0,.2H,0=159¢
"~ 98.0% pure

Figure 47. Multistage scheme of the EFC system.

Advantages of the EFC process include a theoretical six-fold energy saving compared to the latent
heat fusion/evaporation comparison, very high water recovery rates, and the feasibility of
fractionated recovery of salts.

However, there are several disadvantages to consider. These include higher capital expenditure
compared to evaporative processes, the risk of ice scaling on heat exchangers, challenges
associated with solid/liquid separation (with some pilots showing persistently high salinity in the
produced water), the higher cost of cooling compared to heating, and the fact that the technology
is still immature (Rodriguez Pascual et al., 2010).

Salinity Gradient Solar Pond

SGSP, or Salinity Gradient Solar Pond, represents a combined process for both solar thermal
energy production and implementing a continuous brine disposal/reduction strategy. A typical
SGSP consists of three zones characterized by increasing salinity and temperature with depth.
Such a pond serves as a thermal storage facility for various applications. Notably, SGSP can be
employed to augment the evaporation rate of adjacent ponds or to power low-temperature
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desalination systems (Mohamed and Bicer, 2019; Rahaoui et al., 2017; Leblanc et al., 2011; Agha
et al., 2004).
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Figure 48. Schematic of a solar pond.

Advantages of the system include low operational expenditure and high efficiency. However, it is
associated with disadvantages such as a large footprint and high capital expenditure (Lu et al.,
2001).

Membrane Distillation / Crystallization

Membrane Distillation (MD) is a thermally-driven membrane-based technology that operates on
the principle of a vapor pressure gradient generated by temperature differences across a
hydrophobic micro-porous membrane. The membrane's hydrophobic properties prevent the
passage of liquid water through its pores while permitting vapor molecules to permeate. This
process continues until supersaturation is attained, leading to the initiation of crystal nucleation.
As a result of this mechanism, the Membrane Crystallization (MCr) system offers precise control
over nucleation and growth kinetics, along with accelerated crystallization rates (Curcio et al.,
2010; Ruiz Salmén and Luis, 2018; Sluys et al., 1996).
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Figure 49. Integrated scheme of a MD /MCr system.
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Advantages of Membrane Distillation (MD) include its high rejection rate (> 99%), its capability to
handle extremely high Total Dissolved Solids (TDS) of approximately 350 g/L, its operation at low
temperatures, its ability to utilize waste heat and renewable power sources, and its suitability for
combined crystallization.

However, MD also presents several disadvantages, such as low permeate flux, the lack of
availability of enhanced membranes, issues related to temperature and concentration
polarization, subpar thermal efficiency, and the fact that it is still in an immature stage of
development (Schwantes et al., 2013; Al-Obaidani et al., 2008).

Combined processes

Thermally-Driven Forward Osmosis

In Thermally-Driven Forward Osmosis (TDFOQ), a solution with highly concentrated thermolytic
salts (referred to as the 'draw solution') is employed to create an osmotic pressure gradient across
a semipermeable membrane, facilitating the movement of water molecules. Thermolytic salts,
when decomposed into a gaseous state, exhibit significantly higher vapor pressure than water,
enabling their removal and consequent reduction in the energy required for thermally-driven
recovery and overall thermal energy consumption. Freshwater and draw solution are then
separated, with the latter being recycled back to the FO module (Tang and Ng, 2008; Zhao et al.,
2012).

Advantages of this technology include very high recovery rates, limited fouling that can be
backwashed, and high salt rejection. Disadvantages comprise low permeate flux, the unavailability
of efficient and universal draw solutions, the absence of enhanced and stable specifically-
designed membranes, a large energy demand for the draw solution recovery step, reverse salt
flux, and internal concentration polarization (ICP) and external concentration polarization (ECP)
limiting the flux (Ang et al., 2019; Suwaileh et al., 2020).
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Figure 50. (a) Schematic of a Thermally-Driven Forward Osmosis system (Suwaileh et al., 2020);
(b) integrated FO-RO system for brine valorization (McGinnis et al., 2013).
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= 2.3.2 Innovations beyond the State of the Art

Historically, industrial waste brines were commonly discharged directly into receiving water
bodies or underwent treatment before disposal. Various strategies were employed to manage
waste brines depending on the location of desalination plants. Typically, plants situated near the
sea often opt for direct discharge into receiving water bodies, such as seas and oceans.

This discharge of brine into the sea raises environmental concerns such as heightened salinity, the
discharge of chemicals used for pre-treatment, and the presence of heavy metals (Missimer and
Maliva, 2018; Dawoud, 2012). This is attributed to the high concentration of dissolved minerals,
predominantly sodium (Na), potassium (K), magnesium (Mg), calcium (Ca), and chloride (Cl),
resulting in total dissolved solids (TDS) levels of up to approximately 80 g/L. Such elevated TDS
levels can disrupt the ecosystems of receiving water bodies (Cipollina et al., 2011; 2012a),
impacting the marine flora and fauna habitats significantly (Roberts et al., 2010; Al-Mutaz, 1991).

Considering that brines have a mineral concentration 1.5-2 times higher than seawater, they
represent a potential new source for extracting various minerals. Magnesium stands out among
the cations present in waste brine, holding significant value, sparking interest in exploiting waste
brines as alternative mineral sources while mitigating environmental impact. It has been
designated as one of the twenty critical raw materials (CRM) by the European Commission due to
over 96% of the magnesium used in European countries being imported (European Commission,
2017), leading to a substantial risk of supply interruption (Cipollina et al., 2015). In light of this,
European regions could emerge as new mineral extraction sites, particularly for minerals like
magnesium, given the high risk of supply interruption and its significant economic relevance.

Magnesium ranks as the third most abundant element in seawater after sodium and chloride,
with a typical concentration of about 1.3 g/L, doubling in seawater reverse osmosis desalination
brines. Turek and Gnot (1995) proposed a two-step process for purifying hard coal mine brines
from coal mines in Poland. Their aim was to purify these brines while concurrently extracting high-
value minerals. The brines, containing 2.84 g/L of Mg2*, were treated to recover magnesium via
precipitation in the form of magnesium hydroxide (MH). In recent years, increasing attention has
been given to seawater desalination (Pramanik et al., 2017; Gao et al., 2017; Lee et al., 2021) and
the high magnesium content in lake brines, such as those in the Uyuni salar (Bolivia), one of the
largest lithium sources, containing 15-18 g/L of Mg?* (An et al., 2012; Bonin et al., 2021).

Zhang et al. (2021), in a recent review, noted the exponential rise in publications focusing on
resource recovery from seawater desalination brines. The surge is attributed to the high Mg?*
concentration in brines and the increasing global capacity of desalination plants for potable water
production, resulting in higher volumes of associated brine. Typically, magnesium is recovered
from seawater brine as magnesium hydroxide via precipitation using an alkaline reagent. Apart
from magnesium hydroxide, various magnesium compounds have been produced from
concentrated brines and wastewaters, including struvite ((NH;)MgPO4-6(H20)(s)), magnesium
sulphate (MgS04:7H,0(s)), and magnesium oxide (MgO(s)). Moreover, alternative processes
involving electro-membrane applications or organic systems containing ionic liquids have been
proposed for Mg?* extraction (Shaddel et al., 2020; Chrispim et al., 2020; Kim et al., 2021; Yousefi
et al.,, 2017; Dong et al., 2018; Sano et al., 2018; Lalia et al., 2021; Yu et al., 2021).

However, the recovery of Mg?* from seawater and seawater brine faces challenges due to the
presence of numerous dissolved ions. The presence of HCO*  and Ca? ions can lead to the
precipitation of calcium carbonate (CaCOs(s)) as calcite or aragonite at solution pH values above
nine. Additionally, the presence of hydroxyl ions and sulphate ions can cause calcium precipitation
as calcium hydroxide (Ca(OH)a(s)) or calcium sulphate (CaS04-2H,0(s)), affecting the purity of
recovered Mg?* compounds (Dong et al., 2018; Casas et al., 2014).

Gong et al. (2018) investigated mineral recovery feasibility from seawater brines, emphasizing the
economic, social, and environmental benefits of brine exploitation. Brines from the Perth
seawater desalination plant (Perth, Australia) were treated with lime as a precipitant to recover
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Mg2+ as magnesium hydroxide. A low Mg(OH),(s) purity of ~70% was initially reported due to
bicarbonate and calcium ions; however, wet screening of lime improved purity up to 91%.
Recently, Vassallo et al. (2021a,b) proposed a novel crystallizer using NaOH for selective Mg?* and
Ca?* recovery from a nanofiltration unit treating spent brine.

1

NaOH Solution

HCl Solution

(d)

calOH),

NaOH Solution

Mg(OH),

Figure 51. Conceptual scheme of the crystallization pilot plant. (a) Storage tanks, (b) precipitation
unit, (c) settling tank, (d) filtration unit, (e) intermedia tank, (f) neutralization unit.
(Vassallo et al., 2021a).

