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Abstract 

Thermal desalination is an energy intensive process that satisfies its requirement from 

conventional fossil fuel sources. Current research efforts aim at finding alternatives for fossil fuels 

to power thermal desalination. Nuclear energy offers a feasible option for power cogeneration and 

production of fresh water due to the significant amount of recovered useful heat. The heat is 

exploited to produce steam and generate electricity on-site to power thermal and membrane 

desalination facilities. Large or small/medium nuclear reactors (SMR) can be used.  This paper 

reviews the various aspects of nuclear desalination, the different nuclear reactors that have been 

coupled with desalination processes, and the hybrid desalination systems coupled with nuclear 

reactors. It also discusses the safety and public acceptance for the nuclear desalination practices as 

well as the latest economic studies and assessments for on –site nuclear desalination power plants. 

Ten main projects around the world are primarily operated as nuclear desalination plants. The 

major desalination processes coupled with nuclear SMRs are MSF, MED and RO. The cost of 

water production using nuclear desalination was estimated to range from 0.4 $/m3 to 1.8 $/m3 

depending on the type of reactor and the desalination process used.  

Keywords: Nuclear desalination, SMR in desalination, Nuclear power plant, techno-economic 

analysis, safety analysis. 
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Highlights 
 

 The latest advances and technical features of nuclear desalination plants are reviewed 
 Nuclear SMR reactors are promising for powering large scale desalination plants 

 The hybrid nuclear systems offer a promising alternative for power cogeneration and fresh water 

production 

 Techno-economic analysis of various nuclear desalination systems provide great potential 

 The safety of nuclear desalination systems can be enhanced by reinforcing engineering design 
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1. Introduction 

The implementation of desalination technologies is becoming one of the practical solutions to meet 

the increase in fresh water demand in many regions around the world. Water desalination industry 

has been expanding dramatically since the 1950s. A significant increase in capacity observed in 

the gulf countries, Caribbean region and in southern California [1,2]. Conventional desalination 

technologies rely heavily on energy obtained from fossil fuels, which eventually leads to pollution 

and global warming. In principle, desalination processes are divided into two main categories: 

thermal and non-thermal processes (membrane processes) [3]. The main thermal processes 

include: multi stage flash (MSF), vapor compression (VC) and multi-effect distillation (MED), 

while reverse osmosis (RO), forward osmosis (FO) and electro-dialysis (ED) are classified among 

the membrane desalination processes [3–6]. The most commonly practiced processes are MSF and 

RO. In terms of global capacity, RO accounts for 63% and MSF accounts 23% [2]. 

A substantial reduction in the cost of the desalinated water has been achieved over the last decades. 

However, many factors still play a significant role in determining the cost of desalinated water. 

These factors include the type of technology used, plant size, geographical location, plant capacity, 

pretreatment requirements, quality of feed water and power cost. While considering the following 

factors: 1) the cost of energy, 2) sustainability of conventional energy sources, 3) the effect of 

fossil fuels on the environment and 4) the fluctuations of fossil fuel prices, it appears that there is 

a merit to find alternative energy sources to power desalination processes. Some desalination 

processes require thermal energy such as MSF and MED, while membrane technologies such as 

RO or forward osmosis (FO) for example require electricity. Hence, extensive research efforts are 

in progress to explore alternative energy sources in desalination such as solar, geothermal and 

nuclear energy [6]. 

Nuclear desalination appears to be a feasible and a promising option to power desalination plants 

at reasonable costs  [7]. It is the production of fresh/drinkable water from seawater in a nuclear 

power plant. The amount of energy evolved can be utilized to power thermal desalination processes 

as well as running a cogeneration system to produce electricity [8–10].  The use of nuclear energy 

in desalination has been extensively studied by the International Atomic Energy Agency (IAEA) 

since the 1960s [11,12]. Since then, the IAEA have been actively leading surveys on the feasibility 

of integrating nuclear energy into desalination. Multiple IAEA reports were published [13–16]. 
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The results showed several attractive features for nuclear desalination including the protection of 

environment by minimizing the greenhouse gas emissions, the eventual conservation of traditional 

energy sources (fossil fuels) and the economic feasibility in remote areas where fossil fuels are not 

available. The results also provided a general understanding for this technology and built more 

technical confidence in its implementation.  

The number of studies concerned with nuclear desalination that have been reported in the literature 

is increasing.  It is therefore the objective of this paper to provide a comprehensive overview of 

the most recent studies on the various aspects of nuclear desalination. It is also aimed at evaluating 

the current hybrid trends in desalination, and the future research activities. The assessment of 

economic impact and safety concerns is also presented in this context.  

2. Nuclear Energy  

Fossil fuels have been the dominant source of energy for the past 100 years in both industrialized 

and developed countries with a contribution of 81% [17]. However, there has been a change in 

energy consumption rate over the last 15 years with a heavy investment in renewable and 

sustainable energy sources [18]. For many countries, the energy supply security has been the main 

concern especially for those that import oil. This triggered several research efforts to find 

alternative cheap, stable and clean energy sources [19]. Nuclear power in particular received a 

considerable attention. The potential of less expensive nuclear fuel costs was the main motive in 

nuclear power plant constructions between 1970s and 1980s especially following the oil crisis in 

1970s [18]. Many counties around the globe have nuclear power plants. Examples are Japan, 

Kazakhstan and in the Middle East [20].  As of 2016, a total of 441 nuclear reactors were operated 

in more than 30 counties with a total capacity of 382.9 GW(e) [(giga-watt (electrical) ] [21]. 

Among these, 68 reactors are still under construction; 45 of which are in Asia alone, with a total 

capacity of 67.4 GW(e) [21]. Recent studies indicated that global nuclear power capacity will reach 

511 GW (e) in 2030, compared to a capacity of around 370 GW(e) in 2009 [22]. This is triggered 

by the need to increase the required energy supply, expand fuel sources, minimize the dependence 

on non-renewable energy sources as well as the dependence on oil imports. These factors come in 

parallel with the several environmental concerns raised from the excessive use of fossil fuels as 

primary energy sources such as climate change, greenhouse effect and air pollution [23]. 

According to the IAEA’s report in 2012, the global energy demand would increase by around one-
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third by 2035 [24]. As per the World Energy Council assessments conducted in 2016, the identified 

Uranium resources have increased by around 70% over the last ten years, which would provide 

enough energy supply for more than 100 years based on the current consumption rates [18].  

The generation of electricity from nuclear energy has been increasing over the past three decades 

with 14% of the total electricity generated in 2009 and around 18.9 % in 2016 [9,21,22]. Electricity 

generation using nuclear power depends on four major aspects: capital costs, operation & 

maintenance costs, fuel costs and back-end costs. These aspects are related to end-of-life plant 

decommissioning and disposal. Assessments and sensitivity analyses related to the electricity 

generation have been conducted and showed that the electricity generated through nuclear power 

is the lowest-cost electricity supply option in many markets due to the low fuel costs [25].  Fig. 1 

and 2 below summarize the results of this study. The analyses reported the different fuels prices 

and electricity generation costs [25]. As can be clearly seen from figures 1&2, the electricity 

generated through nuclear power plants has achieved the lowest cost among the all the alternatives 

considered. The study also found that the cost of nuclear electricity is insensitive to the changes of 

nuclear fuel price. 

 

Fig. 1: Estimated cost of various fuel prices [25] 
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Fig. 2: Comparison of the estimated electricity generation costs [25] 

 

Globally, and according the IAEA data, the nuclear power generation is expected to increase in 

the coming decades along with the applied policies toward the reduction in carbon dioxide 

emissions. In USA for example, the Environmental Protection Agency (EPA) aims at a reduction 

of 32% in greenhouse emissions by the year 2013, hence, suggesting the preservation of existing 

nuclear power plants [26]. China aims at increasing the production of energy from non-fossil 

sources by 20% in 2030, and by the end of 2017 china have constructed additional 37 nuclear 

facilities [27].   Fig. 3 shows the global nuclear electricity in TWh in the past decades and up to 

2015. It can be clearly seen that, generally, there is an increase in global production.  Based on 

these numbers, it is apparent that nuclear power has become a promising option for the production 

of clean energy.  
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Fig. 3: World nuclear electricity production, TWh [18] 

3. Nuclear Power Reactors 

As of 2016, energy production from all of the operating nuclear power plants utilizes the process 

of nuclear fission [28]. During the nuclear fission, huge energy is released due to the split of the 

heavy atomic nuclei split apart in order to form lighter atomic nuclei. These atomic nuclei are 

characterized by their mass numbers, atomic numbers, and number of emitted neutrons as well as 

the γ-rays that are linked to the excitation of the primary nuclei. The role of nuclear reactors is to 

convert the resultant thermal energy into electricity [28,29]. Different nuclear reactor 

configurations are currently in use around the world. Based on their historic development, they are 

classified into generations. The following are the main types: pressurized water reactor (PWR), 

boiling water reactor (BWR), pressurized heavy water reactor (PHWR), gas-cooled reactor (GCR), 

advanced gas-cooled reactor (AGRs), light water (cooled) graphite (moderated) reactor (LWGR), 

fast breeder reactors (FBR), high temperature gas-cooled reactors (HTGRs) and liquid metal 

cooled fast reactor (LMFR) [30]. Fig. 4 below shows the different generations of nuclear reactors 

along with the time line developments [31]. Currently, there are around 441 nuclear reactors 

around the world. PWR reactors constitute around 68% , BWR reactors constitute for about 20%, 

PHWR reactors constitute around 6% and the rest is devoted to GCR, LWGR and FBR [7]. 
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Fig. 4. Types and generations of nuclear reactors [31] 

Many other reactor technologies and configurations are currently being developed due to the 

significant population growth. The small modular reactors (SMRs) and the fast neutron reactors 

are considered as the most promising technology for the near future [32]. SMRs are defined as 

advanced nuclear reactors that are able to produce electric power of up to about 300 MW(e) [32]. 

These reactors are considered most feasible because they can be fabricated then transported into 

the facility. They are characterized by the ease and speed of assembly, where such reactors can be 

moved and installed as per the facilities energy requirements. Huge investments in building and 

designing SMRs has been noted recently in many countries worldwide including USA, Russia, 

France, India, Japan, South Korea, Argentine, China and Italy [33].  

 

Nuclear power is currently recognized as an energy source (both electrical and thermal) to seawater 

desalination, hydrogen production and many other applications. It is a reliable and efficient source 

of energy. As a global overview [34], there is a general agreement that utilizing nuclear power in 

desalination is practical and economically profitable. In the following sections, an overview for 

the desalination technologies is presented as well as the several nuclear reactors commonly used 

with desalination. 



10 
 

4. Desalination Technologies 

Seawater desalination can be classified according to the source of energy used as thermal, 

mechanical, chemical and electrical [35]. In this section, an overview for the current desalination 

technologies in use will be presented with the focus on the sources of energy used. The following 

categories will be highlighted as per the latest available literature [20,35–38]:  

• Thermal-based Technologies  

• Membrane based Technologies  

4.1 Thermal-based Technologies 

 

In the thermal-based desalination, fresh water is produced via a phase change process, i.e., using 

evaporation and condensation to separate the salts from water [39].  These processes are therefore 

characterized by the huge amount of energy required as heat. The conventional thermal 

desalination technologies discussed in this context are: the multiple effect distillation (MED) and 

the multi stage flash (MSF) desalination [40].  

4.1.1 Multi-Stage Flash (MSF) 

 

Multi-Stage Flash (MSF) desalination was introduced in the early 1950s [41]. It is based on the 

principle of distillation through multi-stage chambers where the pressure is suddenly reduced at 

each successive stage [42]. MSF is an energy intensive process [42,43]. It has experienced 

dramatic improvements in the past decades that resulted in a massive increase of its use with 

around 60% of the global desalination and almost 80% of desalination in the Middle East region 

[40,44]. MSF is characterized by its high reliability, well established technology, ease of operation, 

and the low performance degradation over the years of utilization [44,45]. Previously, the MSF 

plants were mainly used in the Middle East due to the availability of fuel and the difficulties faced 

in the operation of reverse osmosis (RO) plants [44]. Most of the available commercial MSF 

installations are designed with 10–30 stages where the temperature drop attained is 2◦C per stage 

[46,47]. The conventional MSF system consists of a brine heater where the feed water is admitted 

and heated, flashing stages where the pressure is reduced, hence, rapid evaporation or flashing, 

vacuum ejector, chemical addition pumps (to control scaling and inhibit corrosion) and, feed 

screens [48]. A schematic diagram for a conventional MSF process is shown in Fig. 5 [41]. 
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Fig. 5. A schematic diagram for a conventional MSF process [41]. 

 

Recent advances on MSF systems included the focus on two factors: 1) reducing the cost of MSF 

systems and, 2) integrating renewable energy sources. It appears that there is a significant decrease 

in the cost of water desalinated utilizing the MSF technology. Studies have shown that the cost of 

desalinated water via MSF have decreased by a factor of 10 since 1960 [44,49]. MSF systems 

where integrated with renewable energy sources such as solar collectors and geothermal source 

[50].  For example, a novel MSF process that used parabolic trough collectors (PTC) and a solar 

pond was recently described [51]. The integration of renewable energy sources in MSF was 

addresses in the literature; an example is the review of Abdelkareem et al. [6]. A mathematical 

model describing an MSF desalination unit with brine recirculation configuration coupled with 

nanofluid absorption solar collector as a heating source was studied [52]. Alsehli et al. [53] 

described a novel design for a solar powered multistage flash (MSF) desalination plant that uses a 
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group of solar collectors and a pair of thermal storage tanks. The brine was directly circulated 

through the solar collectors so that no heat exchanger and medium fluid are required [53].  The 

thermal performance of a high-capacity MSF desalination system was evaluated using three scale 

inhibitors including polymaleic, polyphosphonate and polycarboxylates, all of which were 

effective for both inhibiting alkaline scale formation and improving the top brine temperature [54]. 

The volatilization of boron in the MSF systems was also simulated [55]. The results showed that 

the boron concentrations reached in the simulated MSF process agree with the measured 

concentrations in the commercial MSF systems. Fouling dynamic models were developed to study 

the impact of calcium carbonate and magnesium hydroxide crystallization in the condenser tubes 

of a once-through desalination system [56].  

4.1.2 Multiple Effect Distillation (MED) 

 

Multiple Effect Distillation (MED) is among the oldest technologies practiced in desalination. 

MED system is composed of a number of preheaters, distillation units, and condensers [57]. In 

general, the evaporation process of sea water occurs at the surface of a tube bundles heated by the 

steam. The steam is condensing inside the tubes and the vapor generated in each effect is used in 

the subsequent effect. The steam experience a significant reduction at pressure and temperature 

[57]. MED plants are usually operated as a once-through system without a large quantity of brine 

re-circulating around the plant which in return reduces the plumbing requirement and the scale 

formation [46]. On the commercial scale, most of the MED plants are coupled thermal Vapor 

Compressors known as MED-TVC desalination. In this system, the evaporation in the first effect 

is driven through compressing part of the vapor at the last effect to the desired temperature either 

from a solar collector system or from a conventional boiler [40,47]. Some MED systems are 

coupled with the Mechanical vapor compression known as (MED/MVC) systems but not found in 

a wide scale in the industry [40,58].  

Due to many operational problems such as scaling and the high capital/operating expenditures, the 

presence of the MED was limited compared to the MSF in the past decades [57,59], however, 

some studies showed that the MED processes may replace the MSF process in the near future 

because of the lower energy requirements [60–62]. MED technology have experienced several 

improvements during the past 10 years. These improvements include the significant increase in 

the capacity up to 22,700 m3/day, reduction in the tube scaling through proper design, and 
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improvement of the heat transfer with aluminum for surfaces [61,62]. Renewable energy sources 

were also investigated with MED such as direct solar energy, solar collectors, Photovoltaic thermal 

(PVT) collectors, solar ponds, and waste heat source [50]. A number of studies in the literature 

[63–65] have addressed solar MED processes in particular. For example, Sharaf et al. [63] 

compared solar power assisted MED-vapor compression (VC) systems. The results showed that 

the specific power consumption, solar field area and the thermo-economic cost could be reduced 

through reducing the compression ratio and increasing the number of evaporators. Hybrid MED 

plants as well as thermal-based desalination include other systems such as the vapor compression 

distillation (VC) were studied [66–69]. The results showed an increase in water production due to 

hybridization and vapor compression systems. 

4.2 Membrane based technologies 

 

Membrane based desalination is considered among the preferred processes for producing fresh 

water. This is due to several factors: it is efficient, easy to operate, with a high efficiency [70,71]. 

It is based on the use of semi-permeable membranes through which desalinated water can diffuse 

through (permeate) leaving the concentrated salt solution (retentate) behind under a driving force 

[70–72]. The main membrane-based desalination technologies that are currently in use are the 

following: reverse osmosis (RO), forward osmosis (FO), electro-dialysis (ED) nano-filtration (NF) 

and ultrafiltration [70].  Membrane desalination processes rely on electricity as the main source of 

energy. The membrane is defined as a thin porous film that allows the passage of water molecules 

and prevents the passage of other larger molecule such as salts, bacteria, metals and viruses as 

these cause biofouling [71]. Polymeric materials are usually used to fabricate the membranes. 

