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ABSTRACT

Single cooling and desalination technologies require a high amount of energy to produce cooling and fresh
water respectively. Coupling these systems seems to be attractive not only to reduce their energy consumption
rates and to gain more flexibility in operation but also for environmental considerations. Besides, using solar
energy to drive these coupled systems appears also interesting. The major increases in cooling and desalination
demands occur in locations where solar energy is abundant. This article reviews the latest research works on
systems able to carry out cooling and/or desalination using solar energy. The ability of coupling desalination
technologies to cooling systems is investigated. A heat pump can produce cooling energy at the evaporator and
heat at the condenser for a membrane distillation unit. An ice slurry process can operate with sea water. It
freezes only pure water that can be separated from the liquid. A comparison of these systems is made. Membrane
distillation (MD) and ice slurry systems must improve to be as efficient as standard technologies. An intelligent
energy and water production management will have to be developed to control the operation of a system

coupling ice slurry, MD and solar photovoltaic energy.

Keywords: cooling, desalination, solar energy

1. INTRODUCTION

This article first describes the global context of cooling energy demand and fresh water scarcity and the
relationship with the available solar resource. A path for energy savings is the coupling of technologies. The
possibility of coupling cooling, water desalination and solar power systems is then discussed by means of a
review of systems. Some desalination techniques are identified as adaptable to cooling systems. Finally, a short

study is carried out to assess the different chosen coupled solutions.

1.1. Climate change

Following the latest report from the International Energy Agency (IEA) [1], the global primary energy supply
has increased by approximately 3000 Mtoe (million tons of oil equivalent) since the year 2000 to reach nearly

13000 Mtoe in 2011. The outlook to 2035 shows two trends of total primary energy consumption that constitute
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two boundaries. The trend based on policies under consideration in the concerned countries forecasts a global
growth of 4000 Mtoe. The second scenario is based on policies needed to limit global average temperature
increase to 2 °C. This scenario would lead to a stabilization of primary energy supply. In both scenarios, energy
supply in countries from the Organisation for Economic Co-operation and Development (OECD) will decrease
whereas in other countries, it will increase, especially in China and other Asian countries. Global warming is
one of the most significant causes of the increase of cooling energy consumption [2-3]. Indeed if the climate is

warmer the cooling demand will rise.

1.2. Population growth

Beyond the climatic issue, the first reason for the cooling demand increase is the growth of the world population
expected to pass from 7 billion in 2011 to 9.3 billion in 2050 [4]. Rural exodus even emphasizes the growth of
big cities. Another factor is the urban heat island effect [5]. The proximity of buildings and their cooling
equipment creates hot outdoor environment because of the hot air flowing out of the condensers. It provokes
higher cooling needs and lower performance of the air-conditioners. The use of condenser heat for desalination
would help address this issue. In addition, economic growth of emerging countries where the climate is quite
hot in some seasons lead to higher air conditioning consumption. Architectural choices are often not so well
adapted to the climate and to the increase of internal gains due to more and more household electrical equipment

and ICT (Internet Connected Technologies) devices like computers, smartphones, etc.

1.3. Buildings

The building sector accounts for 40 % of the world’s energy consumption and one third of total greenhouse gas
emissions [6]. Following the Intergovernmental Panel on Climate Change (IPCC) [7], energy saving measures
in this sector would be among the most efficient in terms of benefit-cost ratios. Cooling applications already
account for an important part of energy consumption. Ren et al. [6] predict that cooling represents 28.3 % of
the electricity consumption of a dwelling in Townsville, Australia’s largest tropical city. For Sadineni and
Boehm [8], the US electricity consumption is devoted at 22 % and 7 % to air-conditioning and refrigeration
respectively. In 2011, 23 % of electric energy in French houses is consumed for cooling [9]. The proportion has
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decreased since 1990 but the amount of energy is just stable even when considering the significant effort of
manufacturers to produce more efficient cooling systems. The reason is due to the fact that the global sales of
air-conditioners have grown from 44 to 94 million units from 2002 to 2012 [10]. There is obviously an important
desire of people from developed and developing countries to access higher level of comfort [11]. Cooling
demands participate to power outages in regions where the electrical grid shows weaknesses. An IEA document
on energy in emerging countries reports the number of power outages per month, their duration and the
equivalent lost value estimated as a percentage of sales [12]. In the Middle East and North Africa regions and
in the Sub-Saharan Africa, the number of power outages is respectively 10.45 and 14.3 per month. The higher
value, 42.18 power outages per month, occurs in South Asia, representing a lost value up to 10.68 % of sales.
In these regions, the electricity supply network needs a strong support. The other goal of shifting the peak load
is to pay less for energy subscription [13]. According to the IEA, a peak load reduction of 5 % could have
reduced the highest wholesale prices by 50 % during California’s power crisis in 2000 [14]. Some solutions
enable to shift the peak demand using storage systems (ice slurries, cold water, building mass, PCM...) [13; 15-
21]. Solar energy can also be an interesting way [22]. It can reduce the energy consumption of the cooling

technologies as well as the related environmental impacts.

1.4. Solar energy

Solar cooling is an interesting way of saving energy. An IEA programme is dedicated to solar heating and
cooling systems [23] and until 2013, the main solar cooling approach was developed by coupling solar thermal
collectors and sorption solutions (chillers or air handling units). These solutions can provide low-carbon
emission energy. As photovoltaic prices strongly decreased, it appeared recently that the simplest way to
connect solar energy and cooling systems would now be solar photovoltaic panels providing electricity for a
cooling machine compressor. The connection of solar photovoltaic panels to the grid could also be a possible
solution to the problem of high electricity demands for cooling [8]. Moreover, the energy consumption of air-
conditioning systems reaches a maximum when the solar gains are the highest. In the middle of the day, for
example, there is a peak demand that has to be supplied by the electric grid [6]. The electricity generation system
can be supported by the energy input from solar panels.
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The global installed capacity of PV solar panels is increasing exponentially [24]. It was near to reach the power
of 100 GWp at the end of 2012 [25]. This tendency was boosted by the diminution of the cost of solar panels
[26] thanks to the price decrease of the main raw material, polysilicon. Ondraczek et al. calculate the Levelized
Cost Of Electricity (LCOE) from solar PV systems in 143 countries taking into account the solar resource and
the financing cost [27]. The LCOE ranges from 0.30 US$/kWh in Spain up to 7.73 US$/kWh in Zimbabwe with
a median value at 0.54 US$/kWh. In addition, solar panel conversion efficiency (conversion of solar energy
into electric energy) is steadily increasing since fifteen years both in R&D and mass production sectors [24].
Intermittence of solar energy is the most important issue. There are three main solutions: storage of electricity
in batteries despite a higher cost or connection to the electrical grid to evacuate the surplus of produced

electricity or to supply additional electric energy if the solar PV is not sufficient.