As shown by Figures 52 and 53, the process achieved 100% Mg?* and 97% Ca®* recovery with
cationic purities exceeding 95%.
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Figure 52. a) Purity of Mg(OH), solids for all precipitation tests, accompanied by magnesium,
calcium and bicarbonate concentration in the feed brine; b) Mg recovery efficiency,
reaction pH and magma density (Vassallo et al., 2021a).
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Figure 53. a) Purity of Ca(OH); solids accompanied by magnesium and calcium concentration in
the feed brine (entering the second precipitation step, after Mg recovery); b) Ca and Mg recovery
efficiency, accompanied by the Magma density and reaction pH (Vassallo et al., 2021a).
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Morgante et al. (2022) characterized Mg(OH), sedimentation and filtration properties from the
same crystallizer, noting significant improvements with seeded precipitation. However, their
study used only synthetic solutions, without purity analysis.

Moreover, innovative technologies have been proposed for Mg?* recovery from seawater and
industrial waste brines. For example, a Cr-IEM (ionic exchange membrane crystallizer) was studied
both experimentally (La Corte et al., 2020) and numerically Vassallo et al.,, 2021), allowing
controlled Mg?* recovery using low-cost alkaline solutions. Additionally, strategies such as
employing highly pure lime suspensions, decarbonation of brines, controlled reactions with
Ca(OH),, or using sodium carbonate (Na,COs) and barium chloride (BaCl;) solutions have been
explored (Yousefi et al., 2020; Shand, 2006; Fontana et al., 2022).

Romano et al. (2023) explored several operating conditions in single- and double-feed semi-batch
crystallizers for recovery of Mg(OH), from brines using NaOH solutions. Figure 19 reports a
schematic representation of the two operational strategies, resulting in three configurations.
Firstly, Configurations 1 and 2 involve pumping either NaOH or MgCl, solutions individually into
either MgCl, or NaOH baths, respectively. Secondly, Configuration 3 entails adding NaOH and
MgCl, solutions into the reactor already filled with ultrapure water. Solutions were fed using high-
performance liquid chromatography (HPLC) pumps.
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Figure 54. Schematic representation of the three employed configurations (Romano et al. 2023).

For the first time in the literature, the authors obtained Mg(OH), platelet crystals using relatively
concentrated MgCl, and NaOH solutions without any dispersant addition or modification
treatment.

Several potential adverse effects of waste brine on the environment include eutrophication, pH
fluctuations, and the accumulation of heavy metals in receiving environments (Giwa et al., 2017;
Zhao et al., 2019).

Therefore, there is an urgent need for improved brine management strategies to mitigate the
environmental impact of brine discharge. Consequently, there is growing interest in various waste
industrial brines to harness them as alternative mineral sources while simultaneously reducing or
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eliminating their discharge into bodies of water, thereby mitigating environmental impact
(Cipollina et al., 2012b; Casas et al., 2014).

To choose an appropriate and sustainable brine management method, various factors must be
considered, such as the volume of reject brine, chemical characteristics of the concentrate,
geographical location and availability of disposal points, feasibility of treatment technologies in
terms of legal and public approval, capital and operational costs, and the capacity of facilities for
storing and transporting reject brine to treatment locations (Giwa et al., 2017).

To mitigate environmental impact, alternative strategies have been explored, including:

e Discharging brines mixed with power plant cooling water (Voutchkov, 2011; Missimer and
Maliva, 2018).

e Single pipe discharge to deep water (Missimer and Maliva, 2018).
Discharge pipes equipped with diffusers (Taylor et al., 2012).

e Discharge into beach and offshore galleries and trenches (Taylor et al., 2012).

In contrast, inland industrial processes face different challenges, making direct sea disposal
impractical. Hence, alternative disposal methods have been studied, including:

e Deep well injection (Jeppesen et al., 2009 ; Bazedi et al., 2014; Maliva and Missimer,
2011).

Disposal into surface water bodies (Afrasiabi and Shahbazali, 2011).

Irrigation of plants tolerant to high salinity (Panta et al., 2016; Panagopoulos et al., 2019).
Disposal to municipal sewers (Xu et al., 2013).

Evaporative ponds (Ahmed et al., 2000).

While these methods are feasible for low production volumes and lack hazardous chemical
content, they are often unsustainable due to high capital costs, ranging from 5% to 33% of the
total process cost, and environmental impact.

An effective alternative to direct disposal is brine volume minimization.

In the late 1980s, Al-Mutaz (1991) pioneered the view of brines as mineral sources rather than
waste. He analyzed the feasibility of mineral recovery from desalination plant brines in Gulf
countries, proposing conceptual schemes for sodium chloride, potassium salts, bromine, and
magnesium recovery. Al-Mutaz emphasized the potential to mitigate mineral supply risks in the
Gulf countries, underscoring the strategic importance of mineral recovery for the Gulf market.

Ericsson and Hallmans (1996) introduced an integrated process for valorizing brines from coal
mines. This scheme facilitated the recovery of freshwater and various minerals, such as calcium
sulphate and sodium chloride. Processing approximately 4570 m3/day, the integrated process
yielded over 12.5 tons/hour of minerals with purity exceeding 99.6%.

More recently, Ahmed et al. (2003) proposed three treatment chains for valorizing industrial
waste brines from an inland reverse osmosis (RO) desalination plant in Oman. They highlighted
the potential to recover gypsum, sodium chloride, magnesium hydroxide, calcium carbonate, and
sodium sulphate at high purity levels by selecting suitable treatment chains.

Drioli et al. (2004) developed a system to recover calcium carbonate, sodium chloride, and
magnesium sulphate from waste brines. Their integrated system recovered approximately 35.5
kg/h of sodium chloride, 2.95 kg/h of calcium carbonate, and 8.4 kg/h of magnesium sulphate
while increasing fresh water recovery from 64% to 95%.

The University of South Carolina (WHO, 2006) conducted laboratory tests on various treatment
chains for producing magnesium hydroxide, sodium chloride, bromine, road salts, and fresh water
from reverse osmosis waste brine. They developed mathematical models to assess the
profitability of each treatment chain, demonstrating that high-purity sodium chloride (>95%) and
magnesium hydroxide (>99%) recovery made the chain profitable while increasing fresh water
recovery to 76%.
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Wallace (2005) patented a treatment chain for valorizing industrial waste brine, recovering
gypsum, magnesium hydroxide, and freshwater. Notably, this chain self-produced all chemicals
required for mineral recovery, such as sodium hydroxide and hydrochloric acid. The authors
claimed recovery rates of up to 70% for calcium as calcium sulphate and over 95% for magnesium
as magnesium hydroxide, both at purity levels exceeding 90%. Additionally, high-grade fresh
water with total dissolved solids (TDS) less than 1 g/L was recovered.

These integrated processes and treatment chains enhance the environmental and economic
sustainability of industrial processes producing brines. Moreover, mineral recovery, especially
magnesium, holds significance for European countries, as it has been classified as one of the thirty
critical raw materials (CRW) by the European Commission, a topic elaborated on in the following
section (European Commission, 2020).

Numerous review papers have been published on brine management technologies to date (Giwa
etal., 2017; Jones et al., 2019; Morillo et al., 2014; Panagopoulos, 2020; Panagopoulos et al., 2019;
Panagopoulos and Haralambous, 2020b; Semblante et al., 2018). However, few of these have
focused on aspects such as resource recovery and valorization (Bello et al., 2021; Kumar et al.,
2020; Mavukkandy et al., 2019) or techno-economic assessment (Panagopoulos, 2021a, 2021b).

In contrast, an earlier review paper (Al Bazedi et al., 2014) evaluated salt recovery from brine and
reported prices of certain salts, along with capital costs and revenues of salt and water produced
from various proposed schemes. Recently, Bello et al. (2021) reviewed brine management
methods, considering emerging desalination technologies, life cycle assessment (LCA), and metal
recovery methodologies. However, a critical and comparative analysis of the techno-economic
framework of hybrid desalination treatment schemes targeting Minimal Liquid Discharge (MLD)
or Zero Liquid Discharge (ZLD) and resource recovery remains absent.

Although desalination offers the potential for clean water production, the disposal of rejected
brine poses a significant environmental challenge. Many operational desalination plants discharge
their reject brine directly into the sea, while others channel it into closed water courses connected
to the sea (Giwa et al., 2017). Conventional disposal methods like deep-well injection and
evaporation ponds are deemed unsustainable due to their adverse environmental impacts.
Moreover, conventional single treatment units or processes may not always meet stringent
regulations or align well with the principles of a circular economy. Even if they do, typical one-
step membrane- or thermal-based technologies often encounter operational issues such as
membrane fouling and high costs, respectively. The combination of stricter regulations, rising
wastewater disposal expenses, and increasing freshwater value are all driving factors
necessitating alternative brine management solutions (Tong and Elimelech, 2016).