Examples of polymeric materials include acetate, cellulose, and nylon [71]. In the following 

section, the main membrane processes, reverse osmosis (RO), electrodialysis (ED) and membrane 

distillation (MD)) are discussed. 

4.2.1 Reverse Osmosis 

 

Reverse osmosis (RO) is a process that utilizes semi-permeable membranes to separate 

contaminants from feed water under the influence of osmotic pressure [72]. Generally, high 

pressures (50 – 80 bar) are required to overcome the osmotic pressure so that the water can pass 

through a unit area of membrane [72]. By far, RO is classified as the most energy efficient process 
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used for fresh water production with around 45% of the global desalination capacity [72]. Recent 

studies showed the suitability of RO systems for brackish water desalination purposes as they are 

capable of producing variety of water types; drinking water as well as agricultural water at a 

relatively lower cost [73,74]. The cost of water produced by membrane processes is usually around 

1 USD/m3 depending on the source of energy. For example, if the membrane process is solar 

assisted, the cost reported is from 1-5 USD/m3 [51]. Current research efforts aim at evaluating the 

coupling of various renewable energy sources with RO to power the process [75]. Solar energy 

was investigated as a viable option to drive the pumps and/or produce electricity via the 

photovoltaic panels [47,75]. PVT collectors, wind energy can be also used as an energy source 

associated with the RO systems [50]. RO units driven by PV and thermal solar are currently 

available in many places with varied capacities that can go up to several hundred cubic meters per 

day [36].  Shalaby [76], provided a general design recommendation for a solar Rankine cycle (RC) 

powered RO systems. The thermodynamic cycle of a RO desalination membrane coupled with a 

thermal water pump was evaluated [77]. The performance of a photovoltaic/diesel/battery/reverse 

osmosis desalination hybrid energy system was optimized [78]. Wind was investigated as a 

possible renewable energy source to power RO desalination units [79–81]. The results showed that 

hybrid renewable energy system can decrease the cost of the system with enhanced reliability. 

4.2.2 Electro-dialysis (ED) 

 

Electro-dialysis (ED) is the transport of ions through a semi-permeable membrane under the 

driving force of potential difference [82].  ED has been used for brackish water desalination in 

different regions around the world [83]. The cation and anion exchange membranes are arranged 

in an alternating pattern in the ED cell. Cation exchange membranes allow only the passage of 

cations, whereas the anion exchange membranes allow the passage of anions. A schematic diagram 

for the process is show in Fig. 6 [82].   
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Fig. 6: Schematic diagram for the ED process [82].   

This process removes the salt ions via applying a direct electric current (DC) where the saline feed 

water that contains salts are separated by moving towards the appositively charged electrodes that 

are immersed in the electrolyte.  Several studies were performed to investigate solar driven ED 

[84–88]. The results of these studies showed a promising cost reduction results. 

4.2.3 Membrane distillation 

 

Membrane Distillation (MD) is a thermally–driven process in which water molecules pass through 

a micro-porous hydrophobic membrane under vapor pressure difference [89]. Recent studies 

showed that MD possesses several advantages such as exploiting waste grade heat and producing 

high-quality water [90,91]. The improvement of the MD thermal efficiency was the subject of 

several studies in the literature [91–95]. Recent studies addressed the use of MD with thermal 

renewable sources such as solar and geothermal energy [96,97].  Banat et al. [96] explained the 

design and technical feasibility solar still integrated MD system for the production of potable 

water. Mericq et al. [97] presented a simulation study for different configurations of a solar-driven 

VMD system where solar ponds and solar collectors were used for the MD.  The results indicated 

that the use of solar collectors could be promising as long as the water flux is maintained as high 
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as 142 L/m2 h.   Other studies have focused on producing drinking water via geothermal energy 

[98]. It indicated that a significant water cost (around 59%) can be achieved through the utilization 

of geothermal energy- driven vapor compression.  

5. Aspects of Nuclear Desalination 

Nuclear desalination is the process of producing fresh water using an on-site nuclear reactor 

[99]. Plant capacity and water quality are among the several factors that can significantly affect 

the energy demand in any desalination process [100]. The energy required to power desalination 

can be either thermal or electrical as previously stated in this context. Renewable sources such as 

geothermal and solar renewable energy sources can be used to drive MSF, RO and MED, however, 

they are integrated with smaller size plants [100].  Nuclear energy offers higher energy density 

compared to other conventional and renewable energy sources. With the continuous depletion of 

fossil fuels, continuous population growth, and the increase demand for fresh water, developing 

countries are currently in crucial need for the development of nuclear reactors. In developing 

countries, constructing large nuclear plants can impose a greater safety and economical risk due to 

the large space occupied by the plant. However, new technologies can solve some of these 

problems by building smaller size plants, produce hydrogen, generate electricity and produce fresh 

water by desalination on site [101]. For the past two decades, nuclear desalination have been 

officially recognized by IAEA as one of the most efficient and promising options for fresh water 

production and power generation [102]. Several research activities were initiated by the IAEA 

since the 1990’s with nine state members [102]. They are called the coordinated research projects 

(CRP) and their aim is to investigate, assist improve and optimize nuclear desalination [102,103]. 

Additional objectives are to investigate the reliability, efficiency, cost analysis and safety of 

nuclear desalination. The studies offered sufficient data for future nuclear desalination systems 

and summarized the following substantial advantages for nuclear desalination processes [104]: 1) 

the possibility of harnessing useful amount of heat and invest it in thermal processes such as MED 

and MSF, 2) the development of an environmentally friend multi generation system, and 3) the 

reduction of the overall costs for the process along with the enhancement in plant efficiency. 

Globally speaking, the nuclear desalination systems fall into two major categories: nuclear 

desalination with power generation or, stand-alone nuclear desalination. In this section, a review 

for the various aspects and characteristics of nuclear desalination technologies is presented. 
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5.1 Types of nuclear reactors for desalination  

 

The existing nuclear desalination plants around the world were established in the 1970’s and they 

are located in Kazakhstan and in Japan [105]. Before the 1970’s, research activities evaluated the 

possibility of nuclear desalination and showed its feasibility as well as its competency with other 

conventional energy sources [11,12,106,107]. In general, and according to the type of coolant used, 

there are two types of nuclear reactors that are used in desalination: light water reactors (LWR) 

and the heavy water reactors (HWR) [31]. LWR category also include boiling water reactors 

(BWR) and pressurized water reactors (PWR). Whereas, the HWR category include pressurized 

heavy water reactors (HPWR). There are other types such as the Liquid Metal Fast Breeder 

Reactor (LMFR) and high temperature gas cooled reactor (HTGR) [108].  In general, the water-

cooled reactors are preferred because of the well-established technology. In the literature, 

Pressurized Water Reactor (PWR), Pressurized Heavy Water Reactor (PHWR), and Liquid 

Metal Fast Breeder Reactor (LMFR) are the most common nuclear reactors coupled with 

desalination processes [13,109]. 

The IAEA has classified the nuclear reactors based on their power output into three 

categories:  “small” reactors if they have less than 300 MWe electrical output; medium if their 

electrical output is in between 300 and 700 MWe, and large reactors if their output is higher 

than 700 MWe [110]. The modern development of nuclear reactors for power generation is 

based on reactors from sizes 1100 to 1700 MWe [111]. The adoption of large scale reactors 

in desalination is currently feasible but several factors have to be evaluated first before 

operation such as safety and stability [105]. 

In theory, all types of nuclear reactors have the capability of providing the required energy 

for desalination processes [102]. However, the recent developments focused on 

investigating generation III nuclear reactors such as the AP1000 [112,113]. Alonso et al. 

[111] evaluated and compared the performance of two PWR nuclear reactors: one large 

reactor (called AP1000) versus a medium size reactor (called IRIS) combined with the 

following desalination processes: MSF, MED and RO. The results are summarized in Table 1. 

This study concluded the following: 1) water can be produced with the cogeneration of useful 

electricity and, 2) the use of the small reactor (IRIS) appeared to be more feasible due to cost 
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and versatility. The cost analysis will be discussed in subsequent section s of this paper. 

However, it is worth mentioning in here that generation III nuclear reactors suffer from a 

major drawback, i.e. the heavy development investment [114]. 

Table 1. PWR nuclear reactor coupled with various desalination processes [111] 

Reactor type and desalination 

process 

Net electricity produced 

(MW) 

Net water production 

(m3/day) 

AP1000 RO 957.25 1,100,000 

AP1000 MSF 1568.83 1,000,000 

AP1000 MED 1919.75 1,040,000 

IRIS RO 1188.80 1,040,000 

IRIS MSF 1028.08 1,000,000 

IRIS MED 1348.50 1,100,000 

IRIS MSF–RO 1180.80 1,040,000 

IRIS ED–RO 1389.00 1,100,000 

 

Dardour et al. [115] evaluated the performance of two nuclear reactors for desalination: gas 

turbine–modular helium cooled reactor (GT–MHR) and the pebble bed modular reactor 

(PBMR) reactor. The results showed that these two reactors are suitable for desalination, in 

particular when coupled with MED. Khalid et al. [116] performed a thermodynamic analysis 

for a gas turbine-modular helium reactor (GT-MHR) coupled with reverse osmosis (RO) 

process. The study assessed the amount of waste heat utilized in generating electricity and 

concluded that utilizing this heat has increased the exergy efficiency by 10%. Ahmed et al. [117] 

reviewed the small/medium (or modular) nuclear reactors (SMRs) in large scale desalination. The 

review compared the following nuclear reactors: pressurized water reactors (PWR), gas cooled 

reactors (GCR), heavy water reactors (HWR), boiling water reactors (BWR), and liquid metal fast 

breeder reactors (LMFBR) in terms of their technical features. The review addressed several 

advantages for SMR reactors in desalination including moderate space occupied, ease of 

construction into modules and in a short time, and their suitability for remote areas. 

The status of the early established nuclear desalination processes around the world is summarized 

in Table 2 [117,118]. As shown in the table, the use of nuclear heating reactors (NHR) was 

proposed in China. Other countries such as Canada, India and Pakistan are considering the PHWR 
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reactors. Overall, it can be noticed that the commercial types of nuclear reactors coupled with 

desalination are the PWR, PHWR, and LMFR respectively.  

In 2015, the use of NHR-200 (200 MWt) was examined in China to be applied by 2030 [26]. It 

was aimed to couple this reactor with an MED process to produce steam. The assessment showed 

a decrease in electricity costs however, the use of this novel technology can increase the design 

costs. The use of pressurized heavy water reactor (PHWR-220) reactor for desalination in India 

was also investigated [119].  The reactor PHWR-220 (220 MWe) is currently under commissioning 

with 14 units operating. Other types of nuclear reactors include the liquid metal fast reactor 

(LMFR) such as the one used in Kazakhstan and the advanced pressurized nuclear reactor (APR 

1400) that is intended to be built in United Arab Emirates (UAE) by Korea power corporation 

[120]. 

Table 2: Status of the early established nuclear-desalination plants [117,118] 

Reactor Type Location Desalination process Status 

PWR Japan (Ohi, Genaki, 

Ikata) 

 

Korea and Argentina 

MED, MSF, RO 

 

 

MED and RO 

In service for more 

than 125 years 

 

Under design 

BWR Japan MSF Testing in the 1980s, 

dismantled in 1999  

NHR China MED Under design 

LMFR Kazakhstan MED, MSF Was in service till 

1999 

HTGR South Africa, France, 

Netherlands 

MED, MSF, RO Under consideration 

PHWR India, Canada and 

Pakistan 

MED, MSF, RO Under design 

 

5.2 Coupling desalination processes with nuclear reactors 

 

The flowchart for a desalination process coupled with a nuclear power plant is shown in Fig. 7 

[121]. The figure includes an MED and an RO as an illustration. It is an on-site nuclear-

desalination system. The purpose is to generate electricity (to power RO) as well as utilizing the 

waste heat to produce steam that will be fed into the MED unit. In order to design a nuclear 

desalination process, the following steps should be performed: 1) proper modeling for the reactor-
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desalination systems, 2) careful evaluation for the nuclear plant safety and, the 3) technical 

outcomes from the desalination process itself. 

 

 

Fig. 7. A schematic diagram for a nuclear desalination process [121]. HX: Heat Exchanger, and 

HPP: High Pressure Pump. 

5.2.1 Coupling nuclear with thermal desalination technologies: multi-stage flash distillation 

(MSF) and multiple effect distillation (MED) 

 

Fig. 8 shows the coupling the MSF thermal process with a nuclear power plant [111]. The principle 

of MSF is previously explained in this context. Using the on-site nuclear power plant, it would be 

possible to have a cogeneration system and generate electricity. In addition, the waste heat is 

utilized to heat seawater. This configuration has the capability of improving the system economics, 

hence, reducing the costs. 
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Fig. 8. Coupling the MSF thermal process with a nuclear power plant [111]. 

The flowsheet for multiple effect distillation (MED) coupled with a nuclear power plant is shown 

in Fig. 9 [32,111].  The principle of the MED desalination process is previously explained in this 

context. The MED unit can be seen as a series of adjacent spaces where surrounded by a heat 

sources at one side and a heat sink at the opposite side. As steam is flowing from one effect to 

another it exchanges heat with sweater. Eventually, more water will be evaporated and the brine 

will be more concentrated by the end of the series. A power cogeneration system is supplied in the 

nuclear plant to generate electricity. Both MSF and MED are more expensive and more energy 

demanding, however, they are used because they produce the highest water quality as opposed to 

membrane technologies such as RO [32,111,122]. 
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Fig. 9. Coupling the MED thermal process with a nuclear power plant [111]. 

 

5.2.2 Coupling with RO 

 

Reverse osmosis (RO) is currently being considered as the most economical technology for 

desalination [123].  As explained in section 4.2, it is based on applying a high pressure that can 

reach 70 bars depending on water source. This pressure is exerted at one side of the membrane to 

overcome the osmotic pressure of sweater and force it to pass through the membrane, hence, obtain 

fresh water [72].  RO can be used to treat waste water, seawater, brackish water and oily water 

once properly treated [124]. Coupling RO with any power plant is feasible and done to generate 

electricity required to run the RO units. Electricity is utilized to power the pumps and plant utilities. 

Fig 10 shows a typical nuclear power plant coupled with RO. The nuclear reactor is used to 
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generate steam, in which is passed in an expander (turbine) to generate the electricity required to 

operate the pumps in the RO desalination plant. 

 

 

Fig. 10. Nuclear desalination coupling with RO [111]. 

Based on the previous discussion and literature, it is evident that the main desalination 

processes that have been coupled with nuclear reactors for fresh water production are: 1) 

multi stage flash distillation (MSF), 2) multi effect distillation process (MED) and, 3) reverse 

osmosis (RO).  Each desalination process requires a certain nuclear reactor configuration 

based on the type of energy required. Table 3 below shows the capacity of some desalination 

plants at different locations around the world including Japan, Kazakhstan and India with 

electrical power capacity exceeding 1000 MW as well as the method of desalination used. It 

can be clearly seen that PWR reactors are the most commonly used with MSF, MED and RO.  
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Table 3. Global nuclear desalination capacities [13,125] 

Plant name Location Gross 

power 

[MW(e)] 

Capacity 

[m3/d] 

Energy/Desalination 

Shevchenko Aktau, 

Kazakhstan 

150 80,000–

145,000 

LMFR/MED, MSF (Hybrid 

will be discussed in section 6) 

Ikata-1,2 Ehime, Japan 566 2000 PWR/MSF 

Ikata-3 Ehime, Japan 890 2000 PWR/RO 

Ohi-1,2 Fukui, Japan 2 × 1175 3900 PWR/MSF 

Ohi-3,4 Fukui, Japan 1 × 1180 2600 PWR/RO 

Genkai-4 Fukuoka, 

Japan 

1180 1000 PWR/RO 

Genkai-3,4 Fukuoka, 

Japan 

2 × 1180 1000 PWR/MED 

Takahama-

3,4 

Fukui, Japan 2 × 870 1000 PWR/RO 

NDDP Kalpakkam, 

India 

170 6300 PHWR/Hyb. MSF-RO (Hybrid 

will be discussed in section 6) 

LTE Trombay, 

India 

40 [MW(t)] 30 PHWR/LTE (Low temperature 

evaporation desalination) 

Diablo 

Canyon 

San Luis 

Obispo, USA 

2 × 1100 2180 PWR/RO 

 

5.3 Small modular reactors (SMRs) in desalination 

 

According to the IAEA reports, there is an increasing interest in the investment of SMR in 

desalination. IAEA anticipates that by 2030, there will be 96 installations around the world [126]. 

SMR possess several advantages including the occupation of smaller area, more economical and 

safer in operation, less time in construction, hence, reduced cost [32]. They are currently in 
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operation in various locations around the world. The main types are: 1) Light water-cooled SMRs 

(integral or iPWRs). Examples are: the KLT-40 in Russia, SMART in Korea, IRIS in USA and 

CAREM in Argentina, 2) Heavy water-cooled SMRs such as the PHWR 220 in india and, 3) High-

temperature gas-cooled reactors such as the HTR-10 in China and the GTHTR300 in Japan 

[32,127]. 

Table 4 presents a summary for the SMR reactors in use around the world up to 2015 and their 

coolant type [127]. 

Table 4: SMR reactors currently in use around the world up to 2015 [127]. 

