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H I G H L I G H T S  

• RE use in desalination of geothermal water for irrigation is reviewed. 
• A novel approach that integrates RESs into agri-food chain is presented. 
• Specific cases of geothermal water desalination from Turkey and Poland are given. 
• Possible new generation RESs in desalination by capacitive deionization are explored. 
• Advantages/disadvantages of RE use in geothermal water desalination are discussed.  
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A B S T R A C T   

The agricultural sector, which is highly dependent on water, is urged to build on improved water management 
practices and explore available options to match supply and demand because of the water scarcity risks and a 
sustainable and productive agri-food chain. Geothermal water is an energy source used to generate electricity 
and/or heat. After harnessing its energy, the remaining water can be used as a water source for irrigation 
following treatment because of its high ionic content. Geothermal fields are mostly located in rural areas where 
agricultural activities exist. This would be a good match to decrease the transportation cost of irrigation water. 
The energy demand of the desalination process for agriculture is higher, requiring additional post-treatment 
processes. Fossil fuels to fulfill the energy requirements are becoming expensive, and greenhouse gas emis
sions are harmful to the environment. Thus, efforts should be directed towards integrating renewable energy 
resources into desalination process. This work focuses on presenting a comprehensive review of geothermal 
water desalination which is powered by renewable energy and provides specific cases from Turkey and Poland. 
Furthermore, possible new generation renewable energy systems in desalination are introduced, considering 
their potential application in the desalination of geothermal water for agricultural irrigation.   
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1. Introduction 

Climate change, pollution, increased human demand, and overuse of 
water is the main cause for water scarcity. The freshwater problem is 
harshly experienced in some parts of the world, while more regions are 
experiencing drought conditions because of global warming [1]. 

Turkey is one of the countries that periodically struggle with a deficit 
of drinking water. Moreover, projections show a significantly increased 
need for water soon, mostly due to irrigation [2]. Poland has modest 
water resources, one of the lowest in Europe [3–5]. With the current and 
forecasted high freshwater demand, it is increasingly difficult to sustain 
freshwater supply security without producing freshwater from 
contaminated, brackish, or saline water and reusing agricultural, in
dustrial, and municipal wastewater after proper treatment. 

Water is a crucial input for agricultural output and plays a significant 
role in ensuring food security. Worldwide, the agri-food sector con
tributes 80–90% of the overall global use of fresh water, with 70% for 
irrigation only [6]. Irrigation is the method where regulated quantities 
of water are given to plants at the appropriate intervals and helps to 
cultivate crops, sustain the landscape, and re-vegetation of soil in dry 
areas and during periods of less than normal rainfall. The intensity, rate, 
volume, and time of irrigation are different for different crops and differ 
by soil and season. 

The agricultural sector heavily relies on fossil fuels and contributes 
to the largest emissions of NH3 (92%), CH4 (54%), and NMVOCs (16%) 
in the EU [7]. For example, Poland has been struggling with exceeding 
the permissible levels of air pollution for several years. The Polish 
agricultural sector's electricity consumption for production purposes- 
without farmer households- was 1633 GWh, and heat consumption 
was 900 TJ in 2016 [8]. The most commonly used energy carrier in 
Polish agriculture is hard coal [9,10], whereas the utilization rate of 
renewable energy sources (RES) is low. In Turkey, the agricultural sec
tor's contribution to CH4 and N2O emissions are 55% and 77%, respec
tively [11]. 

Renewable energy use in agriculture is not quite common in many 
countries. However, increasing the share of RES would contribute to 
improving the environmental impact of the agricultural sector, 
including the reduction of greenhouse gas emissions. Desalination is 
commonly used to obtain freshwater removing minerals, contaminants, 
and salts from brackish waters [12]. Energy consumption has been one 
of the main obstacles to desalination. Desalination requires considerably 
higher energy than traditional (conventional) water treatment methods. 
Thus, the cost and greenhouse gas emissions of the desalination process 
are higher. For instance; energy consumption of seawater desalination 
has a share in total operating cost of 50–70%. 

There are two mature technological methods used in desalination as 
thermal (e.g., distillation) and membrane-based (e.g., reverse osmosis) 
desalination. Thermal-based methods are categorized as much higher 
energy-intensive than membrane-based ones. According to the review 
conducted by Ahmed et al. [13], membrane-based desalination methods 
dominate installed and online desalination capacity across the globe by 
about 73% while thermal-based methods accounted for only 27% at the 
end of the year 2016. Membrane-based desalination methods need high 
pressure and the required pressure for the seawater desalination varies 
from 55 to 70 bar, while typical operating pressure for the brackish 
water desalination changes from 15 to 30 bar [14]. However, Tom
aszewska and Bodzek [15,16] pointed effective geothermal brackish 
water desalination using RO with 10–11 bar. Specific energy con
sumption of low and high-pressure pumps alone accounts for about 
60–80% of the total energy use in brackish or seawater desalination 
processes [17]. Unfortunately, the use of fossil fuel to power desalina
tion of either brackish water or seawater accounts for about 99% 
worldwide [18]. For example, the electrical energy need to produce 
fresh water from seawater is 3–5 kWh/m3 for membrane-based tech
nology and 1.5–2 kWh/m3 for thermal methods. Furthermore, thermal 
methods require additional heat energy as high as 60–70 kWh/m3 [18]. 

From both economic and environmental perspectives, the use of fossil 
fuel-powered desalination plants is not considered since many countries 
have to import fossil fuels to meet their demand, which will harm their 
economy. Furthermore, the use of fossil fuels is threatened by the 
emission of CO2, which contributes to the greenhouse effect [19–21]. For 
that reason, it is of paramount importance to explore the potential of 
RESs such as wind, geothermal, and solar for desalination of brackish 
water before its use, especially in agricultural irrigation. 

Previous studies revealed that there are cases where geothermal re
sources are close to agricultural areas. Hence geothermal resources 
could be a source of irrigation water as well as a source of energy 
[22,23]. However, due to high ionic content, geothermal water should 
be treated before use in irrigation. 