To maximize freshwater production while minimizing waste, Minimum Liquid Discharge (MLD)
and Zero Liquid Discharge (ZLD) approaches are crucial for brine management (Chen et al., 2021).

Combining minimization and evaporative techniques, such as evaporative ponds, allows
avoidance of direct brine disposal and facilitates the recovery of useful salt mixtures, aligning with
the Zero Liquid Discharge (ZLD) concept.

In MLD and ZLD, approximately 95% and 100% of freshwater are recovered, respectively
(Panagopoulos and Haralambous, 2020a, 2020b), along with the potential for recovering valuable
materials and energy (see Fig. 16 Cipolletta et al (2021)). In the ZLD concept, a closed water cycle
is established to facilitate water reuse following appropriate (desalination) treatment, resulting in
no water discharge from the system (Yaqub and Lee, 2019). The freshwater produced by ZLD
systems boasts high purity and quality, suitable for domestic or industrial reuse. Additionally, the
compressed solid salt recovered can be sold, used by the industry, or disposed of in an
environmentally friendly manner. Indeed, with careful selection of treatment technologies,
various high-purity salts can be produced instead of a compact mixed solid salt (Panagopoulos et
al., 2019; Panagopoulos and Haralambous, 2020a).
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Figure 55. Schematic diagram of brine treatment framework towards ZLD/MLD and resource
recovery. From Cipolletta et al (2021).

Due to its ambitious water quality and sustainability standards, the ZLD strategy incurs high capital
and operational costs. Consequently, the MLD strategy is often favoured by industries, provided
regulatory and environmental requirements are met. While a ZLD system typically consists of four
stages (pretreatment, preconcentration, evaporation, and crystallization), an MLD system
comprises only two stages (pretreatment and preconcentration) as the freshwater recovery target
is slightly lower. The MLD strategy mirrors the ZLD approach by leveraging existing common
technologies in combination. The primary difference in treatment approach between these
systems lies in the integration of membrane-based technologies exclusively in MLD systems,
whereas ZLD systems incorporate both membrane-based and thermal-based technologies
(Panagopoulos and Haralambous, 2020a). It's important to note that there is no one-size-fits-all
approach for these systems, and various process variations can be applied based on the desired
water quality, industrial characteristics, and goals for water reuse and resource recovery.

Morgante et al. (2022) identified how some of the best operating technologies can be effectively
combined and operated in a novel and practical scheme that can reach the MLD target. The chain,
proposed for the treatment of SWRO brines in the island of Pantelleria (Italy), was composed of
an NF, an MRC, an MED and an NTC recovering magnesium hydroxide, calcium hydroxide, water
and sodium chloride. By recovering such minerals, it was possible to reduce the volume of the
final effluent at the same time.

Philibert et al. (2022) proposed and validated a novel concept for the use of Assisted Reverse
Electrodialysis (A- RED) technology, at the laboratory-scale, to remineralize surface-water Low
Pressure Reverse Osmosis (LPRO) permeate using its corresponding brine.

The results obtained from both synthetic solutions and real brine and permeate feeds validated
the potential for achieving high remineralization rates, with the optimal outcome observed at an
applied voltage of 10 V. Mineral content increased significantly, rising from approximately 20 mg
CaCOs/L to a maximum of 553 mg CaCOs/L in terms of hardness, and from around 100 uS/cm to
1284 pS/cm in terms of conductivity.
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Figure 56. Schematic of proposed process for the remineralization of RO permeate, by recovering
minerals from the RO brine through Assisted-Reverse Electrodialysis (Philibert et al., 2022).

Filingeri et al. (2022) demonstrated the economic feasibility of the innovative use of Assisted-
Reverse Electrodialysis for the remineralization of surface water RO permeate already proposed
by Philibert et al. (2022). Compared to previous post-treatment techniques, results appear very
promising thanks to the reduction of chemicals and total costs as well as environmental concerns
related to brine disposal.

Cassaro et al. (2023) provided an in-depth overview of the design, commissioning, and operational
activities of the largest pilot-scale electrodialysis unit with bipolar membranes (EDBM) both in
terms of membrane area and number of triplet for the production of hydrochloric acid and sodium
hydroxide from synthetic brines. The pilot demonstrated remarkable stability in achieving a target
NaOH concentration of 1 M, irrespective of the operational mode employed (closed-loop, feed
and bleed, and fed-batch), and at current densities of 200 or 400 A m™2 across all configurations.
Additionally, at current densities of 300 and 500 A m™ for closed-loop and feed and bleed modes
respectively, the stability was upheld. These findings underscore the significant influence of
operating conditions on the behaviour of the EDBM unit, leading to varied outcomes depending
on the selected process configuration.

Herrero-Gonzalez et al. (2023) evaluated the performance of the EDBM pilot plant presented in
Cassaro et al. (2023), one of the largest stacks (its total membrane area is more than 16 times
larger than those reported so far) that has been tested in the literature, for the production of HCI
and NaOH aqueous solutions, starting from NaCl brines.

Figure 22 reports a schematic of a simplified flowsheet of the EDBM pilot plant tested by Cassaro
et al. (2023) and by Herrero-Gonzalez et al. (2023).
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Figure 57. Simplified flowsheet of the EDBM pilot plant (Herrero-Gonzalez et al. 2023).
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Shah et al. (2023) conducted an extensive experimental campaign using a reverse electrodialysis
unit.
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Figure 58. Schematic of the test rig of the RED unit used by Shah et al. (2023) during the
experimental campaign. HCS: high compartment solution; LCS: low compartment
solution; ERS: electrode rinse solution (Shah et al., 2023).

The authors tested three different types of ion exchange commercial membranes for the recovery
of salinity gradient energy using artificial brines mimicking the expected features of brines in real
saltworks. The effect of feed velocity and dilute solution concentration was studied to provide
some guidance for harvesting salinity gradient energy from saltwork plants.

Valles et al. (2023) studied the use of evaporation/crystallisation for B(lll) recovery and reactive
precipitation processes for TEs (Sr(ll), Co(ll), Ge (lll) and Ga(lV)). A critical review of the
geochemical databases was used to identify which minerals phases could be produced by using
those chemicals that could be on-site produced from the main components of the saltworks
bitterns (i.e. HCl and NaOH).
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= 2.3.3 Techno-economic assessment

A techno-economic assessment of brine valorization technologies involves evaluating the
feasibility and cost-effectiveness of various methods aimed at extracting value from brine.

Here, an outline of key considerations is provided:

Technology Selection: identify and assess different brine valorization technologies
such as membrane- or non-membrane-based processes. Comparing different technologies
in terms of their performance, cost-effectiveness and scalability, can help in the selection
process.

Resource Availability: evaluate the availability and quality of resources required for
the chosen technology, including energy (e.g., electricity, heat), chemicals, raw materials
and water.

Brine Composition: analyze the composition of the brine stream to determine its
suitability for various valorization methods and to identify potential valuable components
(e.g., salts, metals, minerals).

Product Yield and Quality: determine the expected yield and quality of the valorized
products, such as freshwater, salts, metals, minerals or energy.

Energy Consumption: assess the energy requirements for the valorization process,
including both operational energy and auxiliary energy for pre-treatment, post-treatment
and other process steps.

Cost Analysis: estimate the capital costs (CAPEX) associated with equipment
procurement, installation and infrastructure development. Also, evaluate the operational
costs (OPEX) including energy, maintenance, labour, consumables and raw material
expenses.

Revenue Generation: identify potential revenue streams from the sale of valorized
products or services. This may include freshwater sales, recovered materials (e.g., salts,
metals), carbon credits or energy sales.

Market Analysis: conduct a market analysis to assess the demand for valorized
products (such as salts, minerals, metals, and freshwater), pricing trends and potential
competitors to determine the economic viability of the process. Identify target markets and
customers for the valorized products.

Feasibility Analysis: conduct a feasibility study considering technical, economic, and
regulatory factors to assess the viability of implementing the brine valorization process in
specific locations and industries.

Regulatory and Environmental Considerations: evaluate regulatory requirements
and environmental impacts associated with the valorization process, including permits,
discharge limits, greenhouse gas emissions, water usage, waste management and
environmental remediation to ensure sustainability and compliance with regulations.

Risk Assessment: identify and assess potential risks and uncertainties associated with
the technology, market conditions, regulatory changes, environmental impacts and other
factors that may impact the project’s viability. Develop different risk mitigation strategies.
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Sensitivity Analysis: perform sensitivity analysis to evaluate the impact of key
parameters (e.g., energy costs, product prices) on the project’s financial viability and
profitability.