1.5. Water

On Earth, 97 % of the water is the saline water of the sea and 2.5 % is frozen fresh water. The last 0.5 %,
accounting for 10 million km?, corresponds to the available freshwater. However, more than one billion people
live without improved drinking water sources [28] and the climate change has also an impact on water scarcity.
It changes the proportion of rainfalls in different regions of the Earth [29]. Some zones will have to face serious
problems of water supply to populations in the future. Agriculture, industry and energy represent also important
consumptions [30]. The freshwater withdrawal is expected to increase by approximately 60 % between 2000
and 2050. One solution to deal with the freshwater resource depletion is to desalinate seawater even if the actual
energy requirement per cubic meter of water (safe for human consumption) is still high, between 2.5 and more
than 12 kWh. The number of desalination systems has increased continuously in the past years totalizing a daily
production of 66.4 million cubic metres of desalinated water worldwide in 2010 [31], 71.9 million m® in 2011
[32] and 81 million m? in the first quarter of 2014 [33]. A report on the geopolitical issues about water [34]
highlights the importance for a country of being independent regarding water supply. A second report for the
French government presents the most interesting innovation paths for the industry [35]. Research and

development on desalination is one of them.



1.6. Cooling demands, solar resource and possible desalination needs

The correlation between high cooling demands, solar resource and possible desalination needs can be assessed
(table 1). The method uses the population of agglomerations and their population growth rate [36]. The data on
climate change (temperature increase) and the change in annual precipitation is available in the last IPCC
document [29]. The Cooling Degree Days (CDD) and solar resource were calculated using Trnsys software
[37]. The cooling degree days are estimated to be the sum (on a yearly basis) of temperature difference between
the average outdoor temperature (on a daily basis) and the indoor temperature that a cooling machine should
compensate to satisfy the comfort requirements summed over a year. The indoor temperature is estimated at 18
°C, a low value to roughly take into account internal gains and solar gains [11]. Table 1 shows that climate
change has different impacts on the change in annual precipitations. Fewer precipitations are recorded in
Senegal, Saudi Arabia and more are recorded in India and France. The solar resource and the cooling degree
days are more or less correlated, except in Mumbai having a hot and humid climate.

Table 1: Comparison of populations [36], growth rate [36], climate change [29], change in annual precipitation [29],
cooling degree days [37] and solar resource [37] of five cities

Climate change Change in annual

from 1901to 2012  precipitation ) Solar resource
Cooling Degree

Population of
agglomeration  Average growth

City Country o (temperature range from 1951 (kWh/m? per
(millions of rate o Days
inhabitants) variation range to 2010 (mm/year year)
in K) per decade)
Dakar Senegal 29 4.30% 0.8:1.0 -10:-25 2343 2139
Mumbai India 21.4 2% 1.0:1.25 +10: 425 3435 1839
Paris France 10.7 0.55% 1.25:15 +2.5:45 167 1037
Riyadh Saoudi Arabia 6.15 2.25% 0.8:1.0 -2.5:-5 3061 2217
Sydney Australia 4.675 1.35% 1.0:1.25 -10:-25 646 1608

Figure 1 presents the ratio relatively to an average value (superscripts “rel” for relative and “ave” for average)
of temperature difference due to climate change (equation 1), Cooling Degree Days (CDD) (equation 2), Solar

Resource (SR) (equation 3) and Precipitation Decrease Per Inhabitant (PDPI) (equations 4 and 5).
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Figure 1: Relationship between relative values of climate change, cooling degree days, solar resource and
precipitation decrease per inhabitant of five cities

The last index is calculated as the yearly variation of the ratio of precipitation over population using the present
population growth rate and the mean past change in precipitation over 50 years. If this index is positive, the
ratio of precipitation per inhabitant is lower than the previous year. For each city, the population growth is such
that the water precipitation per inhabitant is lower every year. The water precipitation decrease per inhabitant
can be seen as a possible need for desalination. This case is a credible scenario that could be applied by the
authorities managing the water supply. However, a lot of further factors can influence the rise of a demand for
desalinated water, such as the water consumption evolution due to industry development or the non-use of
desalination such as the development of the existing water network if the resource allows it, new technologies
for water savings and implementation of good practices. Moreover, the fact that many big cities are near the
sea, the recourse to desalination for at least a part of the future water consumption seems unavoidable. In these

five cities, figure 1 shows that if the solar resource and the cooling needs are high, the precipitation decrease is
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high as well. To enunciate more general rules about this relationship, the study should be enlarged to other cities

having other climates and other population growth rates.

A path for energy savings is to operate a coupling of systems. In this article, the coupling of cooling, desalination
and solar photovoltaic systems, two by two, is reviewed to reveal the most beneficial techniques and to
investigate their possibility of coupling. The final objective is the determination and assessment of

configurations coupling cooling, desalination and photovoltaic systems.

2. DESALINATION SYSTEMS

2.1. Main desalination systems

Between a pre-treatment (mainly filtration) and a post-treatment (addition of minerals), a desalination plant
works following the scheme of figure 2. Saline water enters the system and uses energy to extract a certain

amount of freshwater and rejects the rest of the saline water that exits the system more concentrated.

The major desalination processes are presented in figure 3 inspired from a publication of Li et al. [31]. Figure
4 presents the proportions of global freshwater production by the main desalination technologies. The acronyms

used in figures 3 and 4 are given in the nomenclature.

Energy: Saline water: Sea or Brackish
Thermal,
Mechanical, Product:

Fresh water

Electrical Separation unit:
Thermal or Membranes

Rejection: Brine
(concentrated salt water)

Figure 2: Scheme of a desalination plant



Desalination

processes

Thermal With
membrane

MSF MED
MVC TVC ST RO
PVD HDH FM ED
ABPH ADPH

EFC

Figure 3: Main desalination processes for freshwater production [31]

MRO ®MSF ®MED mOthers

Figure 4: Proportion of installed desalination plants in terms of production capacity in cubic metres per year [31]

Reverse Osmosis (RO), Multi-Stage Flash distillation (MSF) and Multiple-Effect Distillation (MED) are the
most common processes. Reverse osmosis is a membrane desalination process in which the feed saline water is
compressed to high pressure values. When a concentrated salted solution and pure water are separated by a
semipermeable membrane, an osmotic pressure difference exists between the two solutions. The osmotic
pressure is dependent on the water salinity. Pure water tends to pass through the membrane from the less
concentrated to the most concentrated solution in order to equalize the chemical potential of water in both

solutions. If a pressure higher than the osmotic pressure is applied on the concentrated solution, pure water is
9



extracted from the salted solution through the membrane. This desalination technique is the most energy
efficient. It consumes between 2 to 8 kWh/m? of electricity (the thermodynamic limit is about 1 kWh/m? for 35

g/l seawater at 50% recovery [38] and costs less than 1 $/m? [39].