Light water-cooled 

SMRs (iPWRs) 

Heavy water-cooled 

SMRs 

Liquid metal-cooled 

fast reactors 

High-temperature 

gas-cooled reactors 

KLT-40 (Russia)        

SMART (Korea)  

CAREM-25 

(Argentine)  

IRIS (USA)  

NuScale (USA)  

MPower (USA)  

ACP 100 (China)  

VBER-300 (Russia)  

ABV-6M (Russia)  

Flexblue (France)  

DMS (Japan)  

IMR (Japan) 

PHWR 220 (India)  

EC-6/CANDU-6 

(Canada) PFBR-500  

AHWR300-LEU 

(India) 

 

4S (Japan) 

PFBR-500 (India) 

Hyperion (USA) 

PRISM (USA) 

SVBR (Russia) 

CEFR (China) 

HTR-10 (China) 

HTR-PM (China) 

GTHTR300 (Japan) 

PBMR (South Africa) 

HTMR 100 (South 

Africa) 

EM2 (USA) 

SC-HTGR (USA) 

Xe-100 (USA) 

GT-MHR (Russia) 

MHR-T/100 (Russia) 

 

 

6. Continuing nuclear desalination projects around the world 

There are ten main projects around the world that were launched to perform study and 

optimization for nuclear reactors coupled with desalination [13,31,107]. These projects are 

INVAP in Argentina, CANDESAL in Canada, INET in China, NPPA in Egypt, BARC in India, 

KAERI in the republic of Korea, CNESTEN in Morocco, OPPE, OKBM, JSC in Malaya, 

Energetica in Russia and CNSTN in Tunisia. Each project details are summarized in Table 5.  
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Table 5: Nuclear desalination projects around the world 

Project 

Name 

Location Comments Reference 

INVAP  

 

 

Argentina INVAP developed a simulation spreadsheet called 

DENSU to model desalination plants based on 

MSF/MED/RO and provide data for safety 

assessment. 

[128] 

CANDESAL  Canada CANDU nuclear power generation using a PWHR 

reactor and RO desalination. Achieved an increase 

of 20–40% in water production efficiency. 

[129] 

INET  China Nuclear heating reactor NHR of 200 MW coupled 

with MED desalination. Two types of MED 

processes investigated: low temperature horizontal 

tube MED with 120000 m3/day capacity, and high 

temperature stack MED of 160000 m3/day capacity. 

[130,131] 

NPPA  Egypt A request submitted in 1997 by the Nuclear Power 

Plants Authority (NPPA) to investigate PWR 

reactors and process conditions such as feed water 

temperature and pressure on RO membrane as well 

as their effect as a function of time for a fresh water 

production capacity of 140 000 m3/day. 

[132] 

BARC  India MSF and RO, with PHWR. Up to 425 m3/day from 

MSF and 90 m3/day from RO. 

[133,134] 

KAERI  Republic of 

Korea 

SMART PWR  reactor coupled with MSF and RO, 

40000 ton of water /day and MED–TVC process 

coupled with SMART 

[135,136] 

CNESTEN  Morocco Study and optimization for two sites in Morocco 

The studies were economically evaluated using 

DEEP for MED and RO coupled with NHR. 

Up to 600 MW electric power. 

[137] 



27 
 

IPPE, OKBM Russia Development of modular fast reactors with lead-

bismuth as a coolant as well as part of the research 

and development program to evaluate 20 test 

facilities. Study the coupling configurations of 

SMR nuclear reactors with various desalination 

plants. The project aims at providing an economical 

study, feasibility and optimization for nuclear 

desalination plants. 

[138] 

 

BATAN Indonesia An assessment for SMR PWR reactors of 100 MWe 

is performed in Bangka Island to be coupled with 

desalination. The results showed feasibility and 

safety of the proposed project.  

[139] 

CNSTN/ 

TUNDESAL 

Tunisia This project aimed at studying the coupling, 

feasibility and optimization of nuclear reactors and 

cogeneration mode using PWR AP-600, the gas 

cooled reactors and the high temperature reactors 

using two desalination processes; MED and RO. 

This is part of an agreement between the National 

Centre for Nuclear Sciences and Technologies 

(CNSTN) /Tunisia and the International Atomic 

Energy Agency. This agreement is known as the 

TUNDESAL project. 

[109,131] 

 

In addition, there is the EURODESAL project in southern Europe where scientists and engineers 

are evaluating the technical, safety and economic feasibility of nuclear power for MED-RO 

desalination using 600 MWe PWR (AP600) nuclear reactor [140,141]. More countries are 

currently considering nuclear power plants including Veitnam, Albania, Algeria, Chile, Croatia, 

DR Congo, Peru, Sri Lanka, Thailand , Uganda, Uruguay, and Zambia [142]. However, Vietnam 

for example had to cancel its plans at present due to economic reasons. Generally, the results 

of these projects are to be used with future plans in coupling these desalination processes with 

nuclear reactors. It is however necessary to consider several aspects including safety of operation 
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to avoid fresh water contamination with radioactive substances, and economics of the process. The 

process design should include barriers between the reactor and the desalination.  In the Middle 

East in particular, several countries are interested in nuclear desalination to satisfy their water 

needs including Kuwait, United Arab Emirates (UAE) and Saudi Arabia. Desalination in these 

countries have become a major concern hence, several studies were triggered to evaluate the 

feasibility of this option using computational methods [13,32,143]. The studies concluded that 

these countries might be ideal options to carry on with nuclear desalination. Additional number of 

nuclear power plants are under construction around the world as shown in Fig. 11 below [144]. 

 

Fig. 11: Nuclear reactors that are under construction as of April 2018 (adapted from [144]) 

6. Hybrid nuclear desalination trends 

Both MSF and MED are more energy demanding than RO, however, they produce better water 

quality. Hence, several combination trends were reported in the literature to investigate a nuclear 

reactor with one type or more of these desalination processes. For example, Wu et al. [122] 

investigated a hybrid system coupling the PWR reactor NHR-200 with MED and RO to improve 

the economy and efficiency of the desalination process. The study evaluated two systems: 1) PWR 
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NHR-200, with low-temperature MED+RO and 2) PWR NHR-200 with low-temperature 

MED+MED/vapor compression (VC). The study concluded that the major part of electricity could 

be obtained from the NHR reactor with additional few megawatts supplied from the grid with fresh 

water production and less cost than MED or MSF standalone processes.  

The aspects and thermos-economics analyses of hybrid nuclear desalination systems such as 

nuclear-RO-MED and nuclear RO-MSF) were addressed in several studies [145–150]. The studies 

concluded the economic feasibility of hybrid nuclear desalination as a viable option to minimize 

the cost and obtain higher quality water. Famous examples of hybrid nuclear desalination plants 

around the world are the NDDP plant in Kalpakkam, India that uses PHWR with MSF-RO with a 

6300 m3/day capacity, the Shevchenko in Aktau, Kazakhstan with a capacity up to 145,000 m3/day 

and uses LMFR and MED-MSF hybrid process, as well as Karachi Nuclear Power Plant 

(KANUPP) RO-MED plant [13,150]. Nuclear power plants were coupled with hybrid MSF-RO 

and MED-RO [111,116,122,147]. A schematic diagram for a typical hybrid MED-RO process is 

shown in Fig. 12 [111]. 

 

Fig 12. Nuclear desalination hybrid processes MED-RO [111]. 
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The coupling of RO-MSF in a nuclear power plant was discussed and evaluated [151]. The results 

showed that the hybrid RO-MSF system offered the following advantages: 1) optimum 

performance in between the two processes, 2) a lower demand in energy, 3) lower cost for the 

hybrid process, 4) enhanced water quality and 5) more efficient performance in operation. MED 

combined with a thermal vapor compression process and RO was studied and a computational 

model was developed [152]. The results showed that the best exergetic performance is in the MED-

RO system. Overall, the literature shows that the combination of two desalination processes with 

a nuclear power plant offers the optimum advantages from the two systems that would result in a 

better water quality as well as savings in energy and cost. 

7. Recent research and development activities in nuclear desalination 

Extensive research and development activities are in progress to investigate nuclear reactors for 

water desalination. The primary objectives of these activities are to increase the efficiency and 

lower the cost.  The studies also focused on improving the design and performance of nuclear 

reactors to eliminate any possibility of contamination by the radioactive materials and hydrazine 

from the primary reactor coolant. The radioactive materials could be solid, liquid, and gaseous 

radioactive wastes and include depleted uranium, fission products, tritium and iodine. The main 

research activities are discussed in the following paragraphs.  

Park and Kim [153] proposed integrating VHTR (a Very High Temperature Reactor) with FO 

system. In order to thermodynamically analyze this integration system, in their study, UNISIM 

program and the OLI property package were used. It was found that the gain output ratio (GOR) 

for the FO–VHTR system was in the range of 9.0 and 13.8, which is significantly higher than the 

GOR for MSF and MED. The rate of heat utilization and water production was also notably higher 

for the same VHTR capacity. For instance, FO-VHTR system produced five times more water 

than MSF–VHTR system for the same VHTR capacity. Nevertheless, the produced water is more 

likely to be contaminated with tritium. Tritium emitted low energy beta particle that are unable to 

penetrate human skin, hence, it is not harmful with external exposure. It is only harmful when 

absorbed by the body [154]. The water produced from FO–VHTR is most likely will be ingested, 

consequently, the behavior of tritium was investigated and analyzed [155]. A sensitivity analysis 

was also carried out using the behavior of Tritium Analytic Code (BOTANIC) to detect the 

efficient practices to decrease tritium concentration in the produced water. 
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It is anticipated that powering desalination facilities will consume about 10% of the thermal power 

produced by the nuclear reactor [156]. Lee et al. [157] proposed replacing the steam in Rankine 

cycle with super critical carbon dioxide Brayton cycle. A comparative analysis was also conducted 

for different alternatives to determine the preferable choice with respect to power generation and 

desalination capacity. The analysis was used to identify the optimum operating conditions [158]. 

Khalid et al. [116] proposed a new configuration for coupling RO with gas turbine modular helium 

reactor (GTMHR) and analyzed it thermodynamically. Several parameters were considered in the 

analysis such as the power cycle compression ratio, the inlet temperature of the turbine, waste heat 

recovery ratio, and the inlet temperature of the preheated seawater feed. The effect of these 

parameters on the overall exergy efficiency of the RO-GT-MHR process was evaluated. The 

exergy efficiency of the electrical power generation, the electrical power generation without the 

work output of the turbine and the RO unit were calculated. The study showed that the proposed 

RO-GT-MHR coupling is beneficial as indicated by the overall exergy efficiency of the proposed 

process of about 41.0%. The study also revealed that the exergy efficiency of the electrical power 

generation was increased by 10.3%. 

Several studies have been conducted on optimizing the coupling between the nuclear reactors and 

desalination units. Two important aspects have to be taken in consideration before the coupling: 

the safety and the site of the reactor [131]. For instance, in thermal desalination processes such as 

MSF and MED, the coupling is very strong between the reactor side the desalination side. Hence, 

any fluctuation of any side of the operation will have a tense impact on the other side [128]. 

However, in the case of RO process, the coupling is very simple and notably weak [151]. Thus, 

the fluctuations of the desalination capacity will not lead to significant impact on the reactor 

operation [159]. EURODESAL [141] is an example of an international project that investigates 

the potential impacts of the coupling between nuclear reactor and desalination processes on the 

safety of the reactors. EURODESAL inspected the safety and technical and economic feasibility 

of various coupling schemes as previously mentioned in section 6. For instance, it examined the 

probability and effects of numerous fluctuations such as the loss of the MED unit and the loss of 

RO electrical load on the safety of the reactor. 

Several steam extraction options for the usage in water desalination units were analyzed using 

System-integrated Modular Advanced Reactor (SMART) [160]. This was performed by analyzing 
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exergy and thermo-economy analyses for each extraction option. Both MSF and MED were 

considered and several gain output ratio (GORs) and desalination unit capacities were investigated 

for each extraction option. It was found that using a GOR value of 15 produced the highest amount 

of water and the production cost of MSF is lower than that of MED.   

Heat pipes were used in both solar desalination [161,162] and nuclear desalination [163,164]. In 

the latter, they replace the shell and tube heat exchangers. Heat pipes have several advantages over 

shell and tube heat exchangers. They do not require pumps to operate and they provide an excellent 

indicator for operation problems through the temperature difference between their hot and cold 

parts. They also lower the risk of radioactive contamination of the water produced and decrease 

the fouling potential. Hence, heat pipes improve both the economic feasibility and the safety of 

the desalination process.  

Another way to improve the feasibility and the productivity of nuclear desalination plants is by 

recovering the heat effectively and preheating the seawater feed [165]. Khamis and El-Emam [148] 

presented a nuclear desalination pilot plant using ultrafiltration (UF)-RO integrated with low 

temperature evaporation (LTE). In this pilot plant the feed for the RO unit is preheated by mixing 

the treated water from the UF unit and outlet hot stream from the LTE condenser. The preheating 

temperature depends of the mixing proportions. The effect of temperature of the inlet stream for 

RO unit on the productivity and heat recovery ratio was demonstrated using the seawater RO unit 

powered through Bhabha Atomic Research Centre (BARC). 

The nuclear desalination cost is affected by many parameters such as the capital cost, labor, 

infrastructure energy and fuel costs, discount rate, construction time, life time, performance ratio 

and energy police instruments. Kavvadias and Khamis [24] conducted a sensitivity analysis for the 

main parameters to examine the interactions between them and to evaluate the uncertainty for 

different nuclear desalination alternative scenarios. The water cost was estimated in the analysis 

using Monte-Carlo simulation integrated with AEA׳s Desalination Economic Evaluation (DEEP) 

software package. DEEP has been used extensively to assess nuclear desalination systems. It 

performs the techno-economics analysis for desalination processes coupled with various energy 

sources [166]. The analysis is usually conducted for an individual desalination process such as RO, 

MSF and MED, or for hybrid desalination systems such as RO/MSF and RO/MED. DEEP was 
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used to analyze the economical characteristics and the sensitivity of the key parameters that 

influence the energy and water costs for two nuclear thermal desalination systems intended for 

UAE. These systems are small-sized nuclear heat-only plant (SNHP) and cogeneration large-sized 

nuclear power plant (LNPP) [156]. DEEP was also utilized to conduct a techno-economic analysis 

for SMR integrated with different desalination systems across Middle East and North Africa 

(MENA) region [32]. The analysis was performed for two SMRs coupled with various individual 

desalination processes such as RO, MSF and MED, and several hybrid desalination systems such 

as RO/MSF and RO/MED. In addition to DEEP, there are several simulation tools that are used 

by researchers for the purpose of technical and economic analyses of nuclear desalination systems.  

The most common tools are DE-TOP (desalination thermodynamic optimization program) [121], 

APROS (advanced process simulator) [167] and SEMER (Système d’Evaluation et de 

Modélisation Economique de Réacteurs) [109]. 

8. Environmental Impacts of Nuclear Desalination 

The co-location of desalination plants and nuclear facilities inevitably raises some concerns related 

to the environmental impacts of nuclear desalination. Although the literature presents several 

studies on the environmental impacts of seawater desalination [168–172], environmental 

monitoring data specific to nuclear desalination is limited [125]. The key environmental impacts 

associated with nuclear desalination are outlined in this section.  

8.1 Marine impacts 

 

The marine impacts are mainly attributed to seawater intake and brine disposal from the nuclear 

desalination facilities. In the context of seawater intake for nuclear desalination, direct intake 

systems (open or surface intakes) are typically employed. This is because the indirect intake 

systems such as beach well intakes, horizontal collector wells, and horizontal directional drilling 

(HDD) systems are unable to provide sufficient quantity of feed water required for the nuclear 

desalination plants [173]. The use of direct intake systems along with the integral components such 

as pumps, filters, and screens impose serious threats to the aquatic life. The marine environment 

is a rich and complex ecosystem consisting of a variety of organisms such as phytoplankton, fishes, 

and invertebrates [174,175]. The direct intake of seawater into the nuclear desalination facilities 

can result in impingement and entrainment of these organisms within the intake systems [174]. 
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Marine organisms that are large in size, such as fishes and crabs, are particularly susceptible to 

impingement. They are trapped against the intake screens due to the suction forces created by the 

flowing water. Impingement may cause immediate death or can significantly reduce the survival 

rates due to starvation, exhaustion, suffocation, or serious sustained injuries [125]. Entrainment, 

on the other hand, mainly affects the smaller organisms (such as fish eggs, larvae, seagrass, and 

plankton) that are able to penetrate through the intake screens but are killed within the processing 

equipment of the desalination plant [125]. In comparison with fossil fuel co-located desalination 

plants, nuclear desalination plants are expected to exhibit higher impingement and entrainment 

rates owing to higher water intakes rates [176]. In addition, the magnitude and probability of 

impingement and entrainment depends on the intake location, the biological productivity within 

the intake zone, intake velocity, incoming water quality (temperature and dissolved oxygen), the 

anatomy of the marine organisms, and the design and operation of the intake system [177].  