Financial Analysis: calculate financial metrics such as Net Present Value (NPV), Internal
Rate of Return (IRR), Payback Period, and Return on Investment (ROI) to assess the project’s
financial attractiveness and feasibility.

Several investigations and research studies have delved into evaluating the economic and
technological viability of brine valorization processes across diverse geographical areas and
circumstances. These studies furnish valuable perspectives into the prospective advantages,
obstacles, and optimal setups of such schemes. They play a pivotal role in gauging their suitability
as sustainable remedies, considering both technical and financial aspects. However, it’s important
to conduct such investigations tailored to each proposed system.

Consequently, the findings of a techno-economic assessment of brine valorization systems can
vary contingent upon factors like geographic location, energy pricing, water requirements and
system design.

Some typical outcomes observed, broken down by different technology, are reported in the Table
below.

Table 9. Summary of the techno-economic aspects of the brine valorization technologies.

Technology

Capital Costs

Operational Costs

Revenue Streams

Eutectic Freeze
Crystallization (EFC)

Equipment (freeze
crystallizer),
infrastructure and
energy-efficient
refrigeration
systems

Energy consumption,
maintenance of
equipment and
monitoring

Sale of recovered salts
or valuable minerals
extracted from the
brine

Salinity Gradient Solar
Pond (SGSP)

Pond construction,
lining and solar

Maintenance,
monitoring and

Desalinated water
sales, electricity

collection occasional repairs generation or

infrastructure recovered resources
Pressure Retarded Membrane modules, | Energy consumption, [Produced water sales
Osmosis (PRO) pumps and membrane or electricity

infrastructure replacement and generation if coupled

system maintenance |with a power
generation system

Forward Osmosis (FO) | Membrane Energy consumption, [Treated water sales or

modules, pumps
and infrastructure

membrane
replacement and
maintenance

recovered resources

Nano-filtration (NF)

Membrane
modules, pumps
and treatment
facilities

Energy consumption,
membrane cleaning
and system
maintenance

Purified water sales or
recovered resources
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Osmotically-Assisted
Reverse Osmosis
(OARO)

Membrane
modules, pumps
and infrastructure

Energy consumption,
membrane
replacement and
system maintenance

Treated water sales or
extracted resources

Electro-dialysis
Methathesis (EDM)

Electrode stacks,
power supplies and
infrastructure

Energy consumption,
electrode
maintenance and
system monitoring

Recovered salts or
valuable by-products

Reverse Electro-
dialysis (RED)

Membrane stacks,
electrodes and
infrastructure

Energy consumption,
membrane
replacement and
system maintenance

Electricity generation
and potential sales to
the grid

Electro-dialysis (ED)

Electrode stacks,
power supplies and

Energy consumption,
electrode

Recovered salts or
treated water sales

Crystallization

modules, pumps,
and crystallization
equipment

membrane
replacement and
system maintenance

infrastructure maintenance and
system monitoring
Membrane Membrane Energy consumption, [Recovered salts or

valuable by-products

Wind-Aided Intensified
eVaporation (WAIV)

Evaporation ponds
or tanks, wind
turbines, and
monitoring systems

Maintenance,
monitoring, and
occasional repairs

Recovered salts or
minerals extracted
from the concentrated
brine

In summary, a techno-economic assessment of brine valorization technologies reveals a diverse
landscape of options with varying degrees of feasibility and economic viability. Each technology
presents unique advantages and challenges, influenced by factors such as geographical location,
energy availability, and water demand.

Eutectic Freeze Crystallization shows promise in minimizing energy consumption and producing
high-purity salt products but may require substantial capital investment upfront. Salinity Gradient
Solar Pond offers a sustainable approach leveraging solar energy, yet its scalability and efficiency
depend on local climate conditions.

Pressure Retarded Osmosis and Forward Osmosis demonstrate potential for energy-efficient
desalination, although further optimization is needed to enhance performance and reduce
operational costs. Nanofiltration provides a versatile solution for brine treatment, offering high-
quality permeate while minimizing energy consumption.

Osmotically-Assisted Reverse Osmosis and Membrane Crystallization offer innovative approaches
for brine treatment and resource recovery, but their scalability and economic feasibility require
careful consideration. Electrodialysis Methathesis and Reverse Electrodialysis show promise in
leveraging electrochemical processes for brine valorization, although challenges remain in
optimizing efficiency and reducing operational costs.

Finally, Wind-Aided Intensified Evaporation presents an intriguing option for low-cost brine
treatment, particularly in regions with abundant wind resources, but its effectiveness may be
limited by climatic conditions and infrastructure requirements.
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In conclusion, while each technology offers unique opportunities for brine valorization,
comprehensive techno-economic assessments tailored to specific contexts are essential for
informed decision-making and the successful implementation of sustainable brine management
strategies.

3. SOLAR DRIVEN WT TECHNOLOGIES

More than 70% of our planet is covered by water. However, it is a limited resource as only 3% is
fresh water and only 1% is available for drinking and growing food. For this reason, the sixth
objective of the Sustainable Development Goals (SDG) of the United Nations (UN) is to guarantee
the availability and sustainable management of water for all the inhabitants of this immense
planet. One of the most severe consequences of Climate Change is water scarcity but this is not
only a problem of European southern countries or isolated areas under development around the
world, but also northern European countries are suffering problems of bad water quality, though
not shortage. Desalination gives a sustainable and reliable solution to tackle such water scarcity
problems in most of the countries; actually, their implementation is increasing in the last years,
as well as the improvement on the available technology to overcome the well-known drawbacks
such as high-energy consumption and the brine generation and management.

This is why treated urban wastewater must be also considered as part of the solution as another
interesting alternative source of water to complement desalinated water. Urban treated
wastewater reuse presents environmental, social and economic benefits. Some of them are:

It can improve the status of the environment both quantitatively, alleviating pressure by
substituting abstraction, and qualitatively, relieving pressure of discharge from urban
wastewater treatment plants (UWWTPs) to sensitive areas.

Appropriate consideration for nutrients in treated wastewater could also reduce the use
of additional fertilisers resulting in savings for the environment, farmers and wastewater
treatment. Desalinated water must be remineralized for being used in crop irrigation.

It is considered a reliable water supply, quite independent from seasonal drought and
weather variability and able to cover peaks of water demand.

In general, technologies used for treating wastewater require lower investment costs and
energy compared to alternative sources such as desalination or water transfer, also
contributing to reducing greenhouse gas emissions.

Gathering the experience of three non-Widening (TOP) partners presenting some of the most
outstanding background and Research Infrastructure (RI), at European level, in the development
of Solar-driven water production and wastewater treatment technologies (WP&WT), Sol2H20
aims at supporting the Coordinator (WIDENING) partner in the development of establishment of
high-level research in this field. Based on the outstanding WIDENING Rl and background in Solar
Energy technologies and on its preliminary experiences in the Water-Energy nexus field, Sol2H20
seeks the development and implementation of a common scientific strategy, with a strong focus
on an enhanced capacity building of researchers, going beyond purely scientific capacities and

strengthening their research management and administration skills.
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Related to wastewater treatment, there are several well-known and commercial technologies for
urban wastewater treatment, even for attaining its recovery fulfilling the new legal highly strict
water quality standards for being reused in crop irrigation. Nevertheless, Sol2H20 project is
focused on those technologies that can take advantage of solar radiation as a renewable energy,
normally quite abundant in those countries suffering strong water scarcity problems, which is the
common situation among all the partners of the project, including the WIDENING partner.

0 3.1. Solar driven technologies for wastewater treatment

Water pollution creates risks to human health and ecosystems, while reducing the availability of
freshwater resources for human needs and the capacity of water-related ecosystems to provide
goods and services, including the natural purification of water. Inadequate management of
municipal and industrial wastewater is another sizeable source of water pollution, especially in
low-income countries, where only 8% of this type of wastewater is treated (Sato et al., 2013).
Contaminants such as pesticides, pharmaceuticals, hormones and industrial chemicals, are
resistant to treatment in conventional wastewater treatment plants (WWTPs). Consequently,
they are continuously discharged into water bodies. It is well known that conventional biological
treatments based on activated sludge are not able to treat this type of contaminants, neither
membrane or immobilized bioreactors, which are considered advanced biological treatments.
Advanced oxidation processes (AOPs), which are based on the generation of high reactive
oxidising hydroxyl radicals, are considered highly effective technologies against a broad spectrum
of contaminants and complex wastewaters (Gogate et al., 2004) and (Shannon et al., 2008).
Special attention has been raised on those AOPs that can make use of solar energy to improve
their performance. This is of special interest in areas included in the sunbelt, i.e., the locations
within 352 of latitude with respect to the equator, as these present the highest solar radiation
levels worldwide (Madhlopa et al., 2018). Furthermore, 75% of the world population live in this
area so that solar water treatments can produce a high positive impact. Therefore, an important
concept arises from all the expressions above: the sun, a green and unlimited resource, can be
used to produce clean water, a limited and extremely valuable resource.