Multi-stage flash distillation produces pure water by boiling then condensing saline water in several vessels
(called stages, between 4 and 40) placed in series [39]. The feed water passes through each vessel inside tubes
and gets preheated by the condensation energy of the formed water vapour. It is then heated in a brine heater
and enters the first vessel in which the pressure is reduced. This lower pressure results in a sudden evaporation
of part of the pure water contained in the saline solution (flashing phenomenon). The vapour is condensed on
the feed water tubes and then collected. The rest of the solution enters a second stage at an even lower pressure
where it flashes again and so on. MSF has proven to be the most reliable desalination technique during the years
1980s and 1990s, before the improvement of RO membranes. The electric energy consumption especially to
drive the vacuum pumps is high and is estimated from 3.5 to 5 kWh/m? but there is also a thermal energy

consumption that can be more than 40 kWh/m®. However, the cost of water is still under 1.5 $/m®.

In order to overcome several disadvantages and limitations including its high specific energy consumption and
lack of flexibility, MSF technology operates generally in dual purpose mode where power and fresh water are
produced simultaneously. Several alternative and advanced configurations coupling combined power plants and
desalination systems have been recently proposed and implemented. These configurations have shown gain in
efficiency and in reliability as well as reduction in heat transfer area and cost [40-41]. An example of such
projects is the new combined (steam and gas turbine power) and hybrid (MSF and RO desalination) project in

Ras Alkhair in Saudi Arabia [42].

Most desalination plants with high water production capacities use heat involved in electricity production of
thermal power stations. This kind of process follows the principle of cogeneration. In thermal desalination
processes (multi-stage flash, multi-effect distillation...), energy is used to warm up the entering seawater. Only
a little part of electric energy is needed for pumping. For example, the plants of Jubail in Saudi Arabia or Jubel
Ali in United Arab Emirates, the biggest in the world with a 900,000 m®/day water production, are supplied by

fossil fuels in the evaporation process. More generally, some projects associating a nuclear power station and
10



desalination plants are developing. The price competitiveness of the freshwater produced makes this solution

interesting [43-44].

Besides, multi-generation concepts have been explored in several recent studies. The work of Jung et al. [45] is
an example of such studies. It investigates the feasibility of a tri-hybrid desalination system for the production
of electricity, energy for heating and cooling and water. The cooling process in this work consists of an

absorption refrigerator.

On the other side, the major desalination techniques are not easily compatible with the operation of a
thermodynamic cycle for cooling purpose. RO only needs electricity to run a pump and no thermal energy. MSF
requires a too high temperature source for a standard single stage vapour compression cycle. Two innovative
desalination technologies are adapted to refrigerating cycles. On the condenser side, the heat can be used in a
Membrane Distillation unit (MD). On the evaporator side, Eutectic Freeze Crystallization (EFC) can be operated

for cooling and/or desalination. These two techniques are presented in the following sections.

2.2. Membrane Distillation

A membrane distillation unit involves the use of a micro-porous and hydrophobic membrane that separates a
feed compartment and a permeate compartment. A vapour pressure gradient is created so that part of the pure
water contained in the saline water evaporates at the interface and transfers through the membrane. The
transferred vapour is then condensed and collected by various ways. One the other hand, due to their low
volatility, inorganic ions and macromolecules are concentrated in the feed side and a total rejection can

theoretically be obtained [46].

Four basic configurations of membrane distillation process exist [47-50]. Figure 5 describes schematically these
configurations. Direct Contact Membrane Distillation (DCMD) and Air Gap Membrane Distillation (AGMD)
work with a vapour pressure difference created by a temperature difference. Sweeping Gas Membrane
Distillation (SGMD) and Vacuum Membrane Distillation (VMD) work with a lower pressure produced by

mechanical means in the right hand channel.
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Figure 5: Different types of membrane distillation [47-50]
The air gap membrane distillation is interesting for several reasons [49-51]. The operating temperatures of the
feed water are consistent with the condensing temperature of a heat pump. Just like DCMD, AGMD does not
require external condenser for water collection. Besides, AGMD is less sensitive to possible membrane wetting

than DCMD.

Whatever the configuration, structural, chemical, mechanical and thermal properties of membranes can still be
more stable [52] to improve the efficiency of the MD process. First of all, MD membranes must be hydrophobic
in order to prevent liquid water entering the membrane. Some of the materials having these typical
characteristics are polytetrafluoroethylene (PTFE), polypropylene (PP), polyethylene (PE) or
polyvinylidenedifluoride (PVDF) [46-54]. Membranes suitable for MD should also have an average pore
diameter in the range 0.1-1 um and a narrow pore size distribution [40;55]. Significant progress has been made
in manufacturing membranes suited for MD applications since the 1960’s, when membrane distillation was first
proposed. Thus, membranes with satisfying features are now affordable, which has allowed the construction of

the first seawater desalination plant based on MD technology in 2014 [54].

Membrane distillation seems economically interesting if coupled to a renewable energy source [50]. Why then
did it not emerge? Several limitations are still under investigation. MD membrane technology still has to develop
to provide higher flux and lower wettability. Some problems are related to temperature and concentration
polarization as well as the high required energy consumption compared to RO process. The MD processes
experience difficulties to scale up to commercial units [33]. The multistage concept has been implemented
recently. Other thermal desalination systems operate with higher temperatures that can come from solar
collectors or wastes of processes [56]. Membrane distillation operating in a range of lower temperatures might
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have found an interesting coupling with the condenser of a chiller. This coupling is new to the authors’

knowledge.

2.3. Eutectic Freeze Crystallisation (EFC)

Fujioka [57] reports that freeze desalination has some advantages when compared with other methods. One of
the main advantages of freeze desalination systems is its energy consumption. It requires only 420 kJ to remove
salt and produce 1 kg of fresh water, which is six times lower than what MSF requires [58]. In addition to that,
freeze desalination system is insensitive to corrosion problems because of the low operating temperature and
can operate for a long time with little maintenance [58]. However, there are some problems in operating this

kind of plant; one of the most troublesome is ice handling after the desalination process [59].

A continuous EFC system based on direct cooling in a mixed crystallizer followed by salt—ice separation has
been developed at the bench scale [60]. Crystallization was achieved by indirect cooling with wiped disks and
separation by means of gravity. In this system, the liquid feed stream enters the column at the centre, while ice
leaves the column at the top and salt is discharged from the bottom. When compared to conventional evaporative
crystallization, the energy required for EFC can be reduced by up to 70% and the 100% conversion into water
and salt is an advantage [64]. EFC system analysis and modelling have been conducted to simulate its transient

behaviour [61-63].