Any desalination process produces brine with a higher level salinity than that of the feed. The high 

salinity of the brine combined with unfavorable temperature and pH values, caused by preheating 

as well as chemical pretreatment of the incoming seawater, can produce undesirable marine 

impacts [125,178]. Owing to its high salinity level, the disposal of brine from nuclear desalination 

facilities can significantly affect the marine organisms that are sensitive to salinity alterations and 

variations in their natural habitat. Generic studies on brine disposal into the sea have indicated 

negative marine impacts. For instance, studies have shown low tolerance of Posidonia oceanica 

meadows to salinity increments introduced by brine disposal into the sea [179–182]. In particular, 

RO brine has been reported to cause deterioration of Posidonia oceanica meadows, increase in 

epiphyte load and nitrogen content in the leaves, increase in frequencies of necrosis marks, 

disruption of the carbon balance, and decrease in glutamine synthetase activity [181]. Elevated 

salinity due to RO brine disposal has also been reported to inhibit the survival and growth of 

Posidonia australis [183]. Frank et al. [184] studied the short term effects of RO brine on benthic 

heterotrophic microbial communities. Brine discharge with salinity 5% above the ambient was 

observed to reduce the benthic bacteria abundance and alter their metabolic activity. Brine disposal 

has also been observed to cause a reduction in fish populations, plankton, and coral die-off in the 

Red Sea [185,186]. An increase in salt concentration due to brine disposal can also limit the 

dissolved oxygen supply [125], promote stratification of receiving water bodies, and interrupt the 

photosynthesis process [187]. All these factors combine can create serious marine impacts.  
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The effect of brine temperature and pH on the aquatic life is also an important consideration. Brine 

temperature exceeding 20 oC has been reported to significantly reduce the survival rate of 

scapharca subcrenata [188]. High brine temperature can also decrease the dissolved oxygen level 

which can affect the metabolism rate of the faunal inhabitants and alter the physiological and 

behavioral responses in organisms [187]. Brine with low pH can affect the calcification rates in 

oysters, mussels, and coral reefs [125,189,190]. This can hinder the mechanisms involved in the 

formation of protective shells of these species. Chemical constituents of brine such as chlorine, 

heavy metals, corrosion products, coagulants, and antiscalants can also create adverse marine 

impacts. For example, desalination brine discharges that include chemicals such as iron hydroxide 

and polyphosphates have been reported to induce physiological and compositional changes in the 

microbial communities [191]. 

Considerable attention is required in order to mitigate the marine impacts of nuclear desalination. 

Impingement and entrainment can be reduced by employing indirect intake systems, if practicable. 

Favorable design features of the indirect intake systems, such as the presence of porous rocks and 

sand between the intake arrangements and the sea, result in low suction forces and provide barriers 

for the marine organisms. As a consequence, the entrainment and impingement rates are 

considerably lower in comparison with the direct intake systems [125]. The use of indirect intake 

systems, however, is only limited to small scale nuclear desalination plants. Nuclear desalination 

plants with small capacities can be converted from once-through cooling to closed-loop cooling 

utilizing cooling towers. This will decrease the seawater intake volume and, consequently, reduce 

the entrainment and impingement rate. Impingement and entrainment can also be reduced by 

conducting a comprehensive hydrological study in order to locate the intake systems in areas of 

low biological activity (outside the littoral zones). Proprietary barrier technologies and collection 

systems can also be used as measures to reduce the entrainment and impingement. Physical barrier 

measures include the use of wedgewire screens, fine mesh screens, barrier nets, and aquatic filter 

barriers [192]. For instance, fine mesh screens can reduce the entrainment rates by more than 80% 

[125] and collection systems such as Ristroph travelling screens can decrease the fish impingement 

death rate by 70-80% [125,176]. Alternative mitigation methods involve the use of fish diversion 

systems such as angled screens, modular inclined screens to enhance the diversion of fishes away 

from the intake systems [125]. Also, behavior deterrent devices can be employed in order to 



36 
 

provide repulsive stimuli for the marine organisms. These involve devices such as velocity caps, 

acoustic barriers, strobe lights, and air bubble curtains [192].  

The intake velocity is of immense importance when considering the rate of entrainment and 

impingement. Low intake velocity is preferred in order to allow the marine organisms to swim 

against the intake currents and can be achieved by using physical barriers such as barrier nets and 

aquatic filter barriers [125,192]. As another measure, entrainment and impingement can be reduced 

by intermittent operation of the intake systems. During spawning or periods of high biological 

activity, the intake of seawater into the nuclear desalination plant can be reduced or stopped [193]. 

However, this solution is highly limited since it requires an alternative water source for the nuclear 

desalination plant.    

Marine impacts due to brine disposal can be eliminated by finding effective means of utilizing the 

brine, for example, for salt production. This will prevent the need for brine disposal and, 

consequently, eliminate the associated adverse marine impacts. If disposal cannot be eliminated, 

subsurface disposal should be practiced. Also, discharge to open oceans with high energy waters 

can be considered in order to promote mixing with the ambient. Mixing can be further enhanced 

by using diffusers at the exit of the discharge pipes [194]. In addition, marine impacts can be 

reduced by diluting the brine with the plant cooling water prior to discharge [125].      

8.2 Coastal impacts  

 

The coastal impacts of nuclear desalination are related to construction and land use [195]. Like 

any desalination facility, construction of a nuclear desalination facility involves the use of heavy 

machinery which results in noise and visual disturbances, thereby, disturbing the natural habitat 

and the environment [125]. The construction activities can result in discharge of construction 

chemicals such as oils, greases, and other wastes into the sea. In addition, and compared to other 

co-located desalination facilities, smaller construction site area requirement gives an advantage to 

the nuclear desalination option [195]. In general, nuclear power generation requires less 

operational land in comparison with the other power generation technologies such as wind, solar 

thermal, and geothermal due to the enormous amount of energy produced. Nuclear power plants 

require 0.75 acres/MW of operational land. This is far lower than the operational land requirement 

of 5.4, 6.75, and 1.7 acres/MW for wind, solar thermal, and geothermal power generation 
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technologies [196]. Besides better land use, nuclear power plants require lower specific use of 

materials, such as concrete and steel, for construction. For example, in comparison with wind 

power plants, the nuclear option requires five to ten times less steel and concrete per MW of 

electrical power generation capacity [195,197]. Again, this gives nuclear desalination an advantage 

over other co-located facilities.  

Nuclear desalination as well other desalination facilities can create adverse coastal impacts by 

generation of noise. Typically, noise is generated from sources such as high pressure pumps in RO 

and steam ejectors, turbines, and cooling systems within the nuclear power plant [125]. The 

adverse effects of noise, however, can be minimized by conducting suitable and sufficient noise 

assessment and the use of acoustical barriers.  

Construction of new nuclear desalination facilities can result in visual disturbances to the scenery 

of the coastal areas. However, the visual impacts tend to be smaller when compared to other co-

located desalination facilities due to lower land use requirement. In case of co-locating the 

desalination facility to an existing nuclear plant, the visual impacts have been reported to be 

insignificant [125,195].  

8.3 Atmospheric impacts 

 

In desalination plants, adverse impacts on the atmosphere are caused by the employed energy 

source. Nuclear desalination plants, in this context, produce the lowest impacts on the atmosphere 

in comparison with other desalination facilities [195]. For instance, Weisser [198] compared the 

life-cycle greenhouse gas emissions from selected energy technologies. The results, as depicted in 

Fig. 13, show that atmospheric impacts of nuclear power are comparable to those from wind and 

hydropower and are much smaller compared to the other energy sources.  
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Fig. 13. Greenhouse gas emission from different energy sources (adopted from [198]) 

Using the data presented in Fig. 13 and assuming an efficient RO process with an energy 

consumption of 2.5 kWh/m3 [125], nuclear desalination can release approximately 10 to 60 gCO2-

eq into the atmosphere for every 1 m3 of desalinated water. This is by far lower than the greenhouse 

gas emissions of 1000-2000 gCO2-eq and 1900-3200 gCO2-eq per m3 of water produced from RO 

powered by natural gas and coal, respectively. Besides greenhouse gas emission, radioactive 

releases into the atmosphere is also an important consideration. Studies have shown that nuclear 

power plants release 100 times less radioactive material into the atmosphere compared to a coal 

power plants of comparative capacity [125,199]. Coal typically contains 1-4 ppm of radioactive 

materials [125,200] which are released into the atmosphere in large quantities owing to the large 

quantities of coal used in the power plants.  

9. Economics of Nuclear Desalination 

The Desalination Economic Evaluation Program (DEEP), a computer software developed by the 

IAEA, is often employed to evaluate the performance and economics of nuclear desalination 

plants. The software allows analysis with different plant styles (steam, gas, combined cycle, and 

heat only plants), fuels (nuclear, oil, and coal), and desalination techniques (MSF, MED, and RO). 

Although the software is not intended to accurately calculate the cost of electricity or water 

production, but it allows the comparison between design alternatives and identification of the 
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lowest cost alternative for the production of electricity or potable water in a given location [201]. 

Details of the latest version of the software can be found elsewhere [202]. 

A number of studies have focused on the economics of nuclear desalination. In general, nuclear 

desalination has been reported to be economically attractive and competitive with fossil fuel based 

alternatives mainly due to low fuel cycle cost involved in the former process. For instance, Faibish 

and Ettouney [203] conducted detailed economic analysis of four co-located plants of MSF 

(capacity: 348,000 m3/day) coupled to (i) pressurized water nuclear power plant (PWR) with back 

pressure steam turbines, (ii) pressurized heavy water nuclear power plant (PHWR) with back 

pressure steam turbines, (iii) heating nuclear reactor (HR), and (iv) oil/gas fossil fuel power plant 

(SSOG) with back pressure steam turbines. Results indicated that the nuclear power plant options 

(both PWR and PHWR) produced the lowest specific product water cost of around 0.79 $/m3. The 

cost was significantly lower than the product water cost for the fossil fuel power plant (1.21 $/m3).  

 

Nuclear desalination has been reported as a viable and economical option is different regions of 

the world. For example, Gowin and Konish [102] performed economic evaluation of nuclear 

desalination in three broad regions: (1) southern Europe, (2) southeast Asia, the Red Sea region 

and the North African region, and, (3) the Arabian Gulf. A number of fossil and nuclear energy 

sources coupled to MSF, MED, and RO desalination processes were considered. The study 

concluded that nuclear desalination is economically feasible and cost competitive with the fossil 

fuel desalination option. Further details on the economics of nuclear desalination in these three 

regions were presented by IAEA [201]. The desalination cost was found to be between 0.40 $/m3 

to 1.90 $/m3 depending on the desalination process, its capacity, energy source, region, and 

economic conditions. The results concluded that the nuclear option for desalination (using RO or 

MED) was better than the fossil fuel option under economic conditions favoring nuclear energy. 

Also, under economic conditions favoring fossil energy, costs from nuclear and fossil fuel 

desalination options were found to be comparable. However, the competiveness of nuclear 

desalination may be compromised if the capital costs of nuclear plants increase by about 15-20%  

with fossil fuel cost to be 25 $/boe (barrel of oil equivalent) or lower [204]. Results also showed 

that the costs of water production with small nuclear reactors dedicated to heat production were 
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higher than the costs associated with larger dual-purpose (dedicated to production to both water 

and electricity) nuclear reactors. 

Nuclear desalination has been reported as an economical option for China. Wu and Zhang [122] 

evaluated the cost of water production in China for nuclear heating reactor (NHR) coupled with 

hybrid RO and low-temperature multi-effect distillation (LTMED) desalination system and hybrid 

LTMED and MED/VC system. Each hybrid system had a total production capacity of 162,000 

m3/day. The costs of potable water produced with the hybrid coupling scheme 

(NHR+RO+LTMED) were estimated to be 0.538 $/m3 and 0.77 $/m3, respectively. In case of 

hybrid coupling scheme (NHR+MED/VC+LTMED), the costs were found to be 0.73 $/m3 and 

0.77 $/m3, respectively. In another study related to China, Wu [205] studied the economics of 

nuclear desalination utilizing NHR coupled with LT-THE-MED (low temperature multi- effect 

distillation with horizontal tube evaporators) and HT-VTE-MED (high temperature, multi-effect 

distillation with vertical tube evaporators). Water production costs were estimated to be 0.72 $/m3 

and 0.76 $/m3 for coupling of NHR with HT-VTE-MED (capacity: 170,000 m3/day) and LT-THE-

MED (capacity: 120,000 m3/day) processes, respectively. Similarly, Tian et al. [206] conducted 

an economic study of HT-VTE-MED desalination process in China (capacity: 160,000 m3/day) 

coupled with NHR. Nuclear desalination was again found to be economically feasible and 

competitive with a pure water production cost of 0.54 $/m3. Weihua et al. [207] evaluated the costs 

of NHR coupled with MED-TVC or VTE-MED and hybrid RO+MED processes in China. The 

production capacities were 107,500 m3/day, 160,000 m3/day, and 250,000 m3/day, respectively. 

The product water cost was found to be 0.90 $/m3 for MED-TVC, 0.80 $/m3 for VTE-MED, and 

0.50 $/m3 for hybrid RO+MED coupling scheme.  

Ghurbal and Ashour [208] studied the economic competitiveness of nuclear desalination in Libya 

for two selected sites: the Tripoli site (Site I) and the Sirt site (Site II). Their results showed that 

the cost of pure water production using nuclear-assisted MSF, MED, and RO processes ranged 

from 0.87 $/m3 to 1.78 $/m3. Nisan and Dardour [109] compared the desalination costs for four 

nuclear reactors and two fossil fuel sources (gas turbine combined cycle and simple gas or oil fired 

boiler) coupled with MED and RO systems. The results were specific to Tunisia. The simple gas 

or oil fired boiler option was found to be the most expensive. Also, the results showed that the four 

nuclear options exhibited lower desalination costs compared to the gas turbine combined cycle 
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option provided that the gas prices remained above 150 $/toe (metric tons oil equivalent). 

Similarly, economic studies specific to Muria Peninsula showed that the water cost was about 

0.885 $/m3 and 0.788 $/m3 for PWR coupled with MED and RO plants, respectively [209]. The 

production capacity was 2750 m3/day. 

In Argentina, a CAREM plant (a small reactor developed by Investigaciones Aplicadas Sociedad 

del Estado and the Comisión Nacional de Energia Atómica) coupled to an RO system has been 

reported to be economical and technically feasible. With a capacity of 12,000 m3/day, the cost of 

pure water production was estimated to be 0.67 $/m3 [146,210]. Recently, an economic study was 

conducted for nuclear desalination at Karachi Nuclear Power Plant (KANUPP) in Pakistan [150]. 

For a production capacity of 22,000 m3/day, the water production cost was estimated to be 1.0, 

1.57, and 1.25 $/m3 for the nuclear power plant coupled with MED, MSF, and hybrid RO+MED.  

The economics of nuclear desalination in the Middle East and North Africa (MENA) region have 

also been investigated. For example, Jung et al. [156] compared the economics of MED-TVC 

desalination system coupled with dedicated small-sized nuclear heat-only plant (SNHP) and large-

sized nuclear power plant (LNPP) in the United Arab Emirates. For an equal desalination capacity 

of 178,451 m3/day, the results indicated that SNHP coupled with MED-TVC was economically 

more attractive than LNPP coupled with MED-TVC. The water production costs were 1.142 $/m3 

and 1.224 $/m3 for the SNHP/MED-TVC and LNPP/MED-TVC systems, respectively. Khan et 

al. [32] conducted an economic evaluation for the coupling of small modular nuclear reactors 

(CAREM and SMART) with MSF, MED, RO, and hybrid desalination systems in the MENA 

region. For a production capacity of 10,000 m3/day, water production costs were estimated to be 

1.50, 1.81, 1.88, 2.36 $/m3 for CAREM reactor coupled with RO, MED, RO+MED, and MSF, 

respectively. In case of SMART reactor, the water productions costs were 0.81, 1.07, and 1.53 

$/m3 when coupled with RO, RO+MED, and RO+MSF, respectively, each with 40,000 m3/day 

capacity. A summary of economic studies on nuclear desalination is presented in Table 6. 
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Table 6: Summary of product water cost from nuclear desalination 

Nuclear 

reactor type 

Location  Desalination process Power 

(MW) 

Water 

production 

capacity 

(m3/day) 

Water cost 

($/m3) 

Currency 

reference 

year 

Interest 

rate (%) 

Reference 

Pressurized 

heavy water 

nuclear 

(PHWR) 

Southern Europe MED 676 MWe 120,000 0.56 1999 

 

8 [102,201] 

Southern Europe 

 

RO 676 MWe 120,000 0.47 1999 8 [102,201] 

Southeast Asia, Red 

Sea region and North 

African region 

MED 676 MWe 120,000 0.66 1999 8 [201] 

Southeast Asia, Red 

Sea region and North 

African region 

MSF 676 MWe 120,000 1.20 1999 8 [201] 

Southeast Asia, Red 

Sea region and North 

African region 

RO 676 MWe 120,000 0.68 1999 8 [201] 

Arabian Gulf MED 676 MWe 120,000 0.65 1999 8 [201] 

Arabian Gulf MSF 676 MWe 120,000 1.19 1999 8 [201] 

Arabian Gulf RO 676 MWe 120,000 0.74 1999 8 [201] 

- MSF - 348,000 0.79 2003 3 [203] 

Pressurized 

water nuclear 

power plant 

(PWR) 

Southern Europe MED 600 MWe 120,000 0.73 1999 

 

8 [102,201] 

Southern Europe 

 

RO 600 MWe 120,000 0.53 1999 8 [102,201] 

Southeast Asia, Red 

Sea region and North 

African region 

 