The aim of this study is to provide a general overview of geothermal 
water desalination powered by renewable energy systems such as 
geothermal, solar, wind, and integrated systems. Besides, specific cases 
of geothermal water desalination from Turkey and Poland are 
mentioned. Furthermore, possible new generation renewable energy 
systems in desalination are introduced. 

2. Desalination of geothermal waters 

Following heat extraction, geothermal water is generally directed to 
reinjection wells, yet there are cases where it is rejected directly to the 
environment. Given the scarcity of freshwater resources for worldwide 
consumption and agriculture, geothermal water could be evaluated as 
an unexploited waste stream and considered to be used in agricultural 
activities. However, due to the increased salinity of geothermal waters, 
their use for irrigation often requires the application of desalination 
processes, which can be supported by different sources of renewable 
energy. 

The Balçova-Narlıdere Geothermal Field (BNGF) in Turkey is located 
in a densely populated area, which makes direct heat applications effi
cient and economical. The heat produced from the BNGF is used for 
greenhouse heating, balneology, and residential heating, which is the 
largest in Turkey with a heating capacity of 160 MWt. However, 
geothermal waters of the BNGF contain high boron (11–18 mg/L) and 
arsenic (150–300 μg/L) concentrations [24–26]. Unfortunately, the 
geothermal water was reported to intrude freshwater wells located in 
the north of the field, having detrimental effects on citrus orchards [27]. 

Boron is one of the harmful elements present in geothermal waters. 
Boron is a micronutrient for some plants, but tolerance limits of plants 
for boron are varied, and the excess amount of boron in irrigation water 
causes toxic effects on the growth of some plants [28–32]. The permis
sible limits of boron concentration for drinking and irrigation waters are 
set by the World Health Organisation (WHO) as 2.4 mg/L and < 1.0 mg/ 
L, respectively [33]. 

Arsenic in groundwaters is mostly due to mining activities, inputs 
from geothermal sources, uncontrolled anthropogenic activities, and the 
use of some pesticides [29,32,34–37]. Although geothermal water can 
be an alternative source for water supply, it may contain potentially 
toxic elements including boron and arsenic. Therefore, a suitable 
treatment process should be employed before using and discharging the 
geothermal waters containing boron and arsenic into the environment. 

The use of boron-selective chelating ion exchange resins is the most 
common method for boron removal. According to the literature, the 
boron-selective ion exchange resins having N-methyl-D-glucamine 
groups are the best sorbents for removal of boron due to their high 
selectivity [29,38–68]. 

Selecting a treatment method for arsenic removal from water de
pends on some factors such as the initial arsenic concentration, arsenic 
speciation in the feed water, and the target level of treatment. Adsorp
tion using inorganic adsorbent materials like zerovalent iron, 
hydroxyapatite-based ceramics, and magnetite, is a highly used method 
for arsenic removal since it is more convenient than chemical precipi
tation/coprecipitation that produces large volumes of sludge. Ion 
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exchange resins are more expensive than inorganic adsorbents [32]. 
The chelating ion exchange resins have poor kinetics due to the 

diffusion-controlled rate-limiting processes. High efficiency in the ion 
exchange process could be obtained with the resin beads having small 
particle sizes due to the large surface area and improved kinetics. 
Application of the adsorption-membrane filtration hybrid method was 
successful on boron removal application from geothermal water using 
boron selective resins having small particle size [45–47,59,62,69–72]. 
Recently, novel boron selective gel-like chelating resins and epidermal- 
activated chelating resins were applied for boron and arsenic removal 
concurrently from the geothermal water by adsorption-membrane 
filtration hybrid method. The performance of newly synthesized resins 
was highly comparable with the commercial boron selective ion ex
change resins [73,74]. The experimental set-up of the adsorption- 
membrane filtration system was depicted in Fig. 1. In this method, 
boron selective ion exchange resins having a small particle size (about 
10 μm) and a hollow-fiber type ultrafiltration membrane module were 
used. By this method, boron concentration in the geothermal water 
could be lowered below 1.0 mg/L. 

The pressure-driven RO membranes were also employed to reclaim 
spent geothermal water for further use as irrigation water [75], Yavuz 
et al. [76] conducted tests by a grid-powered mini-pilot scale RO system 
to determine the effect of membrane configuration. The system was fed 
by the spent geothermal water of the BNGF and the water temperature 
decreased to room temperature before the membrane treatment. Sand 
and cartridge filters were used for pre-treatment, as shown in Fig. 2. The 
RO membrane used in the study was FilmTechTM B30-2540 which had 
an active area of 2.6 m2. 

The qualities of geothermal water of the BNGF pre- and post- 
treatment with RO membrane were compared to the agricultural irri
gation standards in Table 1. As can be seen from Table 1, the boron 
concentration in the geothermal water (8.8–11.4 mg/L) was much 
higher than the permissible level (<1 mg/L) for irrigation water. 
Meeting the irrigation water standard for boron is not possible using a 
RO membrane at the natural groundwater pH of the geothermal water. 
Since boron removal is highly affected by pH, the authors further 
investigated the removal of boron from geothermal water at different pH 
values [77]. The boron concentration below the allowable levels (for 
irrigation water) could be achieved by increasing the pH of geothermal 

water before the RO membrane process when the treated water is 
intended to be used as irrigation water. On the other hand, increasing pH 
of the geothermal water before the membrane treatment caused a flux 
decline due to the scaling of membranes by the insoluble precipitates of 
Ca2+ and Mg2+ ions in the geothermal water [4]. 