Fernandez Torres et al. [65] consider that Eutectic Freeze Crystallisation (EFC) is a new promising technology
that has the potential to compete with evaporation crystallisation but so far has not been built at industrial scale
utilization. This technology is thought to be able to reclaim good quality water [66]. Its energy consumption has
been claimed to be significantly lower than that of alternative technology [67].When deployed for the
beneficiation of waste material, the process might thus be thought to be environmentally friendly or even
“sustainable”. Nonetheless, such claims of superior environmental performance should not be made without a

rigorous environmental assessment.
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3. COUPLING OF SYSTEMS

In this section, previous works on the coupling of solar photovoltaic, cooling and desalination systems are

presented. In general, the conclusion is a better performance despite a more complex operation.

3.1. Solar desalination

Because desalinated water demands involve countries with solar resource, solar energy seems suitable for use
in desalination processes. However, the solar system representing a very large part of the overall system cost, it
needs to be carefully selected [31]. In thermal desalination processes, solar energy can be used as a heat source
with solar thermal collectors. During the last decades, many solar driven systems have been developed and
improved [30]. The majority of these solar thermal desalination systems based on solar still configuration,
humidification-dehumidification and membrane distillation processes have a major limitation related to their
small capacity of water production rates. They can be used in remote rural areas. Mittelman et al. [68] presented
a review study on large scale solar thermal desalination plants. The study focussed on the development of solar
collection systems coupled with multiple effect distillation process. The technical and economic issues of some
experiences on MED integrated with evacuated tube collectors, with parabolic trough collectors as well as with
compound parabolic concentrator collectors have been presented and discussed [68]. For membrane processes,
solar energy is used to produce electricity. Two systems were recently mostly studied: Concentrated Solar Power
(CSP) and photovoltaic (PV). As presented by Li et al. [31], with the exception of solar pond driven desalination
systems which do not need solar collectors, all other configurations have more than 25 % additional cost for
solar collectors. Membrane systems powered by CSP or PV are compared by Colombo et al. [69]. The most
studied membrane process studied is RO, appearing as one of the most efficient system. In CSP, steam is
produced by the collector and driven to a turbine connected to an electrical power generator. Combined with a
reverse osmosis system, the CSP system is regarded as one of the best choices for solar desalination [70]. This
use of solar energy presents the advantage of using a thermal storage system for longer hours of operation after
sunset and the ability to use a backup fuel for unexpected conditions. This system is particularly interesting for

large-scale installation. Nevertheless, CSP presents some disadvantages compared to PV. Indeed, because of its
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principle, only direct solar irradiance takes part in the electricity production. In cloudy conditions, the latter is
significantly reduced. Besides, the implantation of such a structure in coastal areas is disturbed by oceanic
climates with high relative humidity which affect the direct solar irradiance. PV systems convert sunlight

directly into electrical energy and can be used at different scales.

3.2. Focus on solar PV desalination with reverse osmosis

If initially the most common desalination technique was thermal distillation, reverse osmosis has become at the
end of the twentieth century the most popular technique [71]. The progress in membrane design and materials
and the use of energy recovery systems supported the development of this technique. This success is probably
due to a very good efficiency [71] and to low ratio of energy consumption per m3 of fresh water (as low as 2
kwh/m3 for research prototypes and 4 kWh/m?3 for plants in production [72] when desalinating seawaters).
Paradoxically, it seems that this low need of energy is one of the reasons of the weakness of the development
of the coupling of renewable energies and reverse osmosis. The other obstacle is that the price of renewable
energy is higher than conventional energies [73], particularly in the oil-rich and very sunny regions. Indeed the
most interesting renewable energy for coupling with reverse osmosis seems to be a photovoltaic system [73].
Then two solutions seem to be interesting for future development. Firstly, small plants for isolated users, in
regions where there is no electrical network and where density of population is low. The principle is then to
produce electricity with PV panels to feed pumps of the reverse osmosis system. Secondly some highly
populated areas (like Thailand, India, and Bangladesh) do not have easy access to oil but are well placed to use
solar energy for desalination [74]. The process could consist in hybriding large solar plants which will produce
power and fresh water [71] by solving in this way the problem of electricity storage. The PV plant would

produce power if there is a need of electricity, and fresh water otherwise.

3.3. Solar cooling

Solar cooling is an important subject of research. Ferreira and Kim [75] present a review article on techno-
economic assessment of solar cooling systems. The correlation of solar resource and cooling demand over a day
is presented for Spain and the Netherlands. A variety of solar cooling possibilities is offered with thermal
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energy. Photovoltaic panels or solar parabolic panels supplying heat to Stirling engines, coupled to a vapour
compression refrigerating machine is seen as a serious option for solar electric energy. With their hypotheses,
investment and running costs are lower than with thermal systems. Other studies also concluded to favourable
results for solar PV cooling [76-77] anticipating the lowering of the cost of PV and the improvement of modules.
Aguilar et al. [78] studied the operation of an air conditioner directly connected to PV panels and to the grid.
This commercial coupled system has shown interesting performance during a long term monitoring. The main

issue on this project was the electricity and thermal energy management.

Herrera et al. [79] worked on predictive and interactive controllers for solar absorption cooling systems in
buildings. They highlight the complexity of controlling a system powered by a variable energy source. The
predictive characteristic associated with the interactions among controllers improves the performance and the

safety of the system, whereas the complexity of the control and the communication requirements remain low.

The advantages of solar cooling are to propose stand-alone plants or to participate in managing the peak load
on the electric grid of a location. One real problem relies in the use of batteries lowering the global system
performance due to conversion factors and having high installation and maintenance cost. Photovoltaic panels
can be connected to a DC/AC converter providing AC current for a standard compressor or directly connected
to a compressor having a DC current brushless motor. Today both solutions can be envisaged thanks to the
improvement of commutation components brought by the car industry and the household electrical industry;
the characteristics of the components in terms of tension, power and efficiency have improved while prices have
decreased. The compressor, named “inverter” compressor, can be equipped with a variable speed motor. This
technology is usually used to adapt the thermal production of a heat pump or a refrigerating machine to a thermal
load. However, this technology can be used on the other way: the production of freshwater and thermal energy
can be a function of the available power provided by solar PV. One of the main issues to overcome regarding
the coupling of solar PV energy and a refrigerating machine is the control of the whole system. In the application
for buildings, the possibility of a connection to the electric grid has also to be taken into account. Moreover,

other electric devices could be powered by the electric PV production.
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3.4. Cooling and desalination

Slesarenko presents a heat pump integrated with a desalination process and working with steam [80]. However
the heat pump does not carry out cooling. A simulation study was carried out by Byrne et al. [81]. It evaluates
the performance of the coupling of a heat pump and an air gap membrane distillation unit. A comparison with
the association of a chiller and a reverse osmosis desalination plant is proposed in the following studies [82-
83]. Other techniques using for example adsorption chillers can be employed to carry out simultaneous cooling

and desalination [84]. However the cooling effect is more or less a by-product of the desalination process.

