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Abstract 

 Although desalination market is today dominated by Seawater Reverse Osmosis (SWRO), 

important technological issues remain unaddressed, specifically: relatively low water recovery 

factor (around 50%) and consequent huge amount of brine discharged, and energy consumption 

(3-5 kWh/m3) still far from the minimum thermodynamic value (~1 kWh/m3). Herein, the energy 

performance of an innovative systems combining SWRO, Membrane Distillation (MD) and 

Reverse Electrodialysis (RED) for simultaneous production of water and energy is investigated. 

The valorization of hypersaline waste brine by Salinity Gradient Power production via RED and 

the achievement of high recovery factors (since MD is not limited by osmotic phenomena) 

represent a step forward to the practical implementation of Zero Liquid Discharge and low-energy 

desalination. The analysis is supported by lab-scale experimental tests carried out on MD and RED 

over a broad set of operational conditions. Among the different case studies investigated, exergetic 

efficiency reached 49% for the best scenario, i.e. MD feed temperature of 60°C, MD brine 

concentration of 5M NaCl, RED power density of 2.2 W/m2MP (MP: membrane pair). Compared 

to the benchmark flowsheet (only SWRO), up to 23% reduction in electrical energy consumption 

and 16.6% decrease in specific energy consumption were achieved when including a RED unit. 

The analysis also indicates that optimization of thermal energy input at the MD stage is critical, 

although it can potentially be fulfilled by low-grade waste heat or solar-thermal renewable sources. 

Overall, the proposed integrated system is coherent with the emergent paradigm of Circular 

Economy and the logic of Process Intensification. 

 

Keywords: Reverse osmosis; membrane distillation; salinity gradient energy; reverse 

electrodialysis; energy-exergy analysis; cost analysis   

 

1. Introduction 

 The capacity of seawater desalination plants is increasing rapidly with more than 90 million 

m3 per day, driven by the growing population, economic expansion of emerging countries, and 

water stress [1]. Nowadays, Seawater Reverse Osmosis (SWRO) dominates the current global 

desalination market covering more than 93% of global installations [2] and about 60% of the total 

desalination capacity. Despite this success, SWRO is still limited by some technological issues 

that need appropriate answers [3]. For typical operating pressures of 60-70 bar, the water recovery 
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factor is limited to about 50% by osmotic phenomena. Consequently, a huge amount of rejected 

brine is disposed back to seas, oceans or evaporative ponds, determining dramatic adverse effects 

on the surrounding environment. Globally, the total number of operational desalination plants 

reach 15,000: A recent study estimates the total brine production around the world to be about 142 

million m3/day [4]. Moreover, typical desalination plants driven by fossil-based energy sources 

are associated with the emission of greenhouse gases.  

 Membrane operations offer several advantages over conventional processes including good 

efficiency and selectivity, easy control and scale-up, flexibility and suitability for integrated 

applications. The hybridization of different membrane processes enables us to overcome the limits 

of single units and to take advantages of their synergic effects in the logic of Process Intensification 

[5, 6]. In particular, Membrane Distillation (MD) has emerged in recent years as a promising 

thermally-driven unit operation [7-9]. A scheme of Direct Contact Membrane Distillation 

(DCMD), the operational configuration adopted in this study, is shown in Figure 1a. In DCMD, 

water molecules evaporate from the hot feed solution, diffuse through a microporous hydrophobic 

membrane under a temperature gradient, and condense within the cold distillate water stream 

(distillate). In the absence of osmotic phenomena typically associated with filtration operations, 

MD allows at reaching hyper-concentrated brines [10, 11]. High-quality distillate (theoretically, 

the non-volatile substances are 100% rejected) and relatively low operational temperatures 

(suitable for the use of low-grade waste heat or renewable solar energy) make MD an attractive 

complement to Reverse Osmosis (RO), being able to increase the total water recovery up to 95%. 