MED 600 MWe 120,000 0.84 1999 8 [201] 

Southeast Asia, Red 

Sea region and North 

African region 

 

MSF 600 MWe 120,000 1.61 1999 8 [201] 

Southeast Asia, Red 

Sea region and North 

African region 

 

RO 600 MWe 120,000 0.77 1999 8 [201] 

Arabian Gulf MED 600 MWe 120,000 0.83 1999 8 [201] 

Arabian Gulf MSF 600 MWe 120,000 1.59 1999 8 [201] 

Arabian Gulf RO 600 MWe 120,000 0.83 1999 8 [201] 

- MSF - 348,000 0.79 2003 3 [203] 

Tunisia MED 951 MWe 39,703 0.71 2006 5 [109] 

Tunisia RO 951 MWe 43,676 0.50 2006 5 [109] 

Muria Peninsula MSF 1000 MWe 2,750 1.35 2009 5 [209] 

Muria Peninsula  MED 1000 MWe 2,750 0.89 2009 5 [209] 

Muria Peninsula RO 1000 MWe 2,750 0.79 2009 5 [209] 

Nuclear 

heating 

reactor 

(NHR) 

China  Hybrid LTMED + RO 200 MWt 162,000 0.538 (RO) 
0.77 (LTMED) 

2003 8 [122] 

China Hybrid LTMED + 

MED/VC 

200 MWt 162,000 0.73 (MED/VC) 
0.77 (LTMED) 

2003 8 [122] 

China HT-VTE-MED 200 MWt 170,000 0.72 2006 5.85 [205] 

China LT-THE-MED 200 MWt 120,000 0.76 2006 5.85 [205] 

China HT-VTE-MED 200 MWt 160,000 0.54 2005 8 [206] 

China MED-TVC 200 MWt 107,500 0.90 2012 - [207] 

China VTE-MED 200 MWt 160,000 0.80 2012 - [207] 

China Hybrid RO+MED 200 MWt 250,000 0.50 2012 - [207] 

Libya (Tripoli and Sirt) MSF 200 MWt 250,000 (Tripoli) 

40,000 (Sirt) 

1.37 (Tripoli) 
1.42 (Sirt) 

2002 7.5 [208] 

Libya (Tripoli) MED 200 MWt 250,000 0.89 2002 7.5 [208] 

SMART Libya (Tripoli and Sirt) MSF 200 MWe 250,000 (Tripoli) 

40,000 (Sirt) 

1.52 (Tripoli) 
1.78 (Sirt) 

2002 7.5 [208] 

Libya (Tripoli and Sirt) MED 200 MWe 250,000 (Tripoli) 

40,000 (Sirt) 

1.20 (Tripoli) 
1.13 (Sirt) 

2002 7.5 [208] 
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Libya (Tripoli and Sirt) RO 200 MWe 250,000 (Tripoli) 

40,000 (Sirt) 

0.83 (Tripoli) 
1.02 (Sirt) 

2002 7.5 [208] 

Kingdom of Saudi 

Arabia 

RO 330 MWt 40,000 0.81 2016 - [32] 

Kingdom of Saudi 

Arabia 

RO+MED 330 MWt 40,000 1.07 2016 - [32] 

Kingdom of Saudi 

Arabia 

RO+MSF 330 MWt 40,000 1.53 2016 - [32] 

AP-600 Tunisia MED 610 MWe 39,703 0.76 2006 5 [109] 

Tunisia RO 610 MWe 43,676 0.52 2006 5 [109] 

Gas Turbine 

Modular 

Helium 

Reactor (GT-

MHR) 

Tunisia MED 286 MWe 39,703 0.51 2006 5 [109] 

Pebble bed 

modular 

reactor 

(PBMR) 

Tunisia MED 115 MWe 39,703 0.74 2006 5 [109] 

Canada 

Deuterium 

Uranium 

(CANDU) 

Pakistan  MED 137 MWe 22,000 1.0 2017 - [150] 

Pakistan  MSF 137 MWe 22,000 1.57 2017 - [150] 

Pakistan  RO+MED 137 MWe 22,000 1.25 2017 - [150] 

CAREM Argentina  RO - 12,000 0.67 - - [146,210] 

Kingdom of Saudi 

Arabia 

RO 110 MWt 10,000 1.50 2016 - [32] 

Kingdom of Saudi 

Arabia 

MED 110 MWt 10,000 1.81 2016 - [32] 

Kingdom of Saudi 

Arabia 

RO+MED 110 MWt 10,000 1.88 2016 - [32] 

Kingdom of Saudi 

Arabia 

MSF 110 MWt 10,000 2.36 2016 - [32] 

Small-sized 

nuclear heat-

only plant 

(SNHP)  

United Arab Emirates MED-TVC 400 MWt 178,451 1.14 2013 5 [156] 

Large-sized 

nuclear 

power plant 

(LNPP)/ 

APR-1400 

(Advanced 

Power 

Reactor) 

United Arab Emirates MED-TVC 4000 MWt 178,451 1.22 2013 5 [156] 

 

 

10. Safety of nuclear desalination and public acceptance 

Public acceptance is still one of the main issues of nuclear energy in general and therefore, of 

nuclear desalination. This is usually impacted negatively, in particular, when there is an immense 

nuclear accident such as Chernobyl and Fukushima nuclear disasters. For instance, the Fukushima 

accident elevated safety concerns related to nuclear power and significantly affected nuclear 

policies not only in Japan but in many countries [144]. Several countries learned from the 

Fukushima accident and reviewed their energy policies, revised their future energy mix, modified 

their plans regarding nuclear energy and stopped or postponed the building of new nuclear reactors 
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[211]. Examples of these countries are Germany, Switzerland, Italy, Korea, Belgium, France, 

Sweden and United States of America [212–214].  

Accidents in a nuclear reactor or in the fuel production plant lead to plant destruction and massive 

releases of radioactive materials outside the plant location. These radioactive materials have 

harmful influences on the environment and human health. Safety culture plays a crucial role in 

accidents prevention and any deficiency in that culture typically caused a safety issue [215]. 

Despite the fact that nuclear power in desalination is a proven effective technology in producing 

fresh water, however, there are always safety concerns that need to be considered in the design of 

the desalination plant. In order to monitor the nuclear desalination process, the following should 

be examined: 1) the amount of thermal energy produced per module during the operation and after 

the shutdown process, 2) proper cooling down of the reactor to avoid any core meltdown, 3) 

radiation, to prevent any accidental release of radioactive contamination into fresh water [204].  

There is a general agreement that the use of (SMR) rather than large reactors is an advisable 

alternative and that is mainly due to their considerable safety enhancement [216,217]. The thermal 

energy generated by SMRs during operation and after shutdown is significantly lower compared 

to other types of reactors [144]. Hence, their cooling after shutdowns or accidents is easier, which 

eventually, lowers the possibility of the core meltdown and the release of radioactive materials. 

Therefore, researchers recommended the use of a small modular reactors with desalination as a 

safer approach [156]. SMART reactors (the Korean system-integrated modular advanced reactor 

SMR) were proposed with enhanced design features for desalination purposes [218]. SMART 

reactors use passive systems. More specifically, they offer a passive residual system for heat 

removal that functions upon demand along with a cooling system to ensure safe shutdowns. The 

SMR design is based on eliminating large size tubing and preventing the radiation release using 

the preceding passive and closed-loop residual heat removal system. While several countries are 

currently interested in nuclear energy, the SMRs are considered due to several advantages but most 

importantly, their safety [144].  Other efforts in the literature aimed at reducing the amount of 

tritium concentration to prevent contamination with fresh water. Tritium is defined as a radioactive 

hydrogen isotope that occurs during the operation of a nuclear reactor. Khamis et al. [148] 

proposed the heat pipe technology to eliminate chances of mixing in between contaminated water 

and fresh water during a desalination process. The technology is explained in Fig. 14 [148].  
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Irradiation corrosion often imposes a risk of mixing in between heat exchange streams either in 

the evaporator (where steam flows in the tubes and exchanges heat with sweater), or in the 

condenser, where heat is exchanged in between the contaminated sweater and the produced fresh 

water. When heat pipes are integrated into the system, a physical barrier exists in between 

contaminated streams and fresh water product as shown in Fig 14, hence, eliminating the risk of 

contamination.  

 

Fig 14. Heat piping system for a nuclear desalination plant [148] 

New designs based on off-shore nuclear power plants (ONPP) concepts were also discussed in the 

literature as shown in Fig. 15 [219]. The ONPP design offer several safety features including 1) a 

new emergency passive containment cooling system and 2) a new emergency passive reactor-

vessel cooling system. This makes the ONPP suitable and well prepared for tsunamis and 

earthquakes.  

 



46 
 

 

Fig. 15: Offshore nuclear power plant (ONPP) [219] 

 

The as–low-as–reasonably-achievable (ALARA) approach is proposed by researchers in nuclear 

reactor design to enhance safety [220]. It is basically based at the account of operators to do their 

best at ensuring minimum doses to human beings. The defence in depth (DiP) strategy is also 

adapted [221]. It is composed of various safety levels starting from the conservative design and 

high quality construction, through proper control and surveillance systems to offsite emergency 

response.  

Over all, it seems that the major safety concerns in the nuclear desalination plant are related to the 

nuclear reactor operation itself and the coupling of desalination with nuclear power. The latter is 

concerned with the contamination of fresh water by radioactive materials. Careful design and 

assessments for the barriers in between plant streams should be performed for on-site nuclear 

desalination facilities. A reasonable result would be that the use of SMRs as opposed to other 

reactors is the safest option especially for “newcomer” countries that are still considering nuclear 

desalination. The safety precautions for any nuclear power plant facility is based on the following 

elements: design, operation and quality assurance, in addition to governmental regulation. If a 

thermal coupling of nuclear power plant with desalination is to be conducted, such as MSF and 

MED then, the design should consider several cooling intermediate loops that are maintained at a 

certain pressure. This will eliminate the possibility of contamination by radioactive material and 

carryover to the fresh water stream.  RO on the other hand, relies on electricity. However, thermal 
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energy is still produced during the nuclear power plant operation. This energy is discharged 

through the condenser cooling system that operate under vacuum. Therefore, any failure during 

the condenser operation would result in a leakage into the condenser and not into the feed stream. 

The design of nuclear RO desalination considers the separation in between electricity production 

and the RO plant, where RO can obtain electricity from a separate steam generator. This design 

configuration ensures that there is no physical path for radioactive material carryover in the 

process. Careful water resources assessment should be performed on a regular basis for tritium, 

which is a naturally occurring radionuclide. In this regard, the IAEA is currently leading in safety 

assessment activities. Recently, in 2017, the IAEA steered three projects for integrated safety 

assessment of research reactors (INSARR) in several countries including Jamaica, Norway, Poland 

and Turkey [222,223]. 

Conclusions 

This paper provided a comprehensive review for the various aspects of nuclear desalination 

processes including the different nuclear reactors used, the hybrid trends, safety and environmental 

analyses, and economic assessments for on –site nuclear desalination power plants. It was evident 

that the development of various nuclear reactors is increasing significantly while small size 

modular reactors (SMRs) are receiving a considerable attention. This is due to the several 

advantages they offer over large reactors, including the moderate space for installation, the shorter 

time for construction, the economical construction as they have less capital cost, and safe 

operation. Hence, they appear to be a more attractive especially for newcomer countries. This 

review also revealed the role of the International Atomic Energy Agency (IAEA) in leading 

research activities, directing, and assisting in the nuclear desalination projects around the world 

including developing countries. The following conclusions can be also drwan: 

- The purity of water, safety, possible contamination, and type of desalination process should 

be carefully studied before coupling nuclear reactors with any desalination process. 

 

- The techno-economic assessments performed in the literature revealed the feasibility and 

the competitiveness of nuclear desalination as opposed to conventional desalination 

techniques relying on fossil fuels.  
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- Research on hybrid nuclear desalination facilities showed the several advantages offered 

by the hybrid systems where a low pressure steam can be produced when waste heat in 

nuclear reactors is utilized. This can be directed to a thermal process (MSF or MED). 

Electricity on the other hand can be generated to drive the necessary pumping system in 

RO or membrane processes. The optimum features from the participating desalination 

technologies can be obtained. 

- The use of SMRs as opposed to other larger reactors appears as the safest option especially 

for “newcomer” countries that still do not possess experience in nuclear power plants 

facilities. The uncertainty about the economics of large reactors is another risk factor.  

However, the safety precautions should be strictly followed in design (e.g. offshore design 

that allows the travel of heat for a distance or the integration of heat pipes) during operation 

and quality assurance.  

- Environmental assessments for nuclear desalination plants showed that they produce the 

lowest impacts on the atmosphere in comparison with other desalination facilities, and they 

are comparable to wind and hydropower.  

 

- Future research trends are focusing on the use of SMRs in desalination as the most 

promising alternative. Their feasibility and cost-competitive features were often reported 

in the literature. This triggered the interest of several countries worldwide in nuclear 

desalination, such as Saudi Arabia, UAE, Algeria, Chile, Croatia, Peru, Sri Lanka, Thailand 

and Uganda. The IAEA have been recognizing nuclear seawater desalination as a 

promising technology.  However, these activities are still limited because of safety 

concerns. Therefore, future research activities are directed into detailed design studies that 

address crucial engineering concerns such as several intermediate circuits to ensure the 

protection of produced water. 

 

Nomenclature 

AGR             Advanced gas-cooled reactor  

APROS        Advanced process simulator 

BWR            Boiling water reactor  

DEEP           Desalination Economic Evaluation Program  
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DE-TOP       Desalination thermodynamic optimization program 

ED                Electro-dialysis  

FBR              Fast breeder reactors  

FO                  Forward osmosis  

GCR              Gas-cooled reactor  

GT-MHR      Gas turbine-modular helium reactor 

GW(e)           giga-watt (electrical) 

HTGR           High temperature gas-cooled reactors 

HWR            Heavy water reactors 

IAEA            International Atomic Energy Agency 

LMFBR        Liquid metal fast breeder reactors  

LMFR          Liquid metal cooled fast reactor  

LWGR         Light water (cooled) graphite (moderated) reactor  

LWR            Light water reactors   

MD              Membrane distillation 

MED            Multiple effect distillation (MED)  

MHR           Modular helium reactor 

MSF            Multi stage flash (MSF)  

MVC          Mechanical vapor compression 

NF              Nano-filtration  

NHR           Nuclear heating reactors  

NPPA         Nuclear Power Plants Authority  

PHWR       Pressurized heavy water reactor  

PVT           Photovoltaic thermal process 

 

PWR         Pressurized water reactor  

RO            Reverse osmosis  

SEMER     Système d’Evaluation et de Modélisation Economique de Réacteurs 

SMART     System-integrated Modular Advanced Reactor  
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SMR           Small modular reactors  

TVC            Thermal vapor compressors  

 VHTR        Very high temperature reactor 

 

References 

[1] I. Khamis, K.C. Kavvadias, Nuclear desalination: Practical measures to prevent pathways 

of contamination, Desalination. 321 (2013) 55–59. doi:10.1016/j.desal.2012.04.001. 

[2] International Atomic Energy Agency, New Technologies for Seawater Desalination Using 

Nuclear Energy, IAEA, Vienna, 2015. 

[3] A.S. Alsaman, A.A. Askalany, K. Harby, M.S. Ahmed, A state of the art of hybrid 

adsorption desalination-cooling systems, Renew. Sustain. Energy Rev. 58 (2016) 692–

703. doi:10.1016/j.rser.2015.12.266. 

[4] M. Qasim, N.A. Darwish, S. Sarp, N. Hilal, Water desalination by forward (direct) 

osmosis phenomenon: A comprehensive review, Desalination. 374 (2015) 47–69. 

doi:10.1016/j.desal.2015.07.016. 

[5] W.L. Ang, A.W. Mohammad, N. Hilal, C.P. Leo, A review on the applicability of 

integrated/hybrid membrane processes in water treatment and desalination plants, 

Desalination. 363 (2015) 2–18. doi:10.1016/j.desal.2014.03.008. 

[6] M.A. Abdelkareem, M. El Haj Assad, E.T. Sayed, B. Soudan, Recent progress in the use 

of renewable energy sources to power water desalination plants, Desalination. 435 (2018) 

97–113. doi:10.1016/j.desal.2017.11.018. 

[7] I. Khamis, A global overview on nuclear desalination, Int. J. Nucl. Desalin. 3 (2009) 311. 

doi:10.1504/IJND.2009.028859. 

[8] M.M. Megahed, Nuclear desalination: History and prospects, Desalination. 135 (2001) 

169–185. doi:10.1016/S0011-9164(01)00148-5. 

[9] R.S. Faibish, T. Konishi, M. Gasparini, Application of Nuclear Energy for Seawater 

Desalination: Design Concepts of Nuclear Desalination Plants, (2002) 15–22. 

http://dx.doi.org/10.1115/ICONE10-22071. 

[10] I. Khamis, Overview of nuclear desalination technologies & costs, (2013). 

https://www.oecd-nea.org/ndd/workshops/nucogen/presentations/8_Khamis_Overview-

nuclear-desalination.pdf (accessed July 11, 2018). 



51 
 

[11] International Atomic Energy Agency, Desalination of water using conventional and 

nuclear energy, Technical Reports Series No. 24, Vienna, 1964. 