3.5. Solar cooling and desalination

Some examples of coupling of solar PV, cooling and desalination can be found. IBM develops concentration
solar panels named “sunflowers” to supply off-grid energy, water and cooling [85]. The desalination system is
a vacuum membrane distillation system. The cooling energy is produced by an adsorption chiller. Fraunhofer
ISE presented a simpler cooling and RO desalination system powered by a PV array [86]. A smart mini-grid is

integrated for electricity supply. Two other propositions of systems are presented in this article.

3.5.1. Heat pump + membrane distillation unit + solar photovoltaic energy

Byrne et al. work on heat pumps for simultaneous heating and cooling (Figure 6) [81]. Innovative architectures
have been designed with the objective to be energy efficient and well suited for low-GWP refrigerants such as
hydrocarbons [87] or carbon dioxide [88]. The heat produced was thought of being suited to desalination by a
membrane distillation unit (Figure 7) [81-83]. The heat pump compressor is connected to a solar photovoltaic

energy system.

The principle of the system is the following. A heat pump is used for cooling spaces or refrigerating cabinets
and heating saline water. The hot saline water is then provided to a membrane distillation unit. The compressor
is connected to solar photovoltaic panels and batteries to be possibly used in isolated locations or the electric

grid.
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Figure 7: Membrane distillation unit principle [81-83]

The distillation unit is constituted of two water channels between which a heat transfer is established. Seawater
flows inside the cold channel is heated by the condensation energy of the heat pump then circulates in the hot
channel. The channels are separated by a micro-porous and hydrophobic membrane, an air gap and a metallic
plate on the cold channel side. Due to its hydrophobic characteristic, the membrane allows only a water vapour
flow, linked to the temperature gradient, to enter the air gap and condense on the cold plate. Desalinated water

is thus obtained.
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Simulation studies were already published on the efficiency of this process [81-83]. The model was built in
accordance with experimental results from a previous thesis [89]. The temperature gradient was found to be
interesting over a value of 20 K. The simulation results obtained with the weather data file of Ouagadougou
gave values of 1687 kWh of thermal energy per m* of desalinated water produced, which is to be compared to
the ratio of 665 kWh/m?3 to evaporate water at a temperature of 50°C. The implementation of a heat exchanger
to preheat the sea water before entering the hot channel by the energy of the brine and the system optimization

decreases the energy requirement to a value of 358 kWh/m?.

3.5.2. Ice slurry process for cooling and desalination + solar photovoltaic energy

Ice slurry is a widespread technology for secondary refrigeration or storage [90]. They are many plants in Asia,
especially in Japan, where the energy cost is high. Ice slurries are agueous solutions containing fine ice crystals.
They are generated by special heat exchangers, which bring the aqueous solution below their freezing
temperature. The aqueous solution can be for example, ethanol, ammonia or sodium chloride. These ice slurries
are used for secondary refrigeration and become very efficient when connected to a storage tank. For this
purpose, ice slurry is generated in the heat exchanger, and then pumped towards the places of use. When heat
is delivered to the ice slurry, the ice crystals melt. This allows maintaining the fluid temperature stable.
Therefore, the evaporating temperature can be higher than when using a single phase fluid where sensible heat
is exchanged. In order to minimize the energy losses generated by the use of a pump, the ice fraction is limited

to 30%.

The efficiency of the ice slurry is increased when connected to a storage tank. Indeed, due to different external
conditions, the efficiency of the refrigerating unit is enhanced during the night, and the stored capacity can be

used when the cold demand is high.

This technology is also well adapted to desalination, as the crystals contained in the slurry are made of pure
water [91-92]. The real issue here is to have an efficient way of separating the ice from the slurry. This combined
system will then be able to produce at the same time “clean” water and cold. Optimization is then requested in

order to determine the best strategies to operate depending on the needs.
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Ice slurry technology has never been connected to solar cooling at the industrial level. The feasibility of this

technology must be evaluated as well as the best strategy to use depending on the needs.

Generally the ice slurry generators are scrapped or brushed heat exchanger type. Indeed, the water contained in

an aqueous solution freezes on a cold surface, and scrappers are used to remove the crystals from the surface.

In agro food industry, scrapped surface heat exchangers are commonly used, for example ice cream formation.
They are composed of 2 coaxial tubes, between which a refrigerant evaporates to produce the cold. In the

middle, scrapers rotate in the same axes as the tubes to remove the ice, and also to act as a mixing device.

Desalination by freezing is based on the liquid-solid phase change of the water contained in the sea water.
According to thermodynamics, the ice formed from the sea water is pure. It can be separated from the
concentrated solution and then melted to obtain fresh water. Crystallization has the advantage of having low
energy consumption. The freezing processes can be divided into three categories: primary vacuum freezing,

freezing secondary and indirect freezing [93].

a) Primary freezing (vacuum)

This type of processes is all continuous processes. They directly use the water contained in the sea water as a
coolant. At reduced pressure, the water evaporates and extracts the heat from the brine, which leads to a partial
freezing of the solution. The crystals formed are washed in a column and melted. All these methods require a
special pretreatment of sea water which has to be degassed to remove dissolved air. This type of freezing

encounters mechanical issues connected to the compressor type, but the flow rate can reach up to 1000 m?h.

b) Secondary freezing

The technique works in continuous mode and uses an inert cold refrigerant immiscible with the seawater. The
cold refrigerant, under pressure and in liquid state is injected directly into the seawater. This causes vaporization
which cools the solution and provides the ice crystals formation [94]. Ice crystals are then separated from the

brine, passed into the wash column and sent to the melting device. The refrigerant vapour is compressed and
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then condensed by heat exchange with the ice crystals in the melting device. The chosen refrigerant is n-butane

which is cheap, plentiful and relatively environmentally friendly.

This type of freezing encounters contamination of refrigerant by brine which affects the performance of the

compressor.

¢) Indirect freezing

The enthalpy needed for partial freezing of the sea water is removed by indirect heat transfer through a wall.
The indirect freezing methods can be operated in continuous mode or batchwise. Continuous processes lead to
the formation of ice crystals in suspension. These suspensions are obtained by seeding avoiding deposition on
the cold surface [95] or by scraping the ice layer formed on the cold surface. In both cases, the ice crystals
suspended in the brine, are then washed and melted respectively in wash columns and melting. In the indirect
batch process, a layer of ice is formed on the cold solid surface. Stages of freezing, drainage or bleeding, and
melting are performed in the same device. Ice formed undergoes partial melting drainage until the residual ice
is potable [96]. The indirect freezing method by batch has the advantage of being less complex than the other

methods of freezing. This process can deliver around 200 m®/day.

This type of freezing presents the highest energy consumption compared with direct process as the temperature

difference is higher due to the additional heat exchanger [95].