= 3.1.1 State of the Art

The state of the art in the solar AOPs application to wastewater treatment lay on solar
heterogeneous and homogeneous photocatalysis, mainly TiO, photocatalysis (in slurry) and solar
photo-Fenton. The versatility of the AOPs is also enhanced by the fact there are different ways of
producing hydroxyl radicals, facilitating compliance with the specific treatment requirements.
Methods based on UV, H,0,/UV, 0s/UV and H,0,/03/UV combinations use photolysis of H,0, and
ozone to produce the hydroxyl radicals. Other methods, like heterogeneous photocatalysis and
homogeneous photo-Fenton, are based on the use of a wide-band gap semiconductor and
addition of H,0, to dissolved iron salts, respectively, and irradiation with UV—vis light. Both
processes are of special interest since sunlight can be used for them.

The heterogeneous solar photocatalytic treatment consists of making use of the near-ultraviolet
(UV) band of the solar spectrum (wavelength shorter than 400 nm), to photo-excite a
semiconductor catalyst in contact with water and in the presence of oxygen. Semiconductors (e.g.,
TiO2, Zn0O, Fe,03, CdS and ZnS) can act as sensitizers for light-induced redox processes due to their
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electronic structure, which is characterised by a filled valence band and an empty conduction
band. The most important features of this process making it applicable to the treatment of
contaminated aqueous effluents are:

e The process takes place at ambient temperature and without overpressure.
Oxidation of the substances into CO, and other inorganic species is complete.
The oxygen necessary for the reaction can be directly obtained from the atmosphere.
The catalyst is cheap, innocuous and can be reused.
The catalyst can be attached to different types of inert matrices.

The energy for photo-exciting the catalyst can be obtained from the Sun.

Figure 59 shows a drawing which is frequently used to illustrate photocatalytic processes. It
consists of a superposition of the energy bands of a generic semiconductor (valence band VB,
conduction band CB) and the geometrical image of a particle.
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Figure 59. Energy band diagram and fate of electrons and holes in a semiconductor particle in the
presence of water containing a pollutant (P) (Malato et al., 2009).

Whenever different semiconductor materials have been tested under comparable conditions for
the degradation of the same compounds, TiO; has generally been demonstrated to be the most
active. TiO;'s strong resistance to chemical breakdown and photo corrosion, its safety and low
cost, limit the choice of convenient alternatives. The use of anion doping to improve
photocatalytic activity of TiO, under visible light is increasing. Doping of anions (N, F, C, S, etc.) in
TiO, crystalline could increase its photoactivity into the visible spectrum. Unlike metal ions
(cations), anions less likely form recombination centres and, therefore, are more effective to
enhance the photocatalytic activity. Semiconductor composition is another method to utilise
visible light to improve photocatalytic efficiency. When a large band gap semiconductor is coupled
with a small band gap semiconductor with a more negative conduction band level, conduction
band electrons can be injected from the small band gap semiconductor to the large band gap
semiconductor. Thus, a wide electron—hole separation is achieved.

Regarding the photo-Fenton process, it seems to be the most apt of all AOPs to be driven by
sunlight, because soluble iron-hydroxy and especially iron-organic acid complexes absorb even
part of the visible light spectrum, not only ultraviolet radiation. Research on photo-Fenton
undertaken covers the treatment of many pollutants, such as pesticides, chlorophenols, natural
phenolic pollutants, and pharmaceuticals. It was also successfully applied to wastewater with high
organic load in the order of 10 up to 25 g/L total organic charge.
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Hydrogen peroxide is decomposed to water and oxygen in the presence of iron ions in aqueous
solution in the Fenton reaction, which was first reported by Fenton in 1894 (H.J.H. Fenton, J.
Chem. Soc. 65 (1894) 899). Mixtures of ferrous iron and hydrogen peroxide are called Fenton
reagents. If ferrous is replaced by ferric iron it is called Fenton-like reagent. Equations below
summarise briefly the reactions of ferrous iron, ferric iron and hydrogen peroxide in the absence
of other interfering ions and organic substances. The regeneration of ferrous iron from ferric iron
by Egs. 1-3, is the rate limiting step in the catalytic iron cycle, if iron is added in small amounts.

Fe?* + Hy0p > Fe3* + OH™ +OH" (1)
Fe®* +H,0, > Fe?" +HO,® +H* )

Fe™* +HO.® > Fe®" +0p+H' 5

If organic substances (quenchers, scavengers or in the case of wastewater treatment pollutants)
are present in the system Fe?*/ Fe*/ H,0,, they react in many ways with the generated hydroxyl
radicals. Yet, in all cases the oxidative attack is electrophilic and the rate constants are close to
the diffusion-controlled limit.

Application of photo-Fenton for wastewater reuse has been a hot-topic research activity for
defining alternative water sources. Homogeneous photo-Fenton has some disadvantages, such as
its narrow optimum pH operating range, the high costs and risks associated with handling,
transporting and storing reagents, the significant iron sludge-related secondary pollution, low
light energy utilisation rate, high operating costs and design of photoreactors, which limit the
development of large scale photo-Fenton deployment (Kanakaraju et al., 2018). One of the most
widely studied improvements is circumneutral pH in a photo-Fenton-like process. At neutral pH,
dissolved Fe® ions precipitate. There are several possible strategies for overcoming this
disadvantage, including iron chelation, iron replacement with other metals, iron immobilised on
solid surfaces (heterogeneous photo-Fenton), use of iron oxides, etc. (Ungwanen et al., 2020). The
iron complexing agents most widely used are macromolecules with carboxylic and/or amino
groups which absorb light in the ultraviolet (UV)-visible range, also undergoing self-photocatalytic
degradation. Ethylenediamine tetra acetic Photo-Fenton applied to the removal of
pharmaceutical and other pollutants of emerging concern, thereby regenerating larger amounts
of eOH, (ii) promoting H,0, activation and *OH radical generation and (iii) improving iron
dissolution at pH around 7.0 (Oller et al., 2021).

The specific hardware needed for solar photocatalytic applications have much in common with
those used for thermal applications. Both reactors and photocatalytic systems have followed
conventional solar thermal collector designs, such as parabolic troughs and non-concentrating
collectors. At this point, their designs begin to diverge, since, for water treatment applications: (i)
the fluid must be exposed to ultraviolet solar radiation, and, therefore, the absorber must be UV-
transparent, and ii) high temperature does not play a significant role in the photocatalytic process,
so no insulation is required.

For many of the solar photocatalytic system components piping may be made of polyethylene or
polypropylene, avoiding the use of metallic or composite materials that could be degraded by the

Date: 15.05.2024 68 /98 Doc. Version: 1



oxidant conditions of the process. All materials used must be inert to degradation by UV solar light
in order to be compatible with the minimum required lifetime of the system (10 years).
Photocatalytic reactors must transmit UV light efficiently because of the process requirements.
With regard to the reflecting/concentrating materials, aluminium is the best option due to its low
cost and high reflectivity in the solar UV spectrum on earth surface. The photocatalytic reactor
must contain the catalyst and be transparent to UV radiation providing good mass transfer of the
contaminant from the fluid stream to an illuminated photocatalyst surface with minimal pressure
drop across the system. Aluminium is the only metal surface that is highly reflective throughout
the ultraviolet spectrum. Reflectivity ranges from 92.3% at 280 nm to 92.5% at 385 nm. The
surfaces currently available that best fit these requirements are: (i) electropolished anodized
aluminium and (ii) organic plastic films with an aluminium coating.

The choice of materials that are both transmissive to UV light and resistant to its destructive
effects is limited. Common materials that meet these requirements are fluoropolymers, acrylic
polymers and several types of glass. Quartz has excellent UV transmission as well as good
temperature and chemical resistance, but high cost makes it completely unfeasible for
photocatalytic applications. Fluoropolymers are a good choice of plastic for photoreactors due to
their good UV transmittance, excellent ultraviolet stability and chemical inertness. One of their
greatest disadvantages is that, in order to achieve a desired minimum pressure rating, the wall
thickness of a fluoropolymer tube has to be increased, which in turn will lower its UV
transmittance. Other low cost polymeric materials are significantly more susceptible to be
attacked by ¢OH radicals. Standard glass is not satisfactory because it absorbs part of the UV
radiation that reaches it, due to its iron content. Borosilicate glass has good transmissive
properties in the solar range with a cut-off of about 285 nm (Blanco et al., 2000). Therefore, such
a low-iron-content glass would seem to be the most adequate. The original solar photoreactor
designs for photochemical applications were based on line-focus parabolic-trough concentrators
(PTCs). The main disadvantages are that PTCs (i) use only direct radiation, (ii) are expensive and
(iii) have low optical and quantum efficiencies. But for solar water treatment applications, one-
sun (non-concentrating) collectors were designed with no moving parts or solar tracking devices,
and non-radiation concentration. Although one-sun collector designs possess important
advantages, the design of a robust one-sun photoreactor is not trivial, due to the need for
weather-resistant and chemically inert ultraviolet-transmitting reactors. In addition, non-
concentrating systems require significantly more photoreactor area than concentrating
photoreactors and, consequently, full-scale systems (normally composed of hundreds of square
metres of collectors) must be designed to withstand the operating pressures anticipated for fluid
circulation through a large field.