[12] International Atomic Energy Agency, Guide to the Costing of Water from Nuclear 

Desalination Plants, Technical Report Series No. 80, Vienna, 1967. 

[13] N.Y. Mansouri, A.F. Ghoniem, Does nuclear desalination make sense for Saudi Arabia?, 

Desalination. 406 (2017) 37–43. doi:10.1016/j.desal.2016.07.009. 

[14] M.M. Megahed, An overview of nuclear desalination: History and challenges, Int. J. Nucl. 

Desalin. 1 (2003) 2–18. doi:DOI:101504/IJND2003003439. 

[15] International Atomic Energy Agency, Introduction of Nuclear Desalination, Vienna, 2000. 

[16] International Atomic Energy Agency, New Technologies for Seawater Desalination Using 

Nuclear Energy, Technical Report Series no. 1753, Vienna, 2015. 

[17] F. Perera, Pollution from fossil-fuel combustion is the leading environmental threat to 

global pediatric health and equity: Solutions exist, Int. J. Environ. Res. Public Health. 15 

(2018). doi:10.3390/ijerph15010016. 

[18] World Energy Council, World Energy Resources, London, 2016. 

[19] Y. Wolde-Rufael, K. Menyah, Nuclear energy consumption and economic growth in nine 

developed countries, Energy Econ. 32 (2010) 550–556. doi:10.1016/j.eneco.2010.01.004. 

[20] T. He, L. Yan, Application of alternative energy integration technology in seawater 

desalination, Desalination. 249 (2009) 104–108. doi:10.1016/j.desal.2008.07.026. 

[21] International Atomic Energy Agency, Nuclear Technology Review, Vienna, 2016. 

[22] I.G. Sánchez-Cervera, K.C. Kavvadias, I. Khamis, DE-TOP: A new IAEA tool for the 

thermodynamic evaluation of nuclear desalination, Desalination. 321 (2013) 103–109. 

doi:10.1016/j.desal.2011.10.005. 

[23] A. Adamantiades, I. Kessides, Nuclear power for sustainable development: Current status 

and future prospects, Energy Policy. 37 (2009) 5149–5166. 

doi:10.1016/j.enpol.2009.07.052. 

[24] K.C. Kavvadias, I. Khamis, Sensitivity analysis and probabilistic assessment of seawater 

desalination costs fueled by nuclear and fossil fuel, Energy Policy. 74 (2014) S24–S30. 

doi:10.1016/j.enpol.2014.01.033. 

[25] R. Tarjanne, A. Kivistö, Comparison of electricity generation costs, Research report EN 

A-56, Finland, 2008. 



52 
 

[26] M.B. Roth, P. Jaramillo, Going nuclear for climate mitigation: An analysis of the cost 

effectiveness of preserving existing U.S. nuclear power plants as a carbon avoidance 

strategy, Energy. 131 (2017) 67–77. doi:10.1016/j.energy.2017.05.011. 

[27] Y. Xu, J. Kang, J. Yuan, The Prospective of Nuclear Power in China, Sustainability. 10 

(2018) 2086. doi:10.3390/su10062086. 

[28] V. Knapp, D. Pevec, Promises and limitations of nuclear fission energy in combating 

climate change, Energy Policy. 120 (2018) 94–99. doi:10.1016/j.enpol.2018.05.027. 

[29] J. Matarranz, I. Tsekhanovich, A.G. Smith, J.A. Dare, L. Murray, A.J. Pollitt, et al., A 

multiparameter nuclear-fission experiment: Can all be obtained at once?, in: Phys. 

Procedia, 2013: pp. 76–81. doi:10.1016/j.phpro.2013.06.012. 

[30] A. Alemberti, V. Smirnov, C.F. Smith, M. Takahashi, Overview of lead-cooled fast 

reactor activities, Prog. Nucl. Energy. 77 (2014) 300–307. 

doi:10.1016/j.pnucene.2013.11.011. 

[31] I.L. Pioro, R.B. Duffey, P.L. Kirillov, R. Panchal, 1 - Introduction: A survey of the status 

of electricity generation in the world∗ , in: I.L.B.T.-H. of G.I.V.N.R. Pioro (Ed.), 

Woodhead Publ. Ser. Energy, Woodhead Publishing, 2016: pp. 1–34. 

doi:https://doi.org/10.1016/B978-0-08-100149-3.00001-X. 

[32] S.U.-D. Khan, S.U.-D. Khan, S. Haider, A. El-Leathy, U.A. Rana, S.N. Danish, et al., 

Development and techno-economic analysis of small modular nuclear reactor and 

desalination system across Middle East and North Africa region, Desalination. 406 (2017) 

51–59. doi:10.1016/j.desal.2016.05.008. 

[33] J. Vujić, R.M. Bergmann, R. Škoda, M. Miletić, Small modular reactors: Simpler, safer, 

cheaper?, Energy. 45 (2012) 288–295. doi:10.1016/j.energy.2012.01.078. 

[34] F. Khalid, I. Dincer, M.A. Rosen, Comparative assessment of CANDU 6 and Sodium-

cooled Fast Reactors for nuclear desalination, Desalination. 379 (2016) 182–192. 

doi:10.1016/j.desal.2015.10.009. 

[35] A. Alkaisi, R. Mossad, A. Sharifian-Barforoush, A Review of the Water Desalination 

Systems Integrated with Renewable Energy, in: Energy Procedia, 2017: pp. 268–274. 

doi:10.1016/j.egypro.2017.03.138. 

[36] A. Ali, R.A. Tufa, F. Macedonio, E. Curcio, E. Drioli, Membrane technology in 

renewable-energy-driven desalination, Renew. Sustain. Energy Rev. 81 (2018) 1–21. 

doi:10.1016/j.rser.2017.07.047. 

[37] S. Burn, M. Hoang, D. Zarzo, F. Olewniak, E. Campos, B. Bolto, et al., Desalination 

techniques - A review of the opportunities for desalination in agriculture, Desalination. 

364 (2015) 2–16. doi:10.1016/j.desal.2015.01.041. 



53 
 

[38] H.K. Jani, K. V. Modi, A review on numerous means of enhancing heat transfer rate in 

solar-thermal based desalination devices, Renew. Sustain. Energy Rev. 93 (2018) 302–

317. doi:10.1016/j.rser.2018.05.023. 

[39] P.G. Youssef, R.K. Al-Dadah, S.M. Mahmoud, Comparative analysis of desalination 

technologies, in: Energy Procedia, 2014: pp. 2604–2607. 

doi:10.1016/j.egypro.2014.12.258. 

[40] A. Cipollina, G. Micale, L. Rizzuti, Conventional and Renewable Energy Processes, 

Springer-Verlag Berlin Heidelberg, New York, 2009. doi:10.1007/978-3-642-01150-4. 

[41] C. Hanshik, H. Jeong, K.W. Jeong, S.H. Choi, Improved productivity of the MSF (multi-

stage flashing) desalination plant by increasing the TBT (top brine temperature), Energy. 

107 (2016) 683–692. doi:10.1016/j.energy.2016.04.028. 

[42] H.J. Krishna, Introduction to Desalination Technologies, (n.d.). 

https://www.twdb.texas.gov/publications/reports/numbered_reports/doc/R363/C1.pdf 

(accessed July 5, 2018). 

[43] T. Younos, K.E. Tulou, Overview of Desalination Techniques, J. Contemp. Water Res. 

Educ. (2005) 3–10. doi:10.1111/j.1936-704X.2005.mp132001002.x. 

[44] R. Borsani, S. Rebagliati, Fundamentals and costing of MSF desalination plants and 

comparison with other technologies, Desalination. 182 (2005) 29–37. 

doi:10.1016/j.desal.2005.03.007. 

[45] P. Compain, Solar energy for water desalination, in: Procedia Eng., 2012: pp. 220–227. 

doi:10.1016/j.proeng.2012.09.468. 

[46] S.A. Kalogirou, Seawater desalination using renewable energy sources, Prog. Energy 

Combust. Sci. 31 (2005) 242–281. doi:10.1016/j.pecs.2005.03.001. 

[47] A.M.K. El-Ghonemy, Water desalination systems powered by renewable energy sources: 

Review, Renew. Sustain. Energy Rev. 16 (2012) 1537–1556. 

doi:10.1016/j.rser.2011.11.002. 

[48] H. Ettouney, H. El-Dessouky, F. Al-Juwayhel, Performance of the once-through 

multistage flash desalination process, Proc. Inst. Mech. Eng. Part A J. Power Energy. 216 

(2002) 229–242. doi:10.1243/095765002320183559. 

[49] K. V. Reddy, N. Ghaffour, Overview of the cost of desalinated water and costing 

methodologies, Desalination. 205 (2007) 340–353. doi:10.1016/j.desal.2006.03.558. 

[50] V.G. Gude, Use of exergy tools in renewable energy driven desalination systems, Therm. 

Sci. Eng. Prog. 8 (2018) 154–170. doi:10.1016/j.tsep.2018.08.012. 



54 
 

[51] A. Al-Othman, M. Tawalbeh, M. El Haj Assad, T. Alkayyali, A. Eisa, Novel multi-stage 

flash (MSF) desalination plant driven by parabolic trough collectors and a solar pond: A 

simulation study in UAE, Desalination. 443 (2018) 237–244. 

doi:10.1016/j.desal.2018.06.005. 

[52] K. Garg, V. Khullar, S.K. Das, H. Tyagi, Performance evaluation of a brine-recirculation 

multistage flash desalination system coupled with nanofluid-based direct absorption solar 

collector, Renew. Energy. 122 (2018) 140–151. doi:10.1016/j.renene.2018.01.050. 

[53] M. Alsehli, J.K. Choi, M. Aljuhan, A novel design for a solar powered multistage flash 

desalination, Sol. Energy. 153 (2017) 348–359. doi:10.1016/j.solener.2017.05.082. 

[54] S. Ghani, N.S. Al-Deffeeri, Impacts of different antiscalant dosing rates and their thermal 

performance in Multi Stage Flash (MSF) distiller in Kuwait, Desalination. 250 (2010) 

463–472. doi:10.1016/j.desal.2009.09.077. 

[55] A. Alpatova, A. Alsaadi, N. Ghaffour, Boron evaporation in thermally-driven seawater 

desalination: Effect of temperature and operating conditions, J. Hazard. Mater. 351 (2018) 

224–231. doi:10.1016/j.jhazmat.2018.02.056. 

[56] S. Alsadaie, I.M. Mujtaba, Crystallization of Calcium Carbonate and Magnesium 

Hydroxide in the Heat Exchangers of Once-through Multistage Flash Process 

Desalination, in: Comput. Aided Chem. Eng., 2017: pp. 349–354. doi:10.1016/B978-0-

444-63965-3.50060-X. 

[57] M. Al-Shammiri, M. Safar, Multi-effect distillation plants: State of the art, in: 

Desalination, 1999: pp. 45–59. doi:10.1016/S0011-9164(99)00154-X. 

[58] S.H. Choi, Thermal type seawater desalination with barometric vacuum and solar energy, 

Energy. 141 (2017) 1332–1349. doi:10.1016/j.energy.2017.11.007. 

[59] D. Zhou, L. Zhu, Y. Fu, M. Zhu, L. Xue, Development of lower cost seawater desalination 

processes using nanofiltration technologies - A review, Desalination. 376 (2015) 109–116. 

doi:10.1016/j.desal.2015.08.020. 

[60] T. Mezher, H. Fath, Z. Abbas, A. Khaled, Techno-economic assessment and 

environmental impacts of desalination technologies, Desalination. 266 (2011) 263–273. 

doi:10.1016/j.desal.2010.08.035. 

[61] N. Ghaffour, T.M. Missimer, G.L. Amy, Technical review and evaluation of the 

economics of water desalination: Current and future challenges for better water supply 

sustainability, Desalination. 309 (2013) 197–207. doi:10.1016/j.desal.2012.10.015. 

[62] H. Fath, A. Sadik, T. Mezher, Present and Future Trend in the Production and Energy 

Consumption of Desalinated Water in GCC Countries, Int. J. Therm. Environ. Eng. 5 

(2013) 155–165. doi:10.5383/ijtee.05.02.008. 



55 
 

[63] M.A. Sharaf, A.S. Nafey, L. García-Rodríguez, Thermo-economic analysis of solar 

thermal power cycles assisted MED-VC (multi effect distillation-vapor compression) 

desalination processes, Energy. 36 (2011) 2753–2764. doi:10.1016/j.energy.2011.02.015. 

[64] D.C. Alarcón-Padilla, L. García-Rodríguez, Application of absorption heat pumps to 

multi-effect distillation: a case study of solar desalination, Desalination. 212 (2007) 294–

302. doi:10.1016/j.desal.2006.10.014. 

[65] A. Chorak, P. Palenzuela, D.C. Alarcï¿½n-Padilla, A. Ben Abdellah, Experimental 

characterization of a multi-effect distillation system coupled to a flat plate solar collector 

field: Empirical correlations, Appl. Therm. Eng. 120 (2017) 298–313. 

doi:10.1016/j.applthermaleng.2017.03.115. 

[66] K. Thu, Y.D. Kim, G. Amy, W.G. Chun, K.C. Ng, A hybrid multi-effect distillation and 

adsorption cycle, Appl. Energy. 104 (2013) 810–821. 

doi:10.1016/j.apenergy.2012.12.007. 

[67] C. Li, D.Y. Goswami, A. Shapiro, E.K. Stefanakos, G. Demirkaya, A new combined 

power and desalination system driven by low grade heat for concentrated brine, Energy. 

46 (2012) 582–595. doi:10.1016/j.energy.2012.07.050. 

[68] K. Thu, Y.D. Kim, G. Amy, W.G. Chun, K.C. Ng, A synergetic hybridization of 

adsorption cycle with the multi-effect distillation (MED), Appl. Therm. Eng. 62 (2014) 

245–255. doi:10.1016/j.applthermaleng.2013.09.023. 

[69] M.L. Elsayed, O. Mesalhy, R.H. Mohammed, L.C. Chow, Effect of disturbances on MED-

TVC plant characteristics: Dynamic modeling and simulation, Desalination. 443 (2018) 

99–109. doi:10.1016/j.desal.2018.05.021. 

[70] G. Amy, N. Ghaffour, Z. Li, L. Francis, R.V. Linares, T. Missimer, et al., Membrane-

based seawater desalination: Present and future prospects, Desalination. 401 (2017) 16–

21. doi:10.1016/j.desal.2016.10.002. 

[71] V. Kochkodan, N. Hilal, A comprehensive review on surface modified polymer 

membranes for biofouling mitigation, Desalination. 356 (2015) 187–207. 

doi:10.1016/j.desal.2014.09.015. 

[72] K. Wang, A. a. Abdalla, M. a. Khaleel, N. Hilal, M.K. Khraisheh, Mechanical properties 

of water desalination and wastewater treatment membranes, Desalination. 401 (2017) 

190–205. doi:10.1016/j.desal.2016.06.032. 

[73] I.S. Kim, M. Hwang, C. Choi, Chapter 2 - Membrane-Based Desalination Technology for 

Energy Efficiency and Cost Reduction, in: H.A.B.T.-D.S. Arafat (Ed.), Elsevier, 2017: pp. 

31–74. doi:https://doi.org/10.1016/B978-0-12-809791-5.00002-X. 



56 
 

[74] M. Sarai Atab, A.J. Smallbone, A.P. Roskilly, An operational and economic study of a 

reverse osmosis desalination system for potable water and land irrigation, Desalination. 

397 (2016) 174–184. doi:10.1016/j.desal.2016.06.020. 

[75] M.A. Eltawil, Z. Zhengming, L. Yuan, A review of renewable energy technologies 

integrated with desalination systems, Renew. Sustain. Energy Rev. 13 (2009) 2245–2262. 

doi:10.1016/j.rser.2009.06.011. 

[76] S.M. Shalaby, Reverse osmosis desalination powered by photovoltaic and solar Rankine 

cycle power systems: A review, Renew. Sustain. Energy Rev. 73 (2017) 789–797. 

doi:10.1016/j.rser.2017.01.170. 

[77] J. Nihill, A. Date, P. Lappas, J. Velardo, Investigating the prospects of water desalination 

using a thermal water pump coupled with reverse osmosis membrane, Desalination. 445 

(2018) 256–265. doi:https://doi.org/10.1016/j.desal.2018.08.004. 

[78] B. Wu, A. Maleki, F. Pourfayaz, M.A. Rosen, Optimal design of stand-alone reverse 

osmosis desalination driven by a photovoltaic and diesel generator hybrid system, Sol. 

Energy. 163 (2018) 91–103. doi:10.1016/j.solener.2018.01.016. 

[79] G. Zhang, B. Wu, A. Maleki, W. Zhang, Simulated annealing-chaotic search algorithm 

based optimization of reverse osmosis hybrid desalination system driven by wind and 

solar energies, Sol. Energy. 173 (2018) 964–975. 

doi:https://doi.org/10.1016/j.solener.2018.07.094. 

[80] P. Cabrera, J.A. Carta, J. González, G. Melián, Wind-driven SWRO desalination 

prototype with and without batteries: A performance simulation using machine learning 

models, Desalination. 435 (2018) 77–96. doi:10.1016/j.desal.2017.11.044. 