There is now however a positive attitude toward freezing because of the benefits it presents, and thanks to
technological development that solves most problems. Freezing on a cold wall by indirect contact is a simple
process, which seems to be promising. There is great potential for freezing with the combination of other
desalination techniques, especially with reverse osmosis. One study showed that the hybrid method is more
economical than separate units [96]. Besides, small desalination units by freezing can be powered by solar
energy [95] (photovoltaic system or the Rankine cycle) or with wind energy. One could also imagine a heat
pump absorption using solar energy as a heat source to produce the required cold by freezing. Finally, the

desalination plant could be coupled to an air conditioning system (a hotel, for example).
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The production of pure water by freezing is a possibility studied by many authors. Initial investigations have
been conducted on the formation of large volumes of ice that have major drawbacks such as trapping impurities
in the block of ice, and the slow kinetics of ice formation. So many ice formation techniques have been studied

such as the formation of ice on evaporator (falling film) with alternating freezing on two exchangers.

A new development lead seems promising: the use of ice slurry. This technology is based on the formation of
ice crystals having an average size of 100 micrometres suspended in an aqueous solution. Sea water is a solution
containing about 5% salt; its freezing is initiated at -3.1 °C. If the temperature is lowered, the solution is enriched
in pure water ice. The evolution of the ice mass concentration as a function of temperature is illustrated in the

following figure for a concentrated salt solution of 5%.

Ice slurries are composed of water with ice crystals mixed with another fluid such as alcohol, NaCl or ammonia.
They are formed by means of generators which can lower the temperature of the aqueous mixture below the
temperature of phase change of the aqueous mixture. For secondary (or indirect) cooling the slurry formed is
pumped towards each place of use. The cooling is provided by melting the ice crystals. In this context, in order
to limit pressure drop, the ice concentration should not exceed 30 %. This system becomes more effective if
connected to a storage system. Indeed, nocturnal climatic conditions can increase the efficiency of the

refrigerating machine, and the stored heat can be used for peak shaving during daytime use.

This technology is also suitable for desalination, since it allows meanwhile the production of pure water ice.
The production of cold water can be performed simultaneously or separately. Optimization strategies should be

studied according to the local needs.

The principle of ice slurry generation is shown in figure 8. Frequently used in the food industry, these
exchangers are composed of two coaxial tubes between which a refrigerant evaporates. Inside, a cylindrical
rotor equipped with blades rotates in the same axis of the tubes. A secondary refrigerant mixture (sea water)
flows through the inner tube; the crystallization occurs on the inner wall of the tube and forms an ice layer and
the wall scraping with the blades delivers the dispersed phase. Rotation of the shaft allows a further

improvement of a heat exchange and renewal of the brine in contact with the exchange surface.
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Figure 8: Scraped surface heat exchange. The brine crystalize on the inside wall; the ice is scraped and forms the
dispersed phase of the diphasic secondary refrigerant.

In this case, the exchange surface between the liquid crystals and the liquid solution is much higher than the
wall on which the ice grows during crystallization. The growth rate can be moderated in the slurry processes.
This slow growth achieves ice crystals of high purity. In the desalting methods, ice is contaminated with salts

during freezing for kinetic reasons, and by the brine itself during the ice separation;

The method should minimize the contamination. The unit operations of freezing desalination are:

1. The formation of ice crystals from the salt solution (for slurry processes, large crystals are desired to
facilitate washing),
2. Washing and / or “drying” of crystals

3. The melting of the ice crystals.

Solar photovoltaic panels can be the power source of the compressor of the ice slurry refrigeration machine.
The solar energy available can be entirely transformed into thermal energy for seawater cooling and ice
formation. Indeed, the storage brought by the latent heat of water solidification enables to use directly the solar
radiation without any electricity storage. On the one hand, the liquid and ice separation will define how much
fresh water will be produced. On the other hand, the amount of cooling energy in the ice and in the liquid can

be recovered for air-conditioning or food preservation.

4. ASSESSMENT OF COUPLED SYSTEMS
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This section presents a quick performance evaluation of simultaneous cooling and desalination systems without
taking into account the power source. The objective is to identify the most interesting system; in other words,
the one having the lower amount of electricity consumption per cubic meter of desalinated water for the same
cooling energy production. The systems are (1) a HPS coupled to MD, (2) an ice slurry system, (3) ice slurry
and MD coupled systems and (4) a vapour compression chiller associated to a RO unit. System (4) is considered
as the reference system. A review summary first concludes on the possible technologies used for simultaneous
cooling and desalination and their key factors for implementation. Then the methodology for performance

calculation is given and finally the results for varying operating conditions are presented and discussed.

4.1. Review summary and key factors for development

The path of coupling technologies for energy savings seems interesting. Numerous research works confirm this
statement. Table 2 summarizes the main technologies involved, the state-of-the-art, the technical barriers of
each coupled system reviewed in this article. The research trends explored by the scientific community will
have to overcome these technical barriers. The main conclusions are the following:

e desalination powered with PV is dominated by RO technology,

e the equipment at a commercial state is the most common,

e thermal desalination has to be coupled to become economically interesting,

o the common key factor of coupled systems is the control management of resource and productions.

A roadmap for the development of desalination powered by renewable energy [97] highlights the numerous
technological, economical, institutional and social barriers that have to be overcome to envisage a wider
implementation of coupled solar energy desalination systems, especially small scale ones. This report proposes
paths to facilitate market entry, especially the promotion of the cooperation on R&D between academics and

manufacturers of complementary components and control devices through joint research projects.

Table 3 summarizes the technical, socio-economic, environmental, policy and legislative key factors that have
to be taken into account for implementation of a cooling and desalination project powered by PV on a coastal
area or in a remote inland region. Some big cities like Riyadh in Saudi Arabia necessitate and already use
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desalinated water form brackish water sources. In this case data from both columns could apply. The cooling
applications for coupled systems would be in majority air-conditioning for collective residential buildings or
hotels in cities because in office buildings fresh water demands are too low. In remote villages, the cooling

application is expected to regard more food conservation.