Poland has a significantly high potential of low-enthalpy geothermal 
waters [79] and most of them are extracted in the central part of Poland 
(Polish Lowland) and the southern part of the country (Podhale 
Geothermal System). The research presented by [16], Tomaszewska 
[80] and Tomaszewska et al. [4] demonstrated that geothermal waste
water (cooled down in heat exchangers) could be purified using mem
brane processes and subsequently reused as potable water and after 
remineralization as water suitable for irrigation purposes. The best so
lution of treated water has been obtained for relatively low mineralized 
geothermal water exploited from the Podhale Geothermal Basin [81]. 
The geothermal waters with a temperature of 30 ◦C, contain total dis
solved solids (TDS) as 2.6 g/L, boron as high as 9.0 mg/L, iron as 4.0 mg/ 
L, arsenic as 0.03 mg/L, fluoride as 2.6 mg/L and silica as 43 mg/L. A 
schematic diagram of the desalination plant which has a capacity of 1 
m3/h, is shown in Fig. 3. The preliminary treatment contained an iron 
removal system and two ultrafiltration (UF) membrane modules (UFC 
M5, X-Flow). Two steps of RO processes connected in series were 
equipped with spiral wound Dow FILMTEC BW30HR-440i polyamide 
thin-film composite membranes. The first step of RO had two filtration 
modules while the second step had one. The final treatment included 
remineralization and disinfection of the permeate (Fig. 3). 

During the pilot tests, no antiscalants, biocides, or other chemicals 
were used. Before RO-1, the feed reaction was lowered to about 5.5 by 
dosing minuscule amounts of hydrochloric acid, which effectively pre
vented membrane scaling. The permeate pH at the exit of RO-1 was 
increased to 10–10.5 and directed to RO-2. The pressure of 1.1 ± 0.1 
MPa was used in both stages of RO. The results of the pilot tests showed 
the electrical power consumption of the pumps in the UF pre-treatment 
process may be reduced to 5.9 kW due to the artesian pressure of the 
production wells [4]. The overpressure of the geothermal system during 
water production from the boreholes was ca. 1.2 MPa and was addi
tionally corrected by the use of a water turbine, located between the 
heat exchanger and the treatment station, which generated about 3 kW 
of energy (Fig. 4). The usage of reservoir artesian overpressure during 

Fig. 1. Experimental set-up for adsorption-membrane filtration study.  
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the geothermal water desalination was the advantage of the system. 
Furthermore, low water mineralization and increased water tempera
ture to 30 ◦C in the RO desalination, lead to a decrease in water viscosity. 
Generally, in the presented system, the net energy consumption of the 
water desalination per unit of freshwater produced was 1.40 kWh/m3 

[4]. An additional benefit can be achieved by using photovoltaic panels 
to supply the installation with electricity. Such activities are planned for 
the near future. 

3. Geothermal energy powered desalination 

The general idea of using geothermal resources due to the possibility 
of generating electricity and heat is presented in Fig. 5. The diagram has 
been divided into three cycles, where 1 means the use of geothermal 

steam to generate electricity. In the next stage (2), they can be used 
(after condensation) to generate electricity in the Organic Rankine Cycle 
(ORC) or the Kalina Cycle (KC), like geothermal water separated from 
geothermal vapors in a separator (stage 1). Likewise, with lower 
enthalpy resources, geothermal waters can be diverted directly from the 
production well into the ORC or KC. Stage 3 is the use of energy accu
mulated in geothermal waters after the electricity generation to generate 
heat. In such a complementary system, it is possible to supply water 
desalination processes that require both electricity and heat. In each 
case, however, it will depend on the local geothermal conditions. 

The thermal energy capacity of geothermal resources can be con
verted into electricity or used as direct geothermal heat. In both cases, 
the technologies that are used to generate electricity and direct heat 
should be considered mature and possible to use for desalination pro
cesses. The key barriers that may limit the use of geothermal water are 
the temperature and the efficiency of the energy generation system. 
However, as it was mentioned, this depends on the locally prevailing 
geothermal conditions. Based on the geothermal resource temperature, 
desalination technologies differ. If the temperature of geothermal 
sources is in the range of 40–70 ◦C, low-temperature desalination 
technologies such as membrane distillation, multi-effect distillation 
units, and simple evaporation basins, can be used. Multi-effect evapo
ration and multi-stage flash desalination processes can be run by 
geothermal resources at a temperature of higher than 70 ◦C. Higher 
geothermal resource temperatures (120 and 200 ◦C) may be considered 
for cogeneration schemes [82]. As suggested by Gude [82], cogeneration 
schemes could include thermal and membrane-based desalination pro
cesses. The main advantages of such systems are fewer maintenance 
requirements than RO membranes and low environmental impact since 
energy input comes from geothermal resource. Furthermore, since 
geothermal resources have constant temperature and flowrate with 
continuous flow, thermal energy storage is not required. Thus, 
geothermal resources appeared to be an ideal choice for thermal desa
lination processes [83]. 

Currently, there are several desalination plants based on geothermal 
energy in the world, but these are usually small installations [84–86]. 
They are located in Mexico (Baja, California), Greece (Kimolos), Tunisia 
(two installations in Tunisia), and the USA (two installations in the 

Fig. 2. A schematic diagram of the mini-pilot scale RO system (Reproduced with permission from [75]).  

Table 1 
The quality parameters of geothermal water pre- and post-treatment process 
(Adapted from [75,77,78]).  

Parameter  Irrigation 
water 
standard 

Geothermal 
water 
(pH 7.3) 

Product 
water 
(pH 7.3) 

Product 
water 
(pH 
10.5) 

Conductivity (μS/ 
cm) 

1000–2250 1679–1772  23.3  75.3 

TDS (mg/ 
L) 

500–5000 840–887  19.9  37.7 

Na+ (mg/ 
L) 

50–250 324–363  0.00  BDL 

K+ (mg/ 
L) 

No guideline 27–45  0.61  0.38 

Ca2+ (mg/ 
L) 

40–100 20–22  0.12  0.02 

Mg2+ (mg/ 
L) 

30–50 2.3–5.8  0.02  BDL 

Cl− (mg/ 
L) 

0–400 160–169  2.60  3.06 

SO4
2− (mg/ 

L) 
200–575 153–174  0.14  0.48 

B (mg/ 
L) 