Compound Parabolic Concentrators (CPCs) are static collectors with a reflective surface that can
be designed for any given reactor shape, and have been traditionally applied for solar
photocatalysis. CPCs were invented in the 60s to achieve solar concentration with static devices,
since they were able to concentrate on the receiver all the radiation that arrives within the
collector’s “angle of acceptance”. They do so illuminating the complete perimeter of the receiver,
rather than just the "front" of it, as in conventional flat plates. These concentrating devices have
ideal optics, thus maintaining both the advantages of the PTC and static systems.

The light reflected by the CPC is distributed all around the tubular receiver so that almost the
entire circumference of the receiver tube is illuminated and the light incident on the photoreactor
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is the same that would be impinging on a flat plate (Colina-Marquez et al., 2009). They can make
highly efficient use of both direct and diffuse solar radiation, without the need for solar tracking.
There is no evaporation of possible volatile compounds and water does not heat up. They have
high optical efficiency, since they make use of almost all the available radiation, and high quantum
efficiency, as they do not receive a concentrated flow of photons. Flow also can be easily
maintained turbulent inside the tube reactor. Reports exist that provide excellent reviews of the
needs towards the solar hardware for photocatalytic processes based on TiO; and photo-Fenton
application including aspects of optics, geometry and reactor materials (Malato et al., 2007),
(Malato et al., 2009), (Malato et al., 2004) and (Malato et al., 2002).

This literature also reviews the different solar collectors developed and pilot-plant and industrial
applications.

LAV R \
Solar irradiation

-“'
-

Figure 60. Schematic drawing and photograph of CPC with a semi-angle of acceptance of 902
(Malato et al., 2022).

In the last years, different modifications of the CPC design have been tackled with the aim of
enlarging their applicability not only for contaminants elimination but also for simultaneous
disinfection and so, wastewater recovery. But for this objective, there are aspects that are
essential to be considered such as: (i) optimization of photoreactors taking into account the
processes specific requirements; (ii) development of viable process schemes (batch, continuous,
semi-continuous); (iii) development of process control strategies; (iv) the influence of process
parameters; (v) assessment of the influence of the water chemical parameters, (vi) find out
applications different to potable water disinfection (as a chemical-free system to control
pathogens in agriculture).

The current lack of data for comparison of solar photocatalysis with other technologies definitely
presents an obstacle towards an industrial application. One issue would be to give sound
examples of techno-economic studies. Another aspect should be the assessment of the

Date: 15.05.2024 70/98 Doc. Version: 1



environmental impact in its broadest sense. One excellent tool is the application of technologies
such as life cycle analysis. Several such studies were performed comparing different technologies
(Mufioz et al., 2006), (Giménez et al., 2015) and (Gallego-Schmid et al., 2019). These studies
confirm that solar photocatalysis is a promising technology compared to other investigated
technologies, showing the least impact in most of the investigated categories.

» 3.1.2 Beyond state of the art: innovation on water treatment and
reuse technologies.

Semiconductor (SC) heterogeneous photocatalysis was a pioneer in AOPs for the decontamination
of water, but photocatalytic efficiencies of a single-component material are unsuitable due to the
high recombination rate of photoinduced charge -carriers. Nowadays, heterogeneous
photocatalysis with single compounds and conventional pristine TiO, is no longer of interest in
high-impact scientific literature. However, not as much research has been done on synergies
between adsorption in active carbon (AC) photocatalysis and photocatalysts based on natural or
biologically synthesised materials.

Heterojunction photocatalysts have been a choice focusing on structures with TiO; as well as
other SCs. LaFeO3-TiO,,TiO; and Bi;04, N-C=S/TiO,, TiO>—Zn0, BiOI-BisOsI, Gd, Nb, V and Mn-
doped a-Bi>03, CuBi;04/WO0s3, Bi/Sn0,/Ti0,-GO, Pd/g-C3N4,hemin-BWO, Ag,;WO,4/AgsP04, Ag/AgCl-
polyaniline, CuOx/BiVOy, are all active in the visible light range. Successful anchoring enables the
electrons generated by solar irradiation to migrate efficiently to the conduction band of the SC,
while the holes left on SC shift rather to the valence band of the heterojunction couple, resulting
in accelerated separation of electron-hole pairs. However, treatment times described with single
contaminants dissolved in water were always in the range of one hour and even longer. Therefore,
a promising, cost-effective or efficient strategy has not yet been found for the design and
synthesis of novel visible light—driven photocatalysts that could be used for the degradation of
organic contaminants in water.

Doping photocatalysts with metals and non-metals (N and C are used the most) is a common
strategy for reducing band gap energy, as well as suppressing the recombination rate of
photogenerated electrons and holes. This strategy has shown a consistent decrease in
photodegradation, while increasing efficiency, stability and reusability (Liu et al., 2020), (Igbal et
al., 2020), (Ahmadpour et al., 2020), (Rosset et al., 2020), (Sharma et al., 2020), (Cemre et al.,
2019) and (GOmez-Avilés et al., 2019). The use of carbon nanotubes in several of these studies
provided faster charge transport, suppressed possibilities for recombination and created extra
band gap states.

Immobilization of photocatalysts on new photoreactors design is what stands beyond the state of
the art nowadays, granting the SC recovery and reuse, which remains a major barrier preventing
industrial application of photocatalysis. Attempts have focused on the glass solar photoreactor
tubes, for example, TiO; has been supported as nanotubes or on inorganic materials, such as SiO;
fibres (Song et al., 2020), zeolite (Behravesh et al., 2020), ceramic foams, boron nitride nanosheets
(Lin et al., 2019), ordinary glass (Rezaei et al., 2018) or glass rings (Rodriguez et al., 2019) and clay
that should be selected for their surface area and chemical and thermal stability. Otherwise, they
could fail in their main objectives: durability and not releasing material into the treated water.
Other concerns are related to process efficiency per photoreactor surface area, which is much
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lower in SC supported systems than in slurry solutions. One line of research focuses on
photocatalysts supported on magnetic materials (mainly based on iron oxides) has gained
attention in recent years (Polliotto et al., 2019) as the catalyst can be easily separated from the
reaction solution with a magnetic field and be reused. However, these new findings have not
considered how difficult it would be to keep these heavy materials in suspension in large
photoreactors for wastewater treatment.

Figure 61 summarises the beyond state of the art different issues that are hotspots nowadays in
solar photocatalysis applied for wastewater treatment and reuse.

new SCs anchoring SC on inert supports
doping SCs additional oxidants
combination of SCs process modelling
non-metal AC/SC
TiO,/SC
chemistry
materials science photoreactor designs
chemical engineering technological/lenergy requirements
environmental science analytical/itoxicological studies

Figure 61. Main issues and subject areas about solar heterogeneous photocatalysis for water
Treatment (Malato et al., 2022).

As commented in the section before, the main challenge on solar photo-Fenton application for
wastewater treatment and reuse is the non-solubility of iron at pH higher than 3. Urban
wastewater treatment would require treatment technologies that could be applied at the natural
water pH (normally between 6 and 7.5), as acidification and neutralisation before and after
treatment, respectively, would dramatically increase process cost and water salinity. Photo-
Fenton at circumneutral pH using low concentrations of iron and H,0, would be a mild, and
therefore, a more suitable process for urban wastewater treatment. The most widespread
strategy applied to date is the use of EDDS chelating agent to maintain the low concentration of
iron dissolved in solution the higher possible time as the complex formed is degraded by solar
light due to the reactive oxygen species generated during treatment. However, as a step forward
beyond state of the art, other substances and residues have also been tested and are interesting
for future applications. For instance, Polyphenols can act as iron chelating agents, these
compounds are usually present in olive mill wastewater, winery wastewaters and other
agroindustry wastes (Ruiz-Delgado et al., 2019). Figure 62 shows the different challenges to be
considered for investigating new mild solar photo-Fenton processes for urban wastewater
treatment and reuse.
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Figure 62. Wastewater treatment by homogeneous photo-Fenton: main parameters and
drawbacks to be considered for investigation beyond state of the art (Malato et al., 2022).