[81] S. Loutatidou, N. Liosis, R. Pohl, T.B.M.J. Ouarda, H.A. Arafat, Wind-powered 

desalination for strategic water storage: Techno-economic assessment of concept, 

Desalination. 408 (2017) 36–51. doi:10.1016/j.desal.2017.01.002. 

[82] S. Porada, W.J. van Egmond, J.W. Post, M. Saakes, H.V.M. Hamelers, Tailoring ion 

exchange membranes to enable low osmotic water transport and energy efficient 

electrodialysis, J. Memb. Sci. 552 (2018) 22–30. doi:10.1016/j.memsci.2018.01.050. 

[83] H. Strathmann, Electrodialysis, a mature technology with a multitude of new applications, 

Desalination. 264 (2010) 268–288. doi:10.1016/j.desal.2010.04.069. 

[84] M. Herrero-Gonzalez, P. Diaz-Guridi, A. Dominguez-Ramos, R. Ibañez, A. Irabien, 

Photovoltaic solar electrodialysis with bipolar membranes, Desalination. 433 (2018) 155–

163. doi:10.1016/j.desal.2018.01.015. 



57 
 

[85] A. Gonzalez, M. Grágeda, S. Ushak, Assessment of pilot-scale water purification module 

with electrodialysis technology and solar energy, Appl. Energy. 206 (2017) 1643–1652. 

doi:10.1016/j.apenergy.2017.09.101. 

[86] N. Sahraei, E.E. Looney, S.M. Watson, I.M. Peters, T. Buonassisi, Adaptive power 

consumption improves the reliability of solar-powered devices for internet of things, Appl. 

Energy. 224 (2018) 322–329. doi:10.1016/j.apenergy.2018.04.091. 

[87] C. Li, Y. Goswami, E. Stefanakos, Solar assisted sea water desalination: A review, 

Renew. Sustain. Energy Rev. 19 (2013) 136–163. doi:10.1016/j.rser.2012.04.059. 

[88] F. Luo, Y. Wang, C. Jiang, B. Wu, H. Feng, T. Xu, A power free electrodialysis (PFED) 

for desalination, Desalination. 404 (2017) 138–146. doi:10.1016/j.desal.2016.11.011. 

[89] A. Alkhudhiri, N. Darwish, N. Hilal, Membrane distillation: A comprehensive review, 

Desalination. 287 (2012) 2–18. doi:10.1016/j.desal.2011.08.027. 

[90] E. Drioli, A. Ali, F. Macedonio, Membrane distillation: Recent developments and 

perspectives, Desalination. 356 (2015) 56–84. doi:10.1016/j.desal.2014.10.028. 

[91] A. Alkhudhiri, N. Hilal, Air gap membrane distillation: A detailed study of high saline 

solution, Desalination. 403 (2017) 179–186. doi:10.1016/j.desal.2016.07.046. 

[92] P. Wang, T.S. Chung, Recent advances in membrane distillation processes: Membrane 

development, configuration design and application exploring, J. Memb. Sci. 474 (2015) 

39–56. doi:10.1016/j.memsci.2014.09.016. 

[93] E. Guillén-Burrieza, G. Zaragoza, S. Miralles-Cuevas, J. Blanco, Experimental evaluation 

of two pilot-scale membrane distillation modules used for solar desalination, J. Memb. 

Sci. 409-410 (2012) 264–275. doi:10.1016/j.memsci.2012.03.063. 

[94] H.C. Duong, L. Xia, Z. Ma, P. Cooper, W. Ela, L.D. Nghiem, Assessing the performance 

of solar thermal driven membrane distillation for seawater desalination by computer 

simulation, J. Memb. Sci. 542 (2017) 133–142. doi:10.1016/j.memsci.2017.08.007. 

[95] F. Mahmoudi, G. Moazami Goodarzi, S. Dehghani, A. Akbarzadeh, Experimental and 

theoretical study of a lab scale permeate gap membrane distillation setup for desalination, 

Desalination. 419 (2017) 197–210. doi:10.1016/j.desal.2017.06.013. 

[96] F. Banat, R. Jumah, M. Garaibeh, Exploitation of solar energy collected by solar stills for 

desalination by membrane distillation, Renew. Energy. 25 (2002) 293–305. 

doi:10.1016/S0960-1481(01)00058-1. 

[97] J.P. Mericq, S. Laborie, C. Cabassud, Evaluation of systems coupling vacuum membrane 

distillation and solar energy for seawater desalination, Chem. Eng. J. 166 (2011) 596–606. 

doi:10.1016/j.cej.2010.11.030. 



58 
 

[98] R. Sarbatly, C.K. Chiam, Evaluation of geothermal energy in desalination by vacuum 

membrane distillation, Appl. Energy. 112 (2013) 737–746. 

doi:10.1016/j.apenergy.2012.12.028. 

[99] A.-P. Avrin, G. He, D.M. Kammen, Chapter 7 - Relevance of Nuclear Desalination as an 

Alternative to Water Transfer Geoengineering Projects: Example of China, in: V.G.B.T.-

R.E.P.D.H. Gude (Ed.), Butterworth-Heinemann, 2018: pp. 265–286. 

doi:https://doi.org/10.1016/B978-0-12-815244-7.00007-6. 

[100] D. Zarzo, D. Prats, Desalination and energy consumption. What can we expect in the near 

future?, Desalination. 427 (2018) 1–9. doi:10.1016/j.desal.2017.10.046. 

[101] B.K. Sovacool, M. V. Ramana, Back to the Future: Small Modular Reactors, Nuclear 

Fantasies, and Symbolic Convergence, Sci. Technol. Hum. Values. 40 (2015) 96–125. 

doi:10.1177/0162243914542350. 

[102] P.J. Gowin, T. Konishi, Nuclear seawater desalination - IAEA activities and economic 

evaluation for southern Europe, in: Desalination, 1999: pp. 301–307. doi:10.1016/S0011-

9164(99)00186-1. 

[103] A.G. Grechko, A.A. Romenkov, V.A. Shishkin, Technical and economic evaluation of 

nuclear sea water desalination system, Pub No. XA9848809, 1998. 

[104] S.U.-D. Khan, S.U.-D. Khan, S.N. Danish, J. Orfi, U.A. Rana, S. Haider, Chapter 6 - 

Nuclear Energy Powered Seawater Desalination, in: V.G.B.T.-R.E.P.D.H. Gude (Ed.), 

Butterworth-Heinemann, 2018: pp. 225–264. doi:https://doi.org/10.1016/B978-0-12-

815244-7.00006-4. 

[105] H. Yan, C. Cao, G. Bai, W. Bai, Seawater Desalination Technology Route and Analysis of 

Production Capacity for Large Commercial Nuclear Power Plant BT  - Proceedings of The 

20th Pacific Basin Nuclear Conference, in: H. Jiang (Ed.), Springer Singapore, Singapore, 

2017: pp. 865–872. 

[106] International Atomic Energy Agency, Status of Design Concepts of Nuclear Desalination 

Plants, Vienna, 2002. 

[107] International Atomic Energy Agency, Status of Nuclear Desalination in IAEA Member 

States, Vienna, 2007. 

[108] W.M. Stacey, Nuclear Reactor Physics, 3rd ed., Wiley-VCH, Germany, 2018. 

[109] S. Nisan, S. Dardour, Economic evaluation of nuclear desalination systems, Desalination. 

205 (2007) 231–242. 

[110] D.T. Ingersoll, Deliberately small reactors and the second nuclear era, Prog. Nucl. Energy. 

51 (2009) 589–603. doi:10.1016/j.pnucene.2009.01.003. 



59 
 

[111] G. Alonso, S. Vargas, E. Del Valle, R. Ramirez, Alternatives of seawater desalination 

using nuclear power, Nucl. Eng. Des. 245 (2012) 39–48. 

doi:10.1016/j.nucengdes.2012.01.018. 

[112] T.L. Schulz, Westinghouse AP1000 advanced passive plant, Nucl. Eng. Des. 236 (2006) 

1547–1557. doi:10.1016/j.nucengdes.2006.03.049. 

[113] T. Lambert, X.H. Nghiem, Timothy Lambert Review of the Deployment of and Research 

into Generation III & IV Nuclear Fission Reactors for Power Generation, PAM Rev. 

Energy Sci. Technol. 1 (2014) 90–108. doi:10.5130/pamr.v1i0.1387. 

[114] D. Shropshire, Economic viability of small to medium-sized reactors deployed in future 

European energy markets, Prog. Nucl. Energy. 53 (2011) 299–307. 

doi:10.1016/j.pnucene.2010.12.004. 

[115] S. Dardour, S. Nisan, F. Charbit, Utilisation of waste heat from GT-MHR and PBMR 

reactors for nuclear desalination, Desalination. 205 (2007) 254–268. 

doi:10.1016/j.desal.2006.03.554. 

[116] F. Khalid, I. Dincer, M.A. Rosen, Analysis and Assessment of a Gas Turbine-Modular 

Helium Reactor for Nuclear Desalination, J. Nucl. Eng. Radiat. Sci. 2 (2016) 031014. 

doi:10.1115/1.4032508. 

[117] S.A. Ahmed, H.A. Hani, G.A. Al Bazedi, M.M.H. El-Sayed, A.M.G. Abulnour, 

Small/medium nuclear reactors for potential desalination applications: Mini review, 

Korean J. Chem. Eng. 31 (2014) 924–929. doi:10.1007/s11814-014-0079-2. 

[118] B.M. Misra, Status and Prospects of Nuclear Desalination, SP05-041, 2011. 

[119] A.P. Avrin, G. He, D.M. Kammen, Assessing the impacts of nuclear desalination and 

geoengineering to address China’s water shortages, Desalination. 360 (2015) 1–7. 

doi:10.1016/j.desal.2014.12.028. 

[120] M.K. Rowinski, T.J. White, J. Zhao, Small and Medium sized Reactors (SMR): A review 

of technology, Renew. Sustain. Energy Rev. 44 (2015) 643–656. 

doi:10.1016/j.rser.2015.01.006. 

[121] M.G. Abdoelatef, R.M. Field, Y.-K. Lee, Thermodynamic Evaluation of Coupling 

APR1400 with a Thermal Desalination Plant, World Acad. Sci. Eng. Technol. Int. J. 

Chem. Mol. Eng. 9 (2015) 1278–1286. 

[122] S. Wu, Z. Zhang, An approach to improve the economy of desalination plants with a 

nuclear heating reactor by coupling with hybrid technologies, Desalination. 155 (2003) 

179–185. doi:10.1016/S0011-9164(03)00295-9. 



60 
 

[123] H. Al Abdulgader, V. Kochkodan, N. Hilal, Hybrid ion exchange - Pressure driven 

membrane processes in water treatment: A review, Sep. Purif. Technol. 116 (2013) 253–

264. doi:10.1016/j.seppur.2013.05.052. 

[124] M. Tawalbeh, A. Al Mojjly, A. Al-Othman, N. Hilal, Membrane separation as a pre-

treatment process for oily saline water, Desalination. (2018). 

doi:10.1016/j.desal.2018.07.029. 

[125] Iaea, Environmental Impact Assessment of Nuclear Desalination, (2010). 

[126] M. V. Ramana, L.B. Hopkins, A. Glaser, Licensing small modular reactors, Energy. 61 

(2013) 555–564. doi:10.1016/j.energy.2013.09.010. 

[127] M.H. Subki, Advantage of nuclear plants, design and technology developments for near-

term deployments and associated common issues, in: 69th Gen. Conf. 2015 Small Modul. 

React. an Option Safe Nucl. Power Technol. Near Term Deployments, 2015. 

[128] International Atomic Energy Agency, Optimization of the coupling of nuclear reactors 

with desalination systems, Vienna, 2005. 

[129] J.R. Humphries, E. Middleton, Candesal. A canadian nuclear desalination system, 

Desalination. 99 (1994) 345–365. doi:10.1016/0011-9164(94)00187-1. 

[130] H. Jia, Y. Zhang, Nuclear seawater desalination plant coupled with 200 MW heating 

reactor, Int. J. Nucl. Desalin. 3 (2008). doi:10.1504/IJND.2008.020227. 

[131] A.A.H.A. Abdallah, Innovative development of nuclear desalination technologies and cost 

improvement approaches, Ann. Fac. Eng. Hunedoara – Int. J. Eng. 16 (2018) 31–41. 

[132] M.M. Megahed, Feasibility of nuclear power and desalination on El-Dabaa site, 

Desalination. 246 (2009) 238–256. doi:10.1016/j.desal.2008.03.054. 

[133] P.K. Tewari, I.S. Rao, LTE desalination utilizing waste heat from a nuclear research 

reactor, Desalination. 150 (2002) 45–49. doi:10.1016/S0011-9164(02)00928-1. 

[134] P.K. Tewari, B.M. Misra, Technological innovations in desalination, BARC Newsl. 

(2001) 1–7. http://www.barc.gov.in/publications/nl/2001/200109-01.pdf. 

[135] M.H. Chang, Y.D. Hwang, Coupling of MED-TVC with SMART for nuclear desalination, 

Int. J. Nucl. Desalin. 1 (2003) 69–80. doi:10.1504/IJND.2003.003444. 

[136] M.H. Chang, S. Kim, Approach for SMART application to desalination and power 

generation. Advisory group meeting on materials and equipment for the coupling 

interfaces of nuclear reactors with desalination and district heating plants, Vienna, 1998. 

http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/29/067/29067717.pdf. 



61 
 

[137] M. Tabet, Prospects of nuclear desalination in Morocco, Int. J. Nucl. Desalin. 1 (2005) 

411–415. doi:10.1504/IJND.2005.007012. 

[138] K. V Zverev, Y.D. Baranaev, G.I. Toshinsky, V.I. Polunichev, A.A. Romenkov, V.G. 

Shamanin, et al., Status and prospect of R&D aimed at application of nuclear reactors for 

seawater desalination in Russia, Int. J. Nucl. Desalin. 1 (2004) 281–297. 

doi:10.1504/IJND.2004.005441. 

[139] P.M.U. and I.H. and D. and G.R. Sunaryo, Analysis of radiation safety for Small Modular 

Reactor (SMR) on PWR-100 MWe type, J. Phys. Conf. Ser. 962 (2018) 12035. 

http://stacks.iop.org/1742-6596/962/i=1/a=012035. 

[140] C. Alessandroni, L. Cinotti, G. Mini, S. Nisan, Safety Aspects of Nuclear Desalination 

with Innovative Systems; the EURODESAL Project, American Nuclear Society - ANS, 

United States, 2002. http://inis.iaea.org/search/search.aspx?orig_q=RN:40044700. 

[141] S. Nisan, G. Caruso, J.R. Humphries, G. Mini, A. Naviglio, B. Bielak, et al., Sea-water 

desalination with nuclear and other energy sources: The EURODESAL project, in: Nucl. 

Eng. Des., 2003: pp. 251–275. doi:10.1016/S0029-5493(02)00337-0. 

[142] International Atomic Energy Agency, International Status and Prospects for Nuclear 

Power 2017, Vienna, 2017. 

[143] M.A. Darwish, N.M. Al-Najem, Nuclear Desalination in Kuwait: A Feasibility Study, 

2008. 

[144] R.J. Budnitz, H.H. Rogner, A. Shihab-Eldin, Expansion of nuclear power technology to 

new countries – SMRs, safety culture issues, and the need for an improved international 

safety regime, Energy Policy. 119 (2018) 535–544. doi:10.1016/j.enpol.2018.04.051. 

[145] K. Ansari, H. Sayyaadi, M. Amidpour, Thermoeconomic optimization of a hybrid 

pressurized water reactor (PWR) power plant coupled to a multi effect distillation 

desalination system with thermo-vapor compressor (MED-TVC), Energy. 35 (2010) 

1981–1996. doi:10.1016/j.energy.2010.01.013. 

[146] B.M. Misra, Seawater desalination using nuclear heat/electricity — Prospects and 

challenges, Desalination. 205 (2007) 269–278. doi:10.1016/j.desal.2006.03.555. 

[147] S. Dincer, I. Dincer, Comparative Evaluation of Possible Desalination Options With 

Various Nuclear Power Plants, in: Exergetic, Energ. Environ. Dimens., 2017: pp. 569–

582. doi:10.1016/B978-0-12-813734-5.00032-9. 

[148] I. Khamis, R.S. El-Emam, IAEA coordinated research activity on nuclear desalination: 

The quest for new technologies and techno-economic assessment, Desalination. 394 

(2016) 56–63. doi:10.1016/j.desal.2016.04.015. 



62 
 

[149] J. Chen, H.E. Garcia, J.S. Kim, S.M. Bragg-Sitton, Operations Optimization of Nuclear 

Hybrid Energy Systems, Nucl. Technol. 195 (2016) 143–156. doi:10.13182/NT15-130. 

[150] S.U.D. Khan, S.U.D. Khan, Karachi Nuclear Power Plant (KANUPP): As case study for 

techno-economic assessment of nuclear power coupled with water desalination, Energy. 

127 (2017) 372–380. doi:10.1016/j.energy.2017.02.055. 

[151] I.S. Al-Mutaz, Coupling of a nuclear reactor to hybrid RO-MSF desalination plants, 

Desalination. 157 (2003) 259–268. doi:10.1016/S0011-9164(03)00405-3. 

[152] S. Sadri, M. Ameri, R. Haghighi Khoshkhoo, Multi-objective optimization of MED-TVC-

RO hybrid desalination system based on the irreversibility concept, Desalination. 402 

(2017) 97–108. doi:10.1016/j.desal.2016.09.029. 