<1 8.80–11.4  4.67  0.50 

BDL: below the detection limit. 
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Salton Sea) and are used for desalting, mainly seawater. An exception is 
an installation located in Greece, which desalts brackish water. The 
highest water desalination efficiency is characteristic for the installation 
based on membrane distillation and multi-effect distillation technolo
gies located in Tunisia, for which the capacity is 1382 m3/day [87]. The 
second installation in Tunisia uses the humidification-dehumidification 
process (HDH), but the details are not known for it. The second-largest 
value is characterized by the installation based on multi-effect distilla
tion technology in Greece. This pilot installation based on the multi- 
effect distillation is operating on the island of Kimolos. It uses 
geothermal water at a temperature of 60–61 ◦C extracted from a depth of 
188 m. The installation allows desalinating with a capacity of 80 m3/day 

by a geothermal water demand of 1440 m3/day [88–90]. 
Both plants operating in the USA (Salton Sea) are based on the MED/ 

VTE process. In the case of the MED/VTE (2-effects) installation, the 
production capacity is 18.9 m3/day, while in the case of MED/VTE (15- 
effects), it is more than 4 times higher and amounts to 79.5 m3/day. In 
both cases, geothermal steam with a temperature of 100 ◦C is used. In 
the first case, it is 454 kg/h, while in the second 3402 kg/h [91,92]. 

It seems reasonable to search for the use of low enthalpy geothermal 
waters in desalination processes. In the past, such research was con
ducted, among others by Rodriguez et al. [93], who indicated that for 
desalting 1 m3 of seawater in multi-effect distillation and multi-stage 
flash technology, it is necessary to use 14 m3 of geothermal water at 

Fig. 3. A schematic diagram of the pilot-scale membrane desalination plant for treatment of the geothermal water in Poland (Reproduced with permission from [15]).  

Fig. 4. The conception of geothermal water circulation and use (Reproduced with permission from [4]).  
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80 ◦C. It should be added that at such a temperature of geothermal 
water, it is possible to generate electricity by binary cycles, while the 
flow rate with which geothermal water is extracted should be at a higher 
level [94,95]. In turn, Gutiérrez and Espíndola [96] designed and tested 
a prototype unit in the laboratory, obtaining 20 m3/day of desalinated 
water with geothermal water consumption of 118 m3. The research was 
also conducted on the islands of Milos and Nysyros, indicating the po
tential for desalting water at 75–80 m3/day using geothermal water 
extracted from a depth of 85–184 m with a capacity of 12,840 m3/day 
[89,97]. For the island of Nisyros, the potential was estimated as 225 
m3/day of freshwater production [98]. 

Until now, geothermal energy has not been used in commercial-scale 
desalination processes. The stability of the generation of thermal energy 
from geothermal resources makes them very attractive to be used in 
desalination processes successfully in the future. In addition, according 
to Ghaffour et al. [88], supplying heat to desalination plants using 
geothermal resources can generally be considered more economically 
viable than solar energy. An important issue that should be noted is the 
possibility of using geothermal waters also for its treatment, provided 

that its chemical composition allows it. 

4. Review of other renewable energy powered desalination 

Between the years 2010–2020, water desalination by different 
technologies, including membrane processes, has been the subject of 
many scientific studies. Many of them focused on the problem of the 
high energy demand of the desalination process and progressing water 
scarcity crisis because energy costs represent as much as half of the 
production cost of desalination plants [99]. Khan et al. [100] also con
ducted an economic evaluation of systems based on renewable energy as 
a potential energy source for water desalination. They concluded that 
currently used desalination systems based on a different source of en
ergy vary in a wide range: a) photovoltaic (PV) energy ranging from 0.8 
m3/d to 60,000 m3/d with an approximate cost of US$ 34.21/m3 to 
0.825/m3, b) wind energy ranging from 1 m3/d to 250,000 m3/d with an 
approximate cost of US$ 15.75/m3 to 0.66/m3, and c) wind-PV inte
grated energy ranging from 3 m3/d to 83,000 m3/d with a water pro
duction cost varies from US$ 6.12/m3 to 1.4 US$/m3. 

Fig. 5. General diagram of using geothermal resources.  
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As can be seen, the presented values apply to two types of renewable 
energy sources: photovoltaics and wind energy separately, as well as in a 
hybrid system. This is due to the high popularity of these technologies in 
combination with water desalination processes. This, in turn, is the 
result of the relatively easier implementation of this type of solution in 
the context of electricity generation, especially in the case of photo
voltaics. The situation is different in the case of the use of a geothermal 
source to generate electricity, which is determined by the available 
temperature of geothermal water and its amount that can be extracted. 
For this reason, in the context of desalination of geothermal waters, 
especially in locations with low enthalpy geothermal waters, the inclu
sion of solar or wind energy in the meaning of a hybrid system and 
cooperation with a heat production system from geothermal waters, for 
their subsequent desalination, can be considered as justified and desir
able. For this reason, in the further part of this article, some references 
are given not only to geothermal energy but also to other renewable 
energy sources as mutually compensating. 

4.1. Solar energy powered desalination 

Among renewable energy sources used for the desalination of either 
brackish water or seawater, solar energy is the most common source 
worldwide [18]. A large part of the literature has investigated the po
tential of small-scale RO systems driven by PV in different locations such 
as Greece, Italy, Spain, Saudi Arabia, or Egypt either as part of the 
theoretical studies or pilot experiments [101]. 

Solar energy can be used for desalination directly or indirectly, 
depending on which technology is used to harness the energy. Indirect 
solar desalination systems known as solar stills, freshwater is generated 
directly mostly in the solar collector, while in indirect solar desalination 
systems, solar energy is collected as thermal or electrical energy, which, 
in effect, is being used for desalination [13]. Commercial-scale solar 
desalination research concentrated on two major categories of systems 
as concentrated solar energy (CSP) in conjunction with thermal or RO 
desalination processes and PV in conjunction with RO systems [102]. 
The PV module generates DC and, if the PV is to supply electricity to the 
grid, it needs to be converted to AC using an inverter, as most are AC 
grids [13]. In general, PV systems require batteries to store energy 
[103], particularly if the current needs to be supplied irrespective of 
solar radiation. When neither the inverter nor the batteries are in 
operation, a variable-flow pump is also used to compensate for seasonal 
variations in solar radiation [104]. 