The extraction of feed water, the manufacture and operation of the cooling and desalination unit, the rejection
of brines will have an environmental impact that has to be carefully studied. The study of the environmental
impact is also part of the socio-cultural issue. If favourable, it will participate in the acceptance of such systems.
Indeed, desalination being perceived negatively by a part of the populations, communication, education and
training should be promoted. A report on the best desalination technologies in rural and local zones [98] was
asked by the SWIM (Sustainable Water Integrated Management) support mechanism financed by the European
Union. The Global Water Partnership (GWP) is presented as an international network of institutional agencies,
associations and private actors to promote the use of an Integrated Water Resource Management (IWRM).
IWRM is based on social equity, economic efficiency and ecological sustainability. This water management
policy may conclude in favour of desalination in some cases. On the economical point of view, the answer
would be first to establish detailed market analyses, then to organize trade missions with the help of specialized
agencies such as SWIM and finally to support financing programs for acquisition of systems. Lobbying should
be carried out in institutions to facilitate administrative formalities and cooperation between water and energy

sectors for simpler implementation.
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Table 2: Summary of the review on coupled systems

Coupling Main technologies State of the art Main technical barriers
Solar .PV + PV + RO [30;68;70-73] Commercial EIectr.|C|tY management for
Desalination desalination and power supply
Solar PV + . . . Solar resource, thermal energy

. PV + Air conditioners [75-78] Commercial -
Cooling and electricity management
. EFC [91-95] Research Usg of th.ermal ene.rgy for cooling
Cooling + Solid liquid separation
Desalinati —
esalination | o \ip (81-83] Simulation Membrane material improvement
System management
PV + adsorption + VMD [85]
- Industry
PV + vapour compression + RO .
Solar PV + 36 projects
Cooling + [86] Component development
Desalination PV + HPS + MD [81] Beginni System management
PV + EFC (present article) ceginning
- research
PV + EFC + MD (present article)

Table 3: key factors for development of coupled cooling, desalination and PV systems

) Coastal areas Inland regions
Site o A
(in cities) (in villages)
Interest for PV Peak load management Power source

Main cooling
application

Air-conditioning for collective

. . - Food conservation
residential buildings

Water source

Sea water Brackish water

Main technical
requirements

Simple and reliable system with easy

High performance .
maintenance

Environmental impact
(98]

Study of fresh water availability, quantity and quality assessment
Study of environmental impact of system
W if desalination is required W
Analysis of chemical characteristics of feed water for pre-treatment process
definition
v v

Energy efficiency during operation

Rejection in the sea - Brine rejection in ground wells after a
hydrogeological study
- Storage and reuse for agriculture and
aquaculture
- Evaporation ponds
- Brine concentrators

Socio-cultural issue

Necessary implication of populations

Necessary information to consumers
for system acceptance

Policy and legislation

Integrated Water Resource Management (IWRM) in favour of desalination

Facilitation from national authorities

. . Local incentives and/or subsidies
or city councils
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4.2. Methodology for performance assessment

The methodology is based on the first simulation results obtained in a previous publication [82] with a HPS
coupled to a MD unit. The refrigerating machine characteristics simulated in that article are the same for all
systems in the present study. The cooling energy production is set equal for all systems. The water production
depends on the desalination system. They are set equal for systems (3) and (4), assuming that the RO unit
produces the same volume of desalinated water as the coupled ice slurry + MD process. The system EER (energy
efficiency ratio) depends on the source temperatures that change from one system to another. Electric energy
consumptions for cooling are calculated using the EERs. The EERs of thermodynamic cycles are calculated
using Coolpack application [99] developed with EES software [100]. Propane is chosen as a refrigerant. Default
values of Coolpack were taken for the superheat degree (5 K), the subcooling degree (2 K), the pressure losses
in the suction and discharge lines converted into temperature discrepancy (0.5 K), the compressor heat loss
factor (10 % of compression work) and the unuseful superheat degree (1 K). The compressor isentropic
efficiency (0.668) was adapted to obtain the same EER as in a previous study that resulted in a ratio of 358.2
kWh of electric energy consumption per cubic metre of desalinated water using an AGMD unit [82]. The EER
is defined by the ratio of the cooling energy produced by the refrigerating machine Q. over the electric energy

absorbed by the compressor W (equation 6).
=%
EER = ¢ (6)
All heat exchangers losses are neglected. The internal heat exchanger for energy recovery from the brine before
the heat pump condenser that heats the sea water (in figure 7) has an efficiency of 80 %. The temperature pinches

are 7 K between air and refrigerant temperatures and 5 K between water and refrigerant temperatures. The sea

water inlet temperature is 20 °C. Its specific heat Cp is 4000 J.kg*.K™1.

For the ice slurry process, the freezing temperature of sea water is -2 °C. The mass of frozen water is assumed
to correspond to 30 % of the total mass of water m cooled by the ice slurry process producing (equation 7). The

latent heat of fusion Ls is 333.6 kJ.kg™.

m-Cp-AT +30%-m - Lg = Q. (7)
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The cooling and electric ratios are calculated by equations 8 and 9 respectively. V corresponds to the volume of

desalinated water produced.

cooling ratio = % 8
. . W + electric consumption for RO
electric ratio = ptionf 9

14

4.3. Results and discussion

4.3.1. Comparison of systems at the average ambient temperature of Dakar Senegal

Table 4 presents the comparison of coupled systems with the average ambient temperature of Dakar Senegal.
The weather data files are the ones used in Trnsys software [37] simulating a typical meteorological year. The
first column corresponds to a HPS producing cooling energy for a chilled water loop at 5 °C for air-conditioning
and desalinated water by an air gap membrane distillation unit. Considering temperature pinches in water
evaporator and condenser of 5 K, the evaporating temperature is thus 0 °C and the condensing temperature is
45 °C for sea water heating at 40 °C. For 1 m? of desalinated water, the cooling energy production is 1100 kWh
and the electric ratio is 358.2 kWh as in [82]. The comparison is made for an equivalent cooling energy
production for all coupled systems. The ice slurry process operates with an evaporating temperature of -7 °C; 5
K below the freezing temperature. The condensing temperature is 12 K above the average ambient temperature

of Dakar.

With the same amount of cooling energy, the mass of ice assumed equal to the desalinated water production of
the ice slurry process (system (2)) is more than 6 times higher than the desalinated water volume obtained by
the HPS + MD process (system (1)). The cooling ratio and the electric ratio are calculated by dividing
respectively the cooling energy and the electric energy by the water production volume. The ice slurry process
shows a much better performance for desalinated water production. However, in this system, the heat rejected
at the condenser is lost. When the membrane distillation unit is coupled to the ice slurry process (system (3)),
the condensing temperature is increased at 45 °C. The thermodynamic cycle performance in terms of EER drops
to 2.5, the heating energy for desalination is higher and the water production from the distillation unit slightly

increases. However, the electric consumption per cubic meter of desalinated water increases compared to the
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ice slurry process alone.

The last column of table 4 reports the values for the association of a chiller and a reverse osmosis unit (system
(4)) that would produce the same amount of cooling energy and desalinated water as the coupled ice slurry and
membrane distillation unit. The electric energy consumption of the reverse osmosis system is 3 kwWh per cubic
metre of desalinated water. With the mean ambient temperature of Dakar, the cooling system EER is very high
and the electric energy ratio is much lower. The fact of coupling the systems seems a priori not interesting in
these conditions in terms of performance. However, the performance of systems has to be assessed in other

conditions. The ambient temperature and the hot sea water in the MD unit will be varied.