It must be highlighted that the need of removing the suspended catalyst particles in SCs
application and the requirement of a water pH modification for classical photo-Fenton best
performance or the organic content increase when using iron-chelates like EDDS for performing
photo-Fenton process at near-neutral pH, have move the research interest to find efficient and ’
cleaner’ solar processes. Besides, other boundary aspects have been currently included and
considered as key factors to determine the suitability of any potential new water treatment: (i)
the capability to simultaneously inactivate microbial pathogens and degrade organic
contaminants efficiently; (ii) to keep an enough residual oxidising effect to avoid a potential
microbial regrowth; (iii) the absence of a residual toxic effect and, (iv) the minimization of the
treatment costs, including the reagents usage, the irradiation device and the operational
management and maintenance. In this scenario, the sunlight-based photochemical processes
using low concentrations of oxidising chemicals such as hydrogen peroxide (H,0,),
peroxymonosulfate (PMS), persulfate (PS), free chlorine (FCh) or peracetic acid (PAA), have arisen
along the last years as a very promising option for water and wastewater purification (Fig. 63).
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Figure 63. Scientific articles published by different authors in the last 15 years related to
photochemical processes driven by natural sunlight for water purification. Data from Scopus
database (October 2021) (Berruti et al., 2022).
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The potential implementation of any solar water treatment needs to be able to be applied for
treating large contaminated water volumes. Nowadays, there are two main solar reactor designs
considered as promising engineering solutions: i) the Compound Parabolic Collector (CPC), which
was developed in the 60s and belongs to the State of the Art of photoreactors for photocatalytic
treatment of wastewater (described in section 3.1.1, figure 64 a); (ii) and open photoreactors
traditionally used for algae growing or even aerobic biological secondary treatment in UWWTPs,
the Raceway Pond Reactor (RPR).

RPR consists of extensive reactors with channels in a closed loop, provided with a paddle wheel
connected to an engine to recirculate the water (figure 64 b). They are also equipped with baffles
to ensure homogeneous flow avoiding dead zones. The efficiency and feasibility of using RPRs for
the photo-Fenton process was demonstrated for the first time by Carra et al., 2014. In contrast
with CPCs, the cost associated with the treatment in RPRs is low, since the power requirements
for mixing are only just over 4 W/m? and the construction costs are around 10 €/m?. Additionally,
the liquid depth in the reactor can be varied according to the availability of solar radiation for a
better use of photons that reach the reactor surface.

Schematic drawing of CPC

Collector Area

Aluminium mirror

Schematic drawing of RPR

e e .

Figure 64. a) Diagram and photos of CPC and b) Raceway Pond reactors at CIEMAT-PSA facilities
(Berruti et al., 2022).

b)

Due to RPRs being open channels, their use is not recommended when the treatment requires
long reaction times or for the treatment of highly toxic effluents and/or industrial/complex
wastewaters. However, for such rapid treatments (tens of minutes) at neutral pH for simultaneous
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elimination of micropollutants and pathogens in effluents from MWWTPs is a highly promising
application for this easy to construct and maintain solar photoreactor (De la Obra et al., 2017).

In this sense, there is still huge space for innovation and improvement on solar photoreactors
design beyond the state of the art, focusing on the technological bases of CPC and RPR depending
on the specific application. Taking advantage of the WIDENING partner on its traditional and
proven knowledge on solar reactors design, both for thermal and photonic applications, a new
pilot plant has been designed and assessed with the expert assistance of CIEMAT partners from
the Solar Treatment of Water Research Unit at the Plataforma Solar de Almeria.

A new prototype of a Compound Parabolic Collector (CPC) photoreactor with high optical path
length and a non-imaging modified near-one-concentration (One-Sun) CPC-type back reflector
has been installed at UEvora - Renewable Energies Chair facilities, and evaluated for
decontamination using pharmaceuticals and phenol as model compounds. It consists of a tubular
photoreactor with 150 L total volume and 62.32 L illuminated volume, that operates in batch
mode with water recirculation. The reactor is a south-facing (east-west mounting) system on top

of a structure tilted to 40¢, as figure 65 depicts.

Figure 65. Solar reactor prototype installed at UEvora - Renewable Energies Chair facilities.

The back reflector is a non-imaging modified near-one-concentration (One-Sun) Compound
Parabolic Collectors type (CPC-type), that captures and uses both direct and diffuse solar radiation
in the visible and UV range, with the geometry designed by Osério et al. (2019) as presented in
figure 66 (d). Osdrio et al. (2019) compared the optical and thermal performance and the
materials' costs of four reflector designs, based on different virtual absorber geometries to deal
with the gap losses and propose cheaper manufacturer solutions.
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Figure 66. Ideal CPC-type reflector designs for different virtual absorber geometries, retrieved
from Osorio et al. (2019), (a) Design 1: Ideal; (b) Design 2: Extended cusp; (c) Design 3: Small
tunnel; (d) Design 4: Big tunnel.

The first design (ideal, Figure 66a) is the closest to the ideal tubular case, whilst the second design
(extended cusp, Figure 66b) reduces gap losses in comparison with design a. The third design
(small tunnel, Figure 66c) is also an attempt at reducing gap losses by considering the virtual
absorber in the form of a tunnel defined by the absorber's upper half and two vertical sections
from the absorber's left and right midpoints to a horizontal line passing at the absorber lowest
point. Finally, the fourth design (big tunnel, Figure 66d) is like the previous one but extends the
vertical sections to a horizontal line tangent to the glass envelope's lowest point. Designs a and b
achieve lower specific costs since their aperture area per tube ratio is higher, however, observing
the reflector shapes, design d presents the highest low-cost production potential since it removes
the existence of any bending. It is important to highlight that the chosen curve design is not the
design with higher energy yield but the one that simplifies the manufacturing demands for better
optical, thermal and cost parameters that give the lowest energy cost.

The solar collector was obtained by moulding the CPC-type profile over the receiver length and
has the following dimensions: Aa (mm?2) = 305.64; Perimeter (mm): 453.23; Aperture area (m?):
1.83. It is made of an electro-brightened pre-coated mirror finished aluminium (SWR686) with
>84% Total solar reflectance, 287% Total solar reflectance “visible range”, <3% Diffuse reflectance
and 280% Specular reflectance.
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The horizontal receivers are connected in series to form the photoreactor, with tubes and valves
made of HDPE, visible in Figure 67. The 4 tubes are made of borosilicate glass 3.3 DURAN®, 125
mm outer diameter, 5 mm wall thickness and 1.5 m length.

(https://www.schott.com/d/tubing/9d60ae04-a9db-4b63-82b3-7aebd5bad71e/1.6/schott-
tubing brochure duran english-en.pdf).

The reactor operates in batch mode with water recirculation, reaching a maximum of 130 L/min,
being equipped with a Magnetic drive pump ADM 10 (delivery rates up to 13 m3/h, with a motor
of 0.75HP and 2800 RPM), and a MS600 ISOMAG magnetic flow meter with a converter MV110

ISOMAG (flow rate of 0 to 12.500 I/h).

Figure 68. Magnetic drive pump ADM 10 (left); MS600 ISOMAG flow meter (right).

Along with the physico-chemical characterization during the degradation experiments (e.g., pH,
dissolved oxygen, temperature, oxidation-reduction potential, electrical conductivity), data on
water temperature is obtained by the temperature sensors (PT100) installed at the inlet and
outlet of the photoreactor, Direct Normal Irradiance (DNI), Global horizontal irradiation (Ghi) and
Diffuse horizontal irradiation (Dhi) are acquired at a nearby (~100 m) meteo station (CMP11,
CHP1, Kipp & Zonen), and a SUV-A Kipp & Zonen UV Radiometer (315-400 nm) and a CMP11 Kipp
& Zonen pyranometer (285 to 2800 nm) to gather data on the Global irradiation on the plane
(Gplane_i) are installed directly on the reactor (Figure 69). The pilot plant has a SCADA system for
monitoring, data acquisition and control purposes during the tests.

Energy consumption during each experiment is also measured, to assess the energy requirements
to further design a photovoltaic system to power the auxiliary systems, as a following step. This
will contribute to degrade emerging compounds with renewable energy, with zero CO, emissions,
and with reduced operating and maintenance costs, making this process sustainable and in line
with the European decarbonisation strategy.
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Figure 69. Meteorological station (a); Pyranometer (on the left) and the UV Radiometer (on the
right) installed in the reactor plane (b).

Degradation experimental tests were carried out, using pharmaceuticals (e.g. naproxen,
diclofenac, carbamazepine and ibuprofen) and phenol at high concentration (10 mg/L and 20
mg/L, respectively) as model contaminants and the photochemical process selected was
heterogeneous photocatalysis with TiO,.