[153] M.Y. Park, E.S. Kim, Thermodynamic evaluation on the integrated system of VHTR and 

forward osmosis desalination process, Desalination. 337 (2014) 117–126. 

doi:10.1016/j.desal.2013.11.023. 

[154] S. Okada, N. Momoshima, Overview of tritium: Characteristics, sources, and problems, 

Health Phys. 65 (1993) 595–609. doi:10.1097/00004032-199312000-00001. 

[155] M.Y. Park, E.S. Kim, Analysis of tritium behaviors on VHTR and forward osmosis 

integration system, Nucl. Eng. Des. 338 (2018) 34–51. 

doi:10.1016/j.nucengdes.2018.07.030. 

[156] Y.H. Jung, Y.H. Jeong, J. Choi, A.F. Wibisono, J.I. Lee, H.C. No, Feasibility study of a 

small-sized nuclear heat-only plant dedicated to desalination in the UAE, Desalination. 

337 (2014) 83–97. doi:10.1016/j.desal.2013.11.003. 

[157] W.W. Lee, Y.H. Jung, Y.H. Jeong, J.I. Lee, Studies of S-CO2 power cycle application for 

a large PWR with a desalination capability, in: ICAPP 2015, ANS, Nice, France, 2015. 

[158] W.W. Lee, S.J. Bae, Y.H. Jung, H.J. Yoon, Y.H. Jeong, J.I. Lee, Improving power and 

desalination capabilities of a large nuclear power plant with supercritical CO2power 

technology, Desalination. 409 (2017) 136–145. doi:10.1016/j.desal.2017.01.013. 

[159] D.T. Ingersoll, Z.J. Houghton, R. Bromm, C. Desportes, NuScale small modular reactor 

for Co-generation of electricity and water, Desalination. 340 (2014) 84–93. 

doi:10.1016/j.desal.2014.02.023. 

[160] E. Priego, G. Alonso, E. del Valle, R. Ramirez, Alternatives of steam extraction for 

desalination purposes using SMART reactor, Desalination. 413 (2017) 199–216. 

doi:10.1016/j.desal.2017.03.018. 



63 
 

[161] H. Jafari Mosleh, S. Jahangiri Mamouri, M.B. Shafii, A. Hakim Sima, A new desalination 

system using a combination of heat pipe, evacuated tube and parabolic trough collector, 

Energy Convers. Manag. 99 (2015) 141–150. doi:10.1016/j.enconman.2015.04.028. 

[162] H. Kargar Sharif Abad, M. Ghiasi, S. Jahangiri Mamouri, M.B. Shafii, A novel integrated 

solar desalination system with a pulsating heat pipe, Desalination. 311 (2013) 206–210. 

doi:10.1016/j.desal.2012.10.029. 

[163] I. Khamis, H. Jouhara, V. Anastasov, Heat pipes as an extra measure to eliminate 

radioactive contamination in nuclear seawater desalination, Desalin. Water Treat. 13 

(2010) 82–87. doi:10.5004/dwt.2010.980. 

[164] H. Jouhara, V. Anastasov, I. Khamis, Potential of heat pipe technology in nuclear 

seawater desalination, Desalination. 249 (2009) 1055–1061. 

doi:10.1016/j.desal.2009.05.019. 

[165] R.S. El-Emam, I. Dincer, Thermodynamic and thermoeconomic analyses of seawater 

reverse osmosis desalination plant with energy recovery, Energy. 64 (2014) 154–163. 

doi:10.1016/j.energy.2013.11.037. 

[166] K.C. Kavvadias, I. Khamis, The IAEA DEEP desalination economic model: A critical 

review, Desalination. 257 (2010) 150–157. doi:10.1016/j.desal.2010.02.032. 

[167] J. Lappalainen, T. Korvola, V. Alopaeus, Modelling and dynamic simulation of a large 

MSF plant using local phase equilibrium and simultaneous mass, momentum, and energy 

solver, Comput. Chem. Eng. 97 (2017) 242–258. 

doi:10.1016/j.compchemeng.2016.11.039. 

[168] M.A. Dawoud, M.M. Al Mulla, Environmental Impacts of Seawater Desalination: Arabian 

Gulf Case Study, Int. J. Environ. Sustain. 1 (2012) 22–37. doi:10.24102/ijes.v1i3.96. 

[169] J.J. Sadhwani, J.M. Veza, C. Santana, Case studies on environmental impact of seawater 

desalination, Desalination. 185 (2005) 1–8. doi:10.1016/j.desal.2005.02.072. 

[170] S. Lattemann, T. Höpner, Environmental impact and impact assessment of seawater 

desalination, Desalination. 220 (2008) 1–15. doi:10.1016/j.desal.2007.03.009. 

[171] C. Sommariva, H. Hogg, K. Callister, Environmental impact of seawater desalination: 

Relations between improvement in efficiency and environmental impact, Desalination. 

167 (2004) 439–444. doi:10.1016/j.desal.2004.06.159. 

[172] T. Younos, Environmental Issues of Desalination, J. Contemp. Water Res. Educ. 132 

(2009) 11–18. doi:10.1111/j.1936-704X.2005.mp132001003.x. 

[173] T. Peters, D. Pintó, Seawater intake and pre-treatment/brine discharge - environmental 

issues, Desalination. 221 (2008) 576–584. doi:10.1016/j.desal.2007.04.066. 



64 
 

[174] H. Cooley, N. Ajami, M. Heberger, Key issues in seawater desalination in California: 

Marine impacts, Oakland, 2013. http://pacinst.org/wp-content/uploads/2013/12/desal-

marine-imapcts-full-report.pdf. 

[175] R. York, M. Foster, Issues and Environmental Impacts Associated with Once-Through 

Cooling at California’s Coastal Power Plants, California, 2005. 

[176] V. Anastasov, I. Khamis, Environmenal issues related to nuclear desalination, World 

Acad. Sci. Eng. Technol. 66 (2010) 1543–1548. 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

79951483449&partnerID=40&md5=39a0ea0aa09d5cbb952a44743184f35f. 

[177] T.M. Missimer, R.G. Maliva, Environmental issues in seawater reverse osmosis 

desalination: Intakes and outfalls, Desalination. 434 (2018) 198–215. 

doi:10.1016/j.desal.2017.07.012. 

[178] D.A. Roberts, E.L. Johnston, N.A. Knott, Impacts of desalination plant discharges on the 

marine environment: A critical review of published studies, Water Res. 44 (2010) 5117–

5128. doi:10.1016/j.watres.2010.04.036. 

[179] Y. Fernández-Torquemada, J.L. Sánchez-Lizaso, Effects of salinity on leaf growth and 

survival of the Mediterranean seagrass Posidonia oceanica (L.) Delile, J. Exp. Mar. Bio. 

Ecol. 320 (2005) 57–63. doi:10.1016/j.jembe.2004.12.019. 

[180] Y. Fernández-Torquemada, J.L. Sánchez-Lizaso, J.M. González-Correa, Preliminary 

results of the monitoring of the brine discharge produced by the SWRO desalination plant 

of Alicante (SE Spain), Desalination. 182 (2005) 395–402. 

doi:10.1016/j.desal.2005.03.023. 

[181] E. Gacia, O. Invers, M. Manzanera, E. Ballesteros, J. Romero, Impact of the brine from a 

desalination plant on a shallow seagrass (Posidonia oceanica) meadow, Estuar. Coast. 

Shelf Sci. 72 (2007) 579–590. doi:10.1016/j.ecss.2006.11.021. 

[182] J.L. Sánchez-Lizaso, J. Romero, J. Ruiz, E. Gacia, J.L. Buceta, O. Invers, et al., Salinity 

tolerance of the Mediterranean seagrass Posidonia oceanica: recommendations to 

minimize the impact of brine discharges from desalination plants, Desalination. 221 

(2008) 602–607. doi:10.1016/j.desal.2007.01.119. 

[183] M.L. Cambridge, A. Zavala-Perez, G.R. Cawthray, J. Mondon, G.A. Kendrick, Effects of 

high salinity from desalination brine on growth, photosynthesis, water relations and 

osmolyte concentrations of seagrass Posidonia australis, Mar. Pollut. Bull. 115 (2017) 

252–260. doi:10.1016/j.marpolbul.2016.11.066. 

[184] H. Frank, E. Rahav, E. Bar-Zeev, Short-term effects of SWRO desalination brine on 

benthic heterotrophic microbial communities, Desalination. 417 (2017) 52–59. 

doi:10.1016/j.desal.2017.04.031. 



65 
 

[185] Y. Del-Pilar-Ruso, J.A. De la Ossa Carretero, F.G. Casalduero, J.L.S. Lizaso, Spatial and 

temporal changes in infaunal communities inhabiting soft-bottoms affected by brine 

discharge, Mar. Environ. Res. 64 (2007) 492–503. doi:10.1016/j.marenvres.2007.04.003. 

[186] B. Mabrook, Environmental impact of waste brine disposal of desalination plants, Red 

Sea, Egypt, Desalination. 97 (1994) 453–465. doi:10.1016/0011-9164(94)00108-1. 

[187] R. Miri, A. Chouikhi, Ecotoxicological marine impacts from seawater desalination plants, 

Desalination. 182 (2005) 403–410. doi:10.1016/j.desal.2005.02.034. 

[188] D. Cao, Y. Zhang, Y. Zhang, C. Gao, Impact of the Brine Disposal on Scapharca 

Subcrenata, Appl. Mech. Mater. 733 (2014) 326–329. 

doi:10.4028/www.scientific.net/AMM.733.326. 

[189] F. Gazeau, C. Quiblier, J.M. Jansen, J.P. Gattuso, J.J. Middelburg, C.H.R. Heip, Impact of 

elevated CO2 on shellfish calcification, Geophys. Res. Lett. 34 (2007). 

doi:10.1029/2006GL028554. 

[190] C. Langdon, T. Takahashi, F. Marubini, M. Atkinson, C. Sweeney, H. Aceves, et al., 

Effect of calcium carbonate saturation state on the rate of calcification of an experimental 

coral reef, Global Biogeochem. Cycles. 14(2) (2000) 639–654. 

doi:10.1029/1999GB001195. 

[191] N. Belkin, E. Rahav, H. Elifantz, N. Kress, I. Berman-Frank, The effect of coagulants and 

antiscalants discharged with seawater desalination brines on coastal microbial 

communities: A laboratory and in situ study from the southeastern Mediterranean, Water 

Res. 110 (2017) 321–331. doi:10.1016/j.watres.2016.12.013. 

[192] WateReuse Association, Desalination Plant Intakes - Impingement and Entrainment - 

Impacts and Solutions, 2011. 

https://www3.epa.gov/region1/npdes/schillerstation/pdfs/AR-026.pdf. 

[193] C. Copeland, Cooling Water Intake Structures: Summary of EPA’s Proposed Rule, 2011. 

http://nationalaglawcenter.org/wp-content/uploads/assets/crs/R41786.pdf. 

[194] C. Heather, G. Peter H, W. Gary, Desalination, with a grain of salt. A California 

Perspective, 2006. 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Desalination,+With+A

+Grain+of+Salt+-+a+california+perspective#0. 

[195] V. Anastasov, I. Khamis, JEM Spotlight: Nuclear desalination-environmental impacts and 

implications for planning and monitoring activities, J. Environ. Monit. 12 (2010) 50–57. 

doi:10.1039/b907794d. 



66 
 

[196] MRW & Associates Inc., AB 1632 Assessment of California’s Operating Nuclear Plants, 

2008. http://www.energy.ca.gov/2008publications/CEC-100-2008-005/CEC-100-2008-

005-F.PDF. 

[197] J.H. Ausubel, Renewable and nuclear heresies, Int. J. Nucl. Governance, Econ. Ecol. 1 

(2007) 229. doi:10.1504/IJNGEE.2007.014671. 

[198] D. Weisser, A guide to life-cycle greenhouse gas (GHG) emissions from electric supply 

technologies, Energy. 32 (2007) 1543–1559. doi:10.1016/j.energy.2007.01.008. 

[199] A. Gabbard, Coal combustion: Nuclear resource or danger, ORNL Rev. 26 (1993) 1–9. 

https://www.nrc.gov/docs/ML0932/ML093280447.pdf. 

[200] A.K. Furr, T.F. Parkinson, R.A. Hinrichs, D.R. Van Campen, C.A. Bache, W.H. 

Gutenmann, et al., Radioactive Elements in Coal and Fly Ash : Abundance , Forms , and 

Environmental Significance, J. Environ. Radioact. 82 (2015) 1–5. 

doi:10.1016/j.earscirev.2014.11.016. 

[201] Iaea, Examining the economics of seawater desalination using the DEEP code, At. 

Energy. (2000). 

[202] IAEA, DEEP 5 User Manual, 2013. 

https://www.iaea.org/NuclearPower/Downloadable/NEA_Desalination/DEEP/DEEP5_Ma

nual.pdf. 

[203] R.S. Faibish, H. Ettouney, MSF nuclear desalination, Desalination. 157 (2003) 277–287. 

doi:10.1016/S0011-9164(03)00407-7. 

[204] R.S. Faibish, T. Konishi, Nuclear desalination: A viable option for producing freshwater, 

Desalination. 157 (2003) 241–252. doi:10.1016/S0011-9164(03)00403-X. 

[205] S. Wu, Analysis of water production costs of a nuclear desalination plant with a nuclear 

heating reactor coupled with MED processes, Desalination. 190 (2006) 287–294. 

doi:10.1016/j.desal.2005.08.010. 

[206] L. Tian, Y. Tang, Y. Wang, Economic evaluation of seawater desalination for a nuclear 

heating reactor with multi-effect distillation, Desalination. 180 (2005) 53–61. 

doi:10.1016/j.desal.2004.11.086. 

[207] W. Li, Y. Zhang, W. Zheng, Investigation on three seawater desalination processes 

coupled with NHR-200, Desalination. 298 (2012) 93–98. doi:10.1016/j.desal.2012.05.009. 

[208] S. Ghurbal, M. Ashour, Economic competitiveness of nuclear desalination in Libya, 

Desalination. 158 (2003) 201–204. doi:10.1016/S0011-9164(03)00452-1. 



67 
 

[209] S. Ariyanto, S. Alimah, ECONOMY ASPECT FOR NUCLEAR DESALINATION 

SELECTION IN MURIA PENINSULA, J. Pengemb. Energi Nukl. 11 (2009). 

http://jurnal.batan.go.id/index.php/jpen/article/view/1433/1363. 

[210] G. Seneviratne, Research projects show nuclear desalination economical, Nucl. News. 

(2007) 60–63. 

[211] M. V. Ramana, Nuclear power and the public, Bull. At. Sci. 67 (2011) 43–51. 

doi:10.1177/0096340211413358. 

[212] K. Patil, Public perceptions of nuclear energy in Asia after Fukushima crisis, Resurgence 

Nucl. Power Challenges Oppor. Asia. (2017) 125–138. doi:10.1007/978-981-10-5029-

9_7. 

[213] Y. Kim, M. Kim, W. Kim, Effect of the Fukushima nuclear disaster on global public 

acceptance of nuclear energy, Energy Policy. 61 (2013) 822–828. 

doi:10.1016/j.enpol.2013.06.107. 

[214] A. Froggatt, M. Schneider, The global status of the nuclear industry and its opportunities 

for expansion, Int. Spect. 46 (2011) 41–59. doi:10.1080/03932729.2011.601112. 

[215] S.L. Morrow, G. Kenneth Koves, V.E. Barnes, Exploring the relationship between safety 

culture and safety performance in U.S. nuclear power operations, Saf. Sci. 69 (2014) 37–

47. doi:10.1016/j.ssci.2014.02.022. 

[216] G. Locatelli, C. Bingham, M. Mancini, Small modular reactors: A comprehensive 

overview of their economics and strategic aspects, Prog. Nucl. Energy. 73 (2014) 75–85. 

doi:10.1016/j.pnucene.2014.01.010. 

[217] Generation IV International Forum (GIF), Annual Report, (2016). 

[218] K. Koo Kim, W. Lee, S. Choi, H. Rho Kim, J. Ha, SMART: The First Licensed Advanced 

Integral Reactor, 2014. doi:10.17265/1934-8975/2014.01.011. 

[219] K. Lee, K.H. Lee, J.I. Lee, Y.H. Jeong, P.S. Lee, A new design concept for offshore 

nuclear power plants with enhanced safety features, Nucl. Eng. Des. 254 (2015) 129–141. 

doi:10.1016/j.nucengdes.2012.09.011. 

[220] F. D’Auria, N. Debrecin, H. Glaeser, Strengthening nuclear reactor safety and analysis, 

Nucl. Eng. Des. 324 (2017) 209–219. doi:10.1016/j.nucengdes.2017.09.008. 

[221] Z. Gu, History review of nuclear reactor safety, Ann. Nucl. Energy. 120 (2018) 682–690. 

doi:10.1016/j.anucene.2018.06.023. 

[222] International Atomic Energy Agency, Integrated Safety Assessment of Research Reactors 

(INSARR), Vienna, 2017. 



68 
 

[223] International Atomic Energy Agency, Safety aspects of nuclear plants coupled with 

seawater desalination units, Vienna, 2001.  

 