Table 4: Comparison of coupled systems

(1) HPS+MD | (2) Ice Slurry (3s)|5r°r‘;ple“j|';e () Chiller + RO
Tamb (°C) N/A 24.5 N/A 24.5
Tev (°C) 0 -7 -7 0
T (°C) 45 36.5 45 36.5
EER (-) 3.071 3.184 2.509 4.003
Water production V (m3) 1 6.32 7.37 7.37
Q. (kwh) 1100 1100 1100 1100
Qn (kWh) 1458 1446 1538 1485
W (kWh) 358 345 438 297
Lowest feed

Comment low water heat lost at water tested heat lost at

production condenser temperature for condenser

MD [89]

Cooling ratio (kWh/m?3) 1100 174 149 149
Electric ratio (kWhe/m3) 358 54.7 59.5 40.3

4.3.2. Evolution of the performance of systems depending on ambient temperature

A comparison of systems (2), (3) and (4) with varied ambient temperatures at condensers is presented in figure
9. The coupled ice slurry + MD unit system is independent on ambient temperature. The condensing temperature
is set 5 K above the hot sea water temperature of the MD unit whereas for systems (2) and (4), using a
conventional chiller with heat rejection on ambient air, the condensing temperature is 12 K above the ambient
temperature. At the ambient temperature of 27.3 °C, the electric ratio of system (3) becomes interesting. It
means that the system produces more desalinated water for the satisfaction of the same cooling demand. The
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reference chiller + RO system is more efficient than system (3) under the ambient temperature of 40 °C and

always more efficient than system (2).
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Figure 9: Comparison of performance of ice slurry, coupled ice slurry + MD and chiller + RO systems depending on

ambient temperature

4.3.3. Evolution of the performance of systems depending on the hot sea water

temperature of the MD unit

Figure 10 proposes a comparison between the coupled ice slurry + MD and the chiller + RO systems for a varied
hot sea water inlet temperature in the MD unit between 25 °C and 40 °C. The hot sea water temperature
corresponds to Tiz in figure 7. The HPS + MD electric ratio, which is much higher than the other ones and the
ice slurry (system (2)) electric ratio, which is constant, are not represented. Moreover, the desalinated water
production of system 2 is not equal to the ones of systems (3) and (4). Thus the comparison with this system
would not be correct. This temperature variation was simulated in a previous work [83] and resulted in a higher
electric ratio per desalinated water volume by the MD unit. Indeed, the vapour flux through the membrane is
dependent on the temperature gradient, which is reduced if the hot sea water inlet temperature decreases. For
each hot sea water inlet temperature, the electric ratio of system (1) is given by the simulations of the previous

publication [83] and the EER is given by Coolpack simulation results. These values enable to calculate the
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cooling energy production for this system. The other systems will produce the same amount of cooling energy.

When the hot sea water inlet temperature decreases, the electric ratio and the cooling energy production

increases. System (3) produces more slurry and more desalinated water. The desalinated water production of

system (4) is set equal to the one of system (3). The EER of system (3) is improved significantly while the

electric energy consumption of the RO unit increases to produce the same amount of desalinated water. At 25

°C, the electric ratios for systems (3) and (4) are equivalent. This result means that a coupled system of ice

slurry and membrane distillation with a low temperature feed water could be an interesting path to explore by

experimental means in order to compete with standard processes in a coupled cooling and desalination system.
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Figure 10: Comparison of performance of coupled ice slurry + MD and chiller + RO systems depending on hot sea

water inlet temperature of MD unit
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5. CONCLUSION

The energy and water context is stressed by increasing demands and decreasing resources per person in the
world. Coupling cooling, desalination and solar photovoltaic systems seems an interesting solution to carry out
energy and water savings in southern coastal cities or remote inland villages. Solar energy is one of the most
promising among renewable energies. Solar photovoltaic energy has become really attractive in recent years
thanks to very low equipment cost. The review presents the main coupled technologies and the associated key

factors for future development.

Refrigerating machines can cool buildings or food and desalinate water simultaneously. Two techniques were
identified as the simplest to be implemented: a membrane distillation unit coupled to the condenser of a heat
pump and an ice slurry process. An assessment of the performance of the coupled systems is proposed in the
last section of this article. The coupled systems should operate under special conditions to outperform the
reference results obtained by the association of a standard chiller and a reverse osmosis unit. Some perspectives
have to be studied. MD units and desalination systems in general are relatively young technologies that should
progress in the future. Membrane materials have to be tested one by one in whole scale plants to participate to
a continuous improvement of this technology. Crystallisation units including the separation process should also
be tested under real conditions. Finally, the coupling of cooling, desalination and PV systems should be

optimized in terms of performance thanks to intelligent control and management.
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NOMENCLATURE

Abbreviations:

ABHP Absorption Heat Pump Desalination

ADHP Adsorption Heat Pump Desalination
AGMD Air Gap Membrane Distillation

CDD Cooling Degree Days

DCMD Direct Contact Membrane Distillation

ED Electrodialysis

EFC  Eutectic Freeze Crystallisation

FM Freezing-Melting

GWp Gigawatt peak

GWP  Global Water Partnership

HDH  Humidification-Dehumidification

HPS  Heat Pump for Simultaneous heating and cooling
IEA International Energy Agency

IPCC Intergovernmental Panel on Climate Change
IWRM Integrated Water Resource Management
LCOE Levelized Cost Of Electricity

MD Membrane Distillation

MED  Multi-Effect Distillation

MSF  Multi-Stage Flash

Mtoe  Million tons of oil equivalent

MVC Mechanical Vapour Compression

OECD Organization for Economic Co-operation and Development
PCM Phase Change Material

PDPI  Precipitation Decrease Per Inhabitant

PV Photovoltaic

PVD  Passive Vacuum Desalination

RO Reverse Osmosis

SGMD Sweeping Gas Membrane Distillation

SR Solar Resource

ST Solar Still

SWIM Sustainable Water Integrated Management
TVC  Thermal Vapour Compression

VMD  Vacuum Membrane Distillation

Latin letters:
A surface area (m?)
COP  coefficient of performance (-)
Cp specific heat (J.kgt.K™?)
EER  energy efficiency ratio (-)
GWP global warming potential (kg of CO. equivalent over a 100 years horizon)
J flux (kg.st.m?)
L latent heat (J.kg™)
m mass (kg)
m mass flow rate (kg.s?)
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thermal energy (J)
temperature (K)

Q
T
\% desalinated water volume (m?)
W electric energy (J)

Greek letters:

A difference

€ efficiency (-)
Subscripts:

a air

amb  ambient

c cooling

cd condensation

csm cold surface of membrane
ev evaporation

f film

fu fusion

h heating

hsm hot surface of membrane
i in

m membrane

0 out

Y vapour

w water

Superscripts:
ave average
rel relative
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HIGHLIGHTS

Solar resource, cooling demands and desalination needs are correlated
Coupling systems is an interesting way to make energy savings
Membrane distillation and ice slurry are compatible with refrigeration machines

Some development has to be made to manage the coupled systems
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