As an example, results on ibuprofen conversion rate in relation to increasing TiO, concentrations
(10, 25, 50 mg/L) are presented in Figure 70. As it can be observed, 29% degradation was obtained
by photolysis at the end of 300 min, and a maximum of 86% when 50 mg/L of TiO, were used.
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Figure 70. Ibuprofen (10 mg/L) conversion rate in the photoreactor, with increasing TiO>
concentration.

The results on the phenol conversion rate, in relation with increasing TiO, concentrations (10, 25,
50, 200 mg/L) are presented in Figure 71. As it can be observed, 24.4% degradation was obtained
by photolysis at the end of 300 min, and a maximum of 37% when 25 mg/L of TiO, were used.
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Figure 71. Phenol (20 mg/L) conversion rate in the photoreactor, with increasing TiO,
concentration.

Next step of characterization and efficiency of this new design of photoreactor will be the
comparison of its performance with heterogeneous and homogeneous photocatalysis, for
industrial and urban wastewater treatment, and photocatalytic experiments with conventional
CPC and RPR performance. The expert partner CIEMAT will assess the WIDENING partner in this
task.

» 3.1.3 Techno-economic assessment

Wastewater treatment and reuse as a sustainable alternative source of water is focused to reduce
not only the requirements of freshwater withdrawal for agricultural activities but also to reduce
industry water footprint. In consequence, different treatment strategies based on technology
integration must be defined and assessed, and best option selected considering techno-economic
efficiency together with the application of life cycle and health risk assessment tools (especially
when reuse of treated wastewater for crop irrigation is tackled).

In recent years, activated carbon, nanofiltration, reverse osmosis membranes or air stripping may
all be used for wastewater treatment and recovery. However, such technologies are only phase-
transfer techniques, which do not destroy micropollutants. As already pointed out in this report,
AOPs have been proposed as tertiary treatments for MWTP effluents due to their versatility and
ability to increase biodegradability, and detoxify effluent streams containing polar and hydrophilic
chemicals. The main drawback of AOPs is that their operating costs are much higher than
conventional treatments due to the high electricity demand of the UV lamps and some reagent
costs. Therefore, the attention of this research is focused on AOPs that can be driven by solar
radiation for more than ten years now, as well as on their integration with biological systems
(which are the cheapest treatment) and other pre or post-treatments to reduce operating costs.
Comparison with conventional technologies such as ozonation and UV-C lamps in terms of costs
has been also tackled and always-advisable when solar-based solutions are suggested to be
implemented and integrated with other technologies in specific areas, considering their high land
requirements.
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Ten years ago the first economic comparison of ozonation and mild solar photo-Fenton process
as the core treatments for the elimination of actual microcontaminants present in UWW were
published. Demonstrating that the solar AOP is competitive with conventional treatments not
only in terms of efficiency but also in costs. From the technological side, the advantage of avoiding
the generation of disinfection by products in solar photo-Fenton compared to ozonation or UVC
lamps must be also considered as a huge advantage.

3

€m

Solar photo-Fenton Ozonation

90% 98% 90% 98%
Reagent 0.064 0.148 0.16 0.22
Labour 0.03 0.05 0.05 0.05
Electricity 0.004 0.010 0.010 0.020
Investment 0.09 0.15 0.23 0.27
Total 0.188 0.358 0.450 0.560

Figure 72. Costs of solar photo-Fenton and ozonation tertiary treatments for 90% and 98%
elimination of micropollutants (Prieto-Rodriguez et al., 2013).

Next steps on techno-economic assessment of potential solar-based solutions for the elimination
of microcontaminants and pathogens from urban wastewater or industrial wastewater treatment
were focused on the evaluation of process integration strategy:

® AOPs combined with biological treatments (Sdnchez et al., 2013).

e Nanofiltration membranes as pre-concentration step to reduce the total volume of
wastewater and increase the concentration of microcontaminants contained for
reduction of operating costs in the subsequent solar AOP (Miralles-Cuevas et al., 2016).
Costs were estimated based on a flow rate of 1000 m® per day (365 operating days per
year) and over 90% degradation of 35 different microcontaminants in actual wastewater.
The highest operating costs were related to EDDS and the hydrogen peroxide for solar
photo-Fenton, pumping for nanofiltration and O3 generation (figure 72).

e New RPR solar photoreactor applied for the removal of micro contaminants contained in
effluents from 5 treatment plants in the Mediterranean area of Spain, the inorganic and
organic composition varying in the range 161-641 mg/L (sulphate), 133-538 mg/L
(chloride) and 10-20 mg/L (dissolved organic carbon), which deeply influence on the
efficiency of the solar-based treatment. RPR operation in continuous flow mode at a
hydraulic residence time of 15 min, to achieve more than 80% of micro contaminant
removal with 0.1mM Fe**-EDDS and 0.88mM H,0, for 8 h per day. With these data, the
estimated area of the RPR was 250m? to treat 400m?3/d, resulting in an amortisation cost
of 188 €/y. Concerning operating costs, the reagent cost, mainly affected by the high cost
of EDDS, represented 94% of the total value. Energy cost, mainly affected by wastewater
pumping, represented 6%. Maintenance cost was less than 0.1%, thus it could be
considered negligible. Finally, the unitary total cost of the treatment was estimated to be
0.46 €/m3.
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Figure 73. Graphical abstract of integration of nanofiltration with solar photo-Fenton for

municipal wastewater treatment effluents (Miralles-Cuevas et al., 2016).

In the following table, costs related to the new photoreactor design installed in the WIDENING
partner facilities are summarised. Maintenance and operation costs would be also calculated at
the end of the project when the complete technological assessment and comparison with the
state of the art and new open photoreactors will be finalised.

Reactor components Costs (€)
Control and operation equipment 4 195,00 €
Reactor structure 2182,17 €
Tubing accessories 485,23 €
Reflector 4341,60 €
Personnel 1500,00 €
Estimated costs for 1 m? 11,858.40 €

The scarce literature dealing with AOP costs is mainly focused on processes at pilot-plant scale.
To consider the reduction in cost per unit resulting from increased wastewater volume, the impact
of scaling up on the combined process total costs must be also analysed. More than a 30% cost
reduction could be achieved when scaling the combined process from 1 to 40 m3/day.
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5. RELATED PLANS (FOLLOWING PM? METHODOLOGY)

Deliverables Acceptance Plan

The management of the formal customer’s acceptance of project deliverables (responsibilities,
activities and the criteria for the deliverables acceptance) is described in the Deliverables
Acceptance Plan. The location of this artefact is found in the Appendix 1.

Project Description of Action

The Project Description of Action includes the project Work Plan and captures all types of
resources requirements, schedule and effort/costs foreseen for the deliverables acceptance
activities. The location of this artefact is found in Appendix 1.

APPENDIX 1: RELATED DOCUMENTS

The Project documents will be stored in a shared drive located in Google Drive. The access will be
granted by that partner and each user will have a different access according to their profile, role
and responsibility in the project.

The Project Steering Committee (PSC) will have access and editing permissions to all folders in the
drive. Project Core Team (PCT), will have editing access to respective WP folders and reading
access to remaining ones. Project Support Team (PST) will have reading access to WP folders and
finally, Project Owner (PO) may have reading access to all folders including legal documents.
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In each folder, the latest pdf and word versions of each document will be available and the
previous versions shall be conserved in a separate folder named [versions] until the end of the

project.

At the end of the project, each partner will make a copy of the shared folder to be stored in their
own organisation's drive and this must be kept following internal organisational procedures.

ID Reference or <Related Document>

1 Project folder

2 Project Description of Action (Part A and
B)
<Grant Agreement-101079305-Sol2H20-
1.pdf>

3 Deliverables acceptance plan
<[08.1.PM2.v3].Deliverables_Acceptance
_Plan.SOL2H20.16-02-2023.v.1>

4 Deliverables acceptance note
<29.1.PM2.v3.Deliverables_Acceptance_
Checklist.SOL2H20.26-05-
2023.v1.0.xlsx>

5 Deliverables acceptance Checklist
<[29.1.PM2.v3].Deliverables_Acceptance
_Checklist.SOL2H20.16-02-2023.v1.0>

Date: 15.05.2024

Source or <Link/Location>

https://drive.google.com/drive/folders/1-
Sh01haBiCérnb7Pj_ixYfruM5BcKqfD?usp=drive
_link

Project folder
https://drive.google.com/file/d/1r_-VI7_otsM
u6tBz5rezfv9tTbulNfLF/view?usp=share_link

Project Folder

https://drive.google.com/drive/folders/1-
Sh01haBiC6rnb7Pj_ixYfruM5BcKgfD?usp=drive
_link

Project Folder

https://drive.google.com/drive/folders/1-
Sh01haBiC6rnb7Pj_ixYfruM5BcKqgfD?usp=drive
_link

Project Folder

https://drive.google.com/drive/folders/1-
Sh01haBiC6rnb7Pj_ixYfruM5BcKqgfD?usp=drive
_link
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