In parallel with a drastic reduction of the amount of brine to be disposed - coherently with the 

concept of Zero Liquid Discharge - recent advances in Salinity Gradient Power have demonstrated 

the possibility to extract electrochemical power from hypersaline concentrates [12, 13]. 
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Figure 1. Schematic representation of a) Direct Contact Membrane Distillation (DCMD); b) 

Reverse Electrodialysis (RED) [14]. CEM: cation exchange membrane; AEM: anion exchange 

membrane.  

 According to this innovative approach, the use of brine for energy recovery has the potential 

to reduce the energy consumption of desalination systems, in line with the valorization of wastes 

and Circular Economy paradigm. The theoretical energy demand to produce 1 m3 of potable water 

from 2 m3 of seawater (50% water recovery factor) by RO is 1.1 kWh/m3 whereas the energy 

consumption at the current state-of-art for RO is in the range of 3-5 kWh/m3 [14, 15]. Moreover, 

the net CO2 emissions associated with the generation of thermoelectric energy required to drive 

seawater RO plants is about 1.4-1.8 kg/m3 which is expected to double the yearly CO2 emissions 

in two decades [3, 16].  

 In general, switching from conventional to renewable energy sources has the potential to 

enhance the sustainability of the desalination industry [14, 17, 18]. In this context, salinity gradient 

power-Reverse Electrodialysis RED is emerging as one of the most promising membrane 

processes for clean energy generation from mixing solutions of different salinity [19]. Figure 1b 

illustrates the schematic representation of RED: Cation exchange membranes (CEMs) and anion 

exchange membranes (AEMs) are alternately aligned in the RED stack to form a pile. Each 

membrane is separated by spacers to create two compartments, namely a “High Concentration 

Compartment (HCC)” and a “Low Concentration Compartment (LCC)”. When these 

Retentate (hot brine)               Cold feed/Permeate in

Hot feed in                 Cold feed/Permeate out

a) b)
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compartments are fed by the respective concentrated/diluted salt solutions, ions are selectively 

transported across the membranes towards the electrodes placed at the end of the membrane pile. 

Electricity is generated by a redox reaction occurring over the electrodes, while the total voltage 

is the sum of the Nernst potential drops over a single membrane. Significant research developments 

in RED have been reported so far; topics include the development of tailored ion exchange 

membranes, the evaluation of the impact of multivalent ions on process performance, fouling 

analysis, stack design and fluid dynamics, hybrid and/or advanced applications [14, 19-29]. In 

addition, previous works proved the feasibility of RED application in membrane desalination 

systems for simultaneous production of renewable energy and drinking water [13, 14]. Tufa et al. 

(2015) demonstrated that the use of hot and highly concentrated brine discharged from MD could 

improve the RED efficiency by increasing the salinity gradient (driving force) and decreasing the 

electrical resistance [14].  

 Except for the above mentioned pioneering study of ours about the integration of RED with 

different membrane units like RO and MD for seawater desalination purposes, the literature lacks 

a systematic analysis of this technological approach. A hybrid RED and MD system operating as 

a heat engine was investigated by Long at al. (2017) for potential application in the conversion of 

low-grade waste heat into electricity [30]. Electrical efficiency up to 1.15% was reported for feed 

temperature in the range of 20-60 °C and 5 mol/kg brine concentration; the analysis was based on 

modelling approach and not further supported by experimental results. Tamburini et al. (2017) 

performed an exergetic analysis of a hybrid RED and  Multi-Effect Distillation system, obtaining 

up to 85% exergetic efficiency when using NaCl-based salt solutions and high-performance RED 

membranes [31]. This analysis did not consider scenarios involving SWRO, the leading 

technology in desalination field. To fill these gaps, the present work provides an energy-exergy 

analysis and an economic assessment of an integrated RO, DCMD and RED units for simultaneous 

production of pure water and energy (Figure 2): Theoretical calculations are supported by lab-

scale experimental tests. 
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Figure 2. Conceptual design of a hybrid system combining reverse osmosis (RO), direct contact 

membrane distillation (DCMD) and reverse electrodialysis (RO-DCMD-RED) for energy efficient 

seawater desalination. 