Desalination of brackish and seawater using direct or indirect solar 
energy was investigated by Wazed et al. [105], Ruiz-García and Nuez 
[106], El-Awady et al. [107], Tong et al. [108], Pouyfaucon and García- 
Rodríguez [109], and Delgado-Torres et al. [110]. El-Awady et al. [107] 
investigated small-scale irrigation water production for greenhouses 
using direct solar energy in remote and arid areas in Egypt. The 
humidification–dehumidification (HDH) system was equipped with 
evaporators and distilled water condensers. They were able to produce 
0.104 m3/day of irrigation water. Peterson and Gray [111] installed a 
brackish water RO-PV powered desalination system to supply irrigation 
water to Mt. Coot-tha Botanic Gardens, Australia. The desalination 
system operated with a capacity of 10 m3/day. The PV-powered system 
was expensive, which was about 50 US$/m3 of product water. However, 
the authors claimed that the cost could be lowered by scale-up and long- 
term operation. Ruiz-García and Nuez [106] investigated a full-scale 
long-term intermittent PV-powered brackish water RO desalination 
system over 14 years. The system was equipped with 2-staged 
Filmtec™BW30–400 RO membrane elements operated at 12 bar. The 
plant was designed to produce irrigation water at a capacity of 416 m3/ 
day and a water recovery of 65%. The product water has an electrical 
conductivity of 250–700 μS/cm, while the specific energy consumption 
(SEC) was 1.82–2.21 kWh/m3. 

Filippini et al. [112] investigated the possibility of adding a PV 
system to a hybrid desalination plant (membrane desalination and RO). 

The authors conducted an economic analysis as well and estimated that 
the cost of electricity generation of the PV system was in a range of 
0.06–0.15 €/kWh, depending on solar radiation and the duration of 
daylight. Calise et al. [113] also presented an economic assessment of 
complex renewable energy systems integrating PV panels, seawater 
desalination, and water storage. They underlined that increase in PV 
area leads to significant cost savings (even from 67% to 94%). Moreover, 
they indicated that the volume of the water storage basin does not 
significantly affect the economic efficiency of the plant when appro
priate photovoltaic capacity is selected. 

In a geothermal heat center at Izmir city, Turkey, solar energy is 
being used to power a mini-pilot scale NF/RO desalination system 
installed for the treatment of the spent geothermal water. The installed 
solar energy system consists of 12 solar panels as depicted in Fig. 6, and 
each panel has a power capacity of 320 We. The panels generate elec
tricity from solar radiation in the form of DC. Attached to the PV module, 
there is an inverter that converts generated DC by the panels to AC, 
which can be used to power our installed NF/RO membrane treatment 
system. The PV module does not have batteries; for that reason, the 
energy generated by the panels is directly utilized for the treatment of 
the spent geothermal water in the NF/RO treatment system. The NF/RO 
membrane system powered by a PV module is shown in Fig. 6. The 
energy produced by solar panels and energy consumed by NF/RO 
membrane system is monitored by a software. 

Fig. 7 exhibits an example of power generation by the PV system and 
power consumption by RO membrane system on September 3rd, 2020, 
at 12:20–16:20. The membrane system consists of 2 pumps (high and 
low pressure), BW30 model (Dow FilmTech) RO membrane. A 15 bar of 
applied pressure was maintained constant during the study. Water re
covery from the system was kept constant at 60% and the duration of the 
experiment was 240 min. Fig. 7 illustrates that at the beginning of the 
study, the energy produced by the PV system was almost twice the en
ergy consumed by the membrane treatment system (2701 W produced 
by PV module, 1370 W consumed by the membrane treatment system). 
This study was conducted during mid-day (12:20–4:20 pm) when the 
solar radiation to the solar panels was at its peak. However, towards the 
end (150th min) of the study, there was a notable drop in the energy 
produced by the PV module (2035 W) compared to the first 15th min 
(2701 W) since the sun changes direction towards the sunset, the 
amount of solar radiation coming to the solar panels decreases. 

As already mentioned, the consideration of PV installations in the 
context of desalination of geothermal water or supporting desalination 
processes with the use of geothermal heat may be justified, as indicated 
by examples cited above. It should be remembered that when consid
ering the possibility of using geothermal heat in desalination processes, 
electricity is still necessary, which results from the specificity of the 
desalination processes themselves, or even in terms of auxiliary energy 
for such processes. In summary, by the dominant type of energy for 
desalination processes such as MSF (multi-stage flash), MED (multiple 
effect distillation), TVC (thermal vapor compression), AD (adsorption 
desalination), MD (membrane distillation), HDH (humidification- 
dehumidification), it is mainly thermal energy. However, it must not be 
forgotten that electricity is also essential [23,35]. 

4.2. Wind energy powered desalination 

Wind energy, like solar energy, is considered to supply water desa
lination processes rather in integrated systems, which allows these RESs 
to complement each other. The complementarity of power and gener
ated energy decides that there are relatively few autonomous in
stallations using wind energy in desalination processes, mostly in coastal 
areas. Abdelkareem et al. [114] listed installations located in France (Ile 
de Planner), Australia (Debenham), Spain (Fuerteventura, Gran Cana
ria), Greece (Thersasia Island), Great Britain (Loughborough Univer
sity), and Germany (Enercon SW, Enercon BW). The amount of permeate 
produced varies from 500 to 104,000 L/h, with the SEC coefficient from 
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2.5 to 200 kW/m3. The highest operating parameters characterized the 
Enercon installation using brackish water, for which the amount of 
permeate varies from 14,600 to 104,000 L/h with SEC coefficients of 
200 kW/m3 [114]. It should also be noted that the seawater desalination 
plants dominate (this applies to 5 out of 8 listed above), which probably 
results from favorable wind conditions of the coastal areas. However, 
such examples can be easily adapted for geothermal water treatment. 
Nevertheless, in recent years several studies have appeared that relate 
only to wind energy in desalination processes. Among the latest research 
by Loutatidou et al. [115] in the United Arab Emirates should be 
mentioned. In that study, the possibilities of industrial use of wind 
turbines operating at low wind speeds to feed RO processes were 
analyzed. They obtained the Levelized cost of water (LCWO) as 
1.57–1.63 US$/m3 for 7000 m3/day, 1.83–1.96 US$/m3 for 10,500 m3/ 
day and 2.09–2.11 US$/m3 for 14,000 m3/day for water production. 
Gökçek and Gökçek [116] were carried out a technical and economic 
analysis on the possibility of using small wind turbines in the desalina
tion process. They analyzed 6–30 kWe turbines for use in RO on 
Gökceada Island in Turkey. The economic results they obtained indicate 
that the cost of water desalination ranges from 2.962 to 6.457 US$/m3, 
which is very promising by several wind power plants and high wind 
potential in Turkey. Among older studies, attention should be paid to 
those carried out by Miranda and Infield [117]. They also relocated a 

small 2.2 kWe wind turbine, cooperating with the RO desalination unit, 
focusing on analyzing the impact of changing wind speed to optimize the 
rate of freshwater production. Whereas Dehmas et al. [118] presented a 
model enabling the analysis of the economic profitability of using wind 
energy in desalination processes based on the seawater RO plant, taking 
into account the reduction of CO2 emissions for Ténès in Algeria. 

Wind energy, adequately to solar energy, can complement the 
geothermal desalination plant. The potential of this renewable energy 
source may be of particular interest in agricultural areas. Due to their 
specificity, these are less urbanized areas, which may facilitate in
vestments in high-capacity units. Additionally, it can be concluded that 
this type of RES does not interfere with farming, which results from the 
lack of necessity to exclude significant land areas from use. It should be 
emphasized once again, however, that in the case of desalination of 
geothermal water, considerations on the inclusion of wind energy in the 
system should primarily concern areas where geothermal resources do 
not allow for the generation of electricity, or its amount is inadequate to 
the needs resulting from the required amount of water for desalination. 

4.3. Desalination using integrated systems 

Due to the complementarity of available power and energy from 
individual renewable energy technologies, the vast majority of research 
is currently focused on integrated systems. This should be considered as 
the right direction for the increase in the use of renewable energy 
technologies in desalination processes. Most research focuses on 
analyzing the potential of RESs in a given area and determining the 
amount of water that can be desalinated using them. Among the most 
frequently studied combinations of RESs, solar and wind energy coop
eration should be mentioned first of all. 

General studies on the possibilities of using renewable energy to run 
desalination processes without focusing on specific types of renewable 
energy had conducted by Aminfard et al. [119] and Padrón et al. [120]. 
In both works cited, the technical and economic feasibility analysis of 
renewable energy use was evaluated. Aminfard et al. [119] based their 
analysis on a multi-layered spatial model taking into account the po
tential of locally occurring RESs, availability, and depth of water re
sources as well as the level of their salinity and very importantly the 
price of water in the studied area. In total, 1445 locations were analyzed. 
Among all renewable energy technologies, 145 out of the studied loca
tions were indicated as the optimal use of geothermal energy while in 28 

Fig. 6. Solar panels (left), RO system powered by PV module (right).  

0

350

700

1050

1400

1750

2100

2450

2800

0 30 60 90 120 150 180 210 240

)
W(

d e
m usnoc/decudorp

re
woP

Time (min)

RO membrane system

PV module

Fig. 7. The power produced by PV module/power consumed by RO membrane 
system on September 3rd, 2020 at 12:20–16:20. 

B. Tomaszewska et al.                                                                                                                                                                                                                         



Desalination 513 (2021) 115151

9

locations solar energy was the most cost-effective technology. 
Padrón et al. [120] researched renewable energy use potential for 

the islands-Lanzarote and Fuerteventura. For this purpose, assuming 
that the RO production capacity will be up to 50 m3/day, the optimal 
system for Lanzarote was defined as the cooperation of a 30 kWe wind 
turbine, a 5 kWe PV installation, and a conventional 10 kWe generator. 
The system was completed by 160 batteries with a capacity of 360 Ah, 
and the whole allows to cover 96% of electricity demand at 0.404 US 
$/kWh. In the case of Fuerteventura, the system also consists of a 30 
kWe wind turbine, a 5 kWe PV system, but with a conventional 15 kW 
generator and 200 batteries, which translated into 92% of energy de
mand coverage at a unit cost of 0.478 US$/kWh. 

Technical and economic models on integrated use of solar PV and 
wind energy in the process of RO has been developed by Maleki et al. 
[121], Fornarelli et al. [122], Aminfard et al. [119], Mito et al. [123] as 
well as Mollahosseini et al. [124], while in the last work, the possibility 
of using geothermal energy was additionally analyzed. Particularly 
interesting conclusions were formulated by Mito et al. [123]. They are 
concerned with optimization in the management of energy production 
processes using wind energy and solar PV. The authors focused on 
identifying technical challenges and potential solutions to implement 
this analyzed technology on a commercial scale. They pointed out that 
the technical challenge is to avoid shortening the life of membranes used 
in the RO process, proposing as a solution modulation of work owing to 
the renewable energy sources available at commercial plants at a given 
moment. Also, the results of research carried out by Fornarelli et al. 
[122] are interesting, mainly because they refer to rural Australia by 
proposing an integrated 2.8 MWe of solar system and a 2.4 MWe of wind 
farm. The total amount of energy that could be produced was 15.2 GWh, 
of which only 1.2 GWh would be used in desalination processes, and the 
remaining part of the energy would serve the residents' living needs, 
making them independent of conventional energy sources. The energy 
cost was estimated at 0.077 US$/kWh, which is 47% less than the one 
applicable in the analyzed region. 

Bitaw et al. [125] presented the results of research oriented towards 
energy optimizations and cost analysis of integrated systems of seawater 
desalination LREE (low recovery, energy consumption, emission). For 
total recovery ratios of 7.% and 25.3%, they achieved an SEC as 1.3 
kWh/m3. They established that the integrated NF-electrodialysis (ED)- 
RO system possessed the highest reduction in the concentrated brine 
discharge (even 40%), lower energy use, 1.731 kWh/m3, and the lowest 
cost increase rate (around 28%) in comparison with the state-of-the-art 
stand-alone RO system. 

Despite the integration of various renewable energy systems, one 
should be aware that, e.g., in the case of integration between solar and 
wind energy, problems with power and energy shortage may appear, 
and thus the stability of the water desalination process will be disturbed. 
Research in this direction was carried out by Atallah et al. [126], in 
addition to the integration of wind and solar energy systems, analyzed 
their cooperation with a conventional unit, which was a diesel gener
ator. Returning to the research of Atallah et al. [126], they were con
ducted in the city of Nakhl in Egypt. The desalinated water production 
level was assumed by the authors at 100 m3/day, which, according to 
calculations, would require a 160 kWe of photovoltaic installation and a 
50 kWe of diesel generator. The analysis of many models ultimately 
indicated the abandonment of wind energy in this system. However, the 
installation has been supplemented with an electricity storage system in 
190 lead-acid batteries (19 chains) with a capacity of 3.11 kWh. 

Among integrated renewable energy technologies, geothermal en
ergy should play an increasingly important role in the future as a stable 
source that can be used continuously regardless of weather conditions. 
This direction of research, and thus supplementing solar and wind en
ergy systems using geothermal energy, has been analyzed in recent years 
by Azhar et al. [127], Okati et al. [128], Mollahosseini et al. [124] as 
well as Colmenar-Santos et al. [129]. Azhar et al. [127] analyzed the 
possibility of integrated use of solar, geothermal, and ocean thermal 

energy. The total power output was estimated as approximately 55 
MWe, and the proposed integrated system was able to produce 18.54 kg/ 
s of high-quality water. Although Mollahosseini et al. [124] analyzed the 
potential of all RESs that can be used in Iran for desalination processes, 
estimating them at 140.2 MWe. Wind and solar energy were indicated as 
the most optimal technologies. This proves that, although geothermal 
energy is a stable source of energy, it strongly depends on locally pre
vailing hydrogeological conditions, which directly affects the economic 
profitability of its use. From the latest research, the integrated 
geothermal and solar energy system was analyzed by Colmenar-Santos 
et al. [129] in Spain. From the perspective of geothermal energy, the 
possibility of using geothermal water at 41.8 ◦C was initially analyzed. 
However, it allowed covering energy demand only 76% of the time 
during the year. Calculations made by the authors indicated that to in
crease this ratio to 100%, it would be necessary to extract water at a 
temperature of at least 70 ◦C. 

4.4. Desalination using capacitive deionization 

Some desalination methods belong to the group of electrochemical 
processes. According to the definition given by Biesheuvel and Dykstra 
[130], such processes appear when freely moving ions in the electrolyte 
phase meet another phase/material and can interact with it. That ‘other’ 
phase can be either a charged interface or an electrode. The authors 
extended the definition to such desalination processes as RO and NF and 
included them in the electrochemical group. However, the core elec
trochemical processes are still ED and capacitive deionization (CDI). The 
first one is well recognized and applied on the industrial scale, while the 
second one is just in its emerging state and is still developed. The CDI is a 
water desalination method implementing a pair of porous conductive 
electrodes that can attract anions and cations when they are charged 
positively and negatively. In the classical CDI stack, water flows along 
the electrodes, but sometimes it is directed through the electrodes. The 
last design uses highly permeable electrodes prepared, usually from 
nano/microfibrous math. When the electrode is formed by the conduc
tive slurry, such design is defined as flow electrode CDI (FCDI). The 
ordinary design with two stationary electrodes can be wrapped by ion- 
exchange membranes. Formed in such a way, membrane enhanced 
CDI (MCDI) is characterized by increased efficiency as well as salt 
adsorption capacity [131]. Hence, in the CDI electrochemical process, 
three various configurations appear: classical CDI, membrane CDI and 
flow CDI. Each of them has its profits and drawbacks, and these methods 
were discussed in many publications. What is interesting, most of these 
papers show that CDI can be applied as a source of energy. Brogioli 
[132] developed that way of thinking and invented the capacitive 
mixing method (CAPMIX) for harvesting salinity gradient energy. Later 
on, that method appeared as the third option for getting renewable 
energy from mixing saline fluids [133–135]. Siekierka et al. [136] 
proved that by coating electrodes with ion-exchange membranes, one 
can increase power production of the CAPMIX system by 100 times. The 
authors were able to obtain 200 mW/m2-electrode. That effect can be 
multiplied for a multi-compartment stack [137]. 

The above-presented evidence is well-reflected in theory. Kong et al. 
[138], using molecular modeling found that there is an optimal charging 
potential to maximize the net electrical charge output and that potential 
depends on the pore diameter of the electrode. Once the pore size is 
doubled in ion diameter, the best results are obtained. For the classical 
CDI, with two flat conductive electrodes, the process of desalination is 
composed of two steps: electro-sorption and electro-desorption. Each of 
them needs energy. However, they are some different metrics used by 
various authors to describe the electro-membrane systems. To make any 
comparison relevant, the definition of common metrics for the capaci
tive desalination process was needed. That was done by Hawks et al. 
[139]. They suggested using volumetric energy consumption calculated 
per m3 of dilating (Ev) to show energy consumption. When the product 
of voltage and current is positive, the system is charged (Ein), in the 
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opposite case, the system is discharged (Eout). The change of power for a 
CDI cell is exhibited in Fig. 8. 

Hence, the net portion of Eout can be used for charging the second 
CDI system. That idea was used by Omosebi et al. [140] and is shown in 
Fig. 9. 

The system for energy recovery was analyzed by Oyarzun et al. 
[141]. Their studies showed that energy storage and utilization effi
ciency were at the level of 90% for the initial voltage of 1 V. In the 
studies of FCDI connected to storage devices [142], the authors were 
able to recover about 10% of energy. A better result was noted by Lim 
et al. [143] as 25% recovery of energy for their FCDI system. 

The described discrepancy in the evaluation of energy recovery 

shows that the CDI systems still need more advanced studies. The best 
example of the divergent view on the system can be found in papers 
comparing RO with CDI. Qin et al. [144] concluded that the energy 
efficiency of RO is higher than CDI. The development of more efficient 
electrodes, according to the authors, can marginally improve the desa
lination cost of brackish water. The opposite point of view has been 
presented by Porada et al. [145]. They showed that water recovery for 
the MCDI system is 95% and the energy consumption is remarkably 
lower than RO. They stated that the use of different process metrics 
enables comparison of different technics and makes controversial any 
attempt. They appeal for the unification of used parameters to not 
confuse the potential readers. 

Generally, the CDI system can be used in double-action: for water 
demineralization and the generation of energy. The graphical abstract 
taken from the paper of Kang et al. [146] well picture that case (Fig. 10). 

Comparing various processes for gathering energy from salinity 
gradient, it is a cheaper and non-toxic method [147]. The authors 
concluded that efficiencies of electro-dialytic, osmotic, and capacitive 
storage systems are alike. The most important constrain of the wide use 
of these systems is their membrane price. 

The presented examples prove that there is a continuous develop
ment of technologies for both electricity and heat generation. In many 
respects, renewable energy technologies are still treated as a separate 
energy sector, separate from conventional energy. It is justified for some 
reasons, but the integration of energy systems considered as a whole 
requires the inclusion of renewable energy technologies in the electricity 
or thermal energy sectors as equivalent and mature solutions. With this 
approach, RES should no longer be considered as an alternative to 
conventional fuels, but widely used, provided that energy, economic and 
environmental criteria are met. This is extremely important in the case 
of high-energy-consuming desalination processes. Therefore, the chal
lenge to be met is the development of renewable energy sources that can 

Fig. 8. Energy variation in the case of CDI system (after [139]).  

Fig. 9. Sketch of a) single CDI system and b) doubled CDI system with energy recovery (after [140]).  
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be considered as alternatives, such as the use of a salinity gradient. 

5. Advantages and disadvantages of using RES in geothermal 
water treatment processes 

Considering the use of RES in the context of water treatment pro
cesses, especially in geothermal water desalination, as well as their 
general role in power engineering, one should refer to their advantages 
and disadvantages. Referring to ecological issues, it should be stated that 
the use of RES does not, first of all, emit pollutants into the environment 
at the stage of their functioning. A completely different situation occurs 
when conventional energy sources are used. In addition, there is negli
gible noise emission or even lack of it in the case of technologies as e.g., 
PV. The situation is similar in the case of light emission. An important 
aspect in favor of RESs is also the lack of the need to use significant 
amounts of water in cooling processes, typical for conventional energy 
generation. 

Apart from the ecological issue, the positive impact of diversification 
of energy sources on a local and global scale should be considered. It 
impacts independence from the supply and prices of fossil fuels, fol
lowed by greater stability and predictability of energy prices on the 
market. The development of the region in which renewable energy is 
used is also significant, which is particularly visible in the case of 
geothermal energy and its recreational values. However, it should be 
noted that the downside to the use of RESs is their dependence on local 
meteorological, topographic, and geological conditions. In many cases, 
it causes the inability to use one renewable energy source and the need 
to look for integrated solutions to achieve the required power and the 
amount of energy generated. 

In many cases, positive economic effects resulting from the use of 
RESs compared to conventional energy sources should be considered as 
an advantage, which was also often confirmed by the previously cited 
results of published research in water treatment processes. Considering 
the use of geothermal water and energy for driving membrane systems, a 
detailed cost analysis of the produced water from the geothermal water 
by an integrated UF-RO process, has been presented by Tomaszewska 
et al. [4,148]. As it was pointed out, the implementation of the 
mentioned process for geothermal water desalination taking into 
consideration 120 m3/h water intake and electricity cost of EUR 0.117/ 
kWh, required 2.0 kWh/m3 of energy consumption by the integrated UF- 
RO system and finally 0.6 EUR/m3 of the total cost of the water, which 
can be used for irrigation. 

Generally and maybe the popular opinion is that RO process is 
considered expensive and should not be considered for desalination of 
geothermal water due to the high quality of product water. But as it was 
pointed out, if the membrane combinations were selected properly (e.g. 
by reducing concentrate as it was presented by Tomaszewska et al. 
[4,148] and/or by applying pyramidal design of RO system and/or 
mixing RO permeate with well water at a certain ratio may reduce the 
cost and consumption of large volume of well water. 

Once again, however, it should be noted that this phenomenon is 
strongly dependent on local conditions, including prices of electricity 
and heat generated from conventional sources, for which RESs are to be 
an alternative. 

6. Conclusions 

The agriculture sector in the world mostly relies on fossil fuels. 
Increasing the share of RES contribute to improving the environmental 
impact of the agriculture sector, including the reduction of greenhouse 
gas emissions. Therefore, decreasing the dependency of agriculture and 
the agri-food chain on fossil fuels will contribute to global food security 
and climate protection. Apart from energetic aspects, water scarcity is an 
imminent problem for agriculture and the agri-food chain. Since water is 
essential for the proper growth of the crops and the sustainability of the 
agri-food chain, using the spent geothermal brine for agricultural ac
tivities should be considered. As an unexploited waste stream with high 
ionic content, the spent geothermal brine should be desalinated before 
use in irrigation. High specific energy consumption is the main barrier 
for the desalination process, However, if the proper technology solution 
to be used (e.g. reducing concentrate, applying pyramidal design of RO 
system, mixing RO permeate with well water at a certain ratio) may 
reduce the cost of adequate water production for irrigation. 

Using fossil fuels accompanies greenhouse gas emissions, which 
harm the environment. Considering the water-food-energy nexus, use of 
RESs for safe agriculture and agri-food chain contributes to environ
mental protection and decreases the climate change effects of fossil fuel 
use. The challenge of providing drinking water in the required quantities 
means that desalination techniques not only look for technological op
portunities to cooperate with RESs sustainably and stably but also the 
desalination technologies themselves are developed. An example of this 
is the aforementioned CDI method, which shows the potential to be 
modified to increase efficiency and become competitive with more 
established desalination technologies in cooperation with RES, such as 

Fig. 10. Energy recovery in CDI system (after [146]).  
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