 Exergy analysis, from a thermodynamic point of view, allows for the identification of the 

sites of most significant losses as a premise to improve the process performance [32-36]. Previous 

studies indicate that most of the exergy destruction occurs in RO over the membrane module while, 

in MD, the majority of the exergy losses is detected at the heat exchanger where the the feed 

solution is heated up [5].  

 In the proposed integrated membrane system, MD is used to concentrate the RO retentate 

further, thus increasing the overall water recovery factor. MD, as a complementary technology to 

RO, has the potential to significantly reduce the volume of discharged brine, thus limiting the 

environmental impact related to disposal practices according to Zero Liquid Discharge paradigm.  

Moreover, to exploit the electrochemical potential of hypersaline streams, MD brine is fed to RED 

stack through HCC compartment for salinity gradient power generation. This synergistic 

combination is coherent with the emerging concept of Low-Energy in the desalination industry: 

The electrical power produced by RED can be used to partially supply the energy input required 

to drive high-pressure pumps at the RO stage. Unlike traditional fossil-based energy sources, the 

proposed system exploits an innovative form of renewable energy, leading to a reduction of 

greenhouse gas emissions for a more sustainable desalination practice. Moreover, considering that 

low-grade waste heat is largely available from various industrial activities, the proposed hybrid 

DCMD

RO

RED
Pretreated 

Seawater

Pure water

Electrical energy

PX RED effeluent

Thermal energyElectrical energy

Pretreated 
Seawater

BP

HR

HP



7 
 

system efficiently implements the conversion of low-grade waste heat into electricity, which is a 

new research area currently gaining significant interest among the scientific communities [31]. 

Overall, the valorization of waste streams from desalination plants fits the principles of  Circular 

Economy in the framework of Process Intensification. 

 

2. Theory 

2.1. Direct contact membrane distillation      

 In MD, a vapor-liquid equilibrium is established at the interface of a microporous 

hydrophobic membrane. The vapor pressure pi of i-th species in the solution is expressed by the 

Raoult equation [37]:                                                                                                     

ii

o

ii xpp                                                                                                                                    (1)                                                                

where 0

ip is the vapor pressure of the pure component, i and xi are the activity coefficient and 

molar fraction. For DCMD configuration, at the distillate side (pure water: xi=1 and i=1), the water 

vapor pressure is a function of temperature according to the Antoine equation: 













 t

wp 426.233

63.1730
07131.8

0 10                                                                                                                                             (2)                                                                                                                                                                  

with 
0

wp  is expressed in Pa and temperature t in K. The variation in activity coefficient of ions in 

aqueous solutions of NaCl at different solution molality (m) is given in the Supporting Information 

(Figure S1) [38].  

 In DCMD, the transmembrane flux is proportional to the vapor pressure difference across the 

membrane:  

( )f d

i t i iJ C p p                                                                                                                                                    (3)                                                                                                                                                                                             

where Ct is the membrane distillation coefficient; superscripts f and d identify the feed and 

distillate side, respectively. The water recovery factor R of a membrane system operated with a 

feed volumetric flowrate Ffeed and permeate volumetric flowrate Fpermeate is defined as: 

(%) 100
permeate

feed

F
R x

F
                                                                                                                               (4)                                                                                                                                                                                                                                 

2.2. Reverse Electrodialysis (RED) 

 The exergy of mixing two aqueous solutions at different concentrations is substantially 
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related to the increase of entropy. Thus, the exergy change in RED (ΔER,mix) is given by the 

difference between the exergy in the final solution and the exergy in the initial solutions [19]:  

                                          (5)                                                                  

where V is the volume, C is the concentration, and subscripts m, d and c refer to mixed, dilute and 

concentrated solutions, respectively. The Cm of the mixed solutions is given by: 

d d c c
m

d c

V C V C
C

V V





                                                                                                                         (6)                                                                                                                                                                                                                                                                                                

Theoretically, up to 200 kJ of energy is available from mixing 1 m3 seawater (0.5 M NaCl) and 1 

m3 RO retentate (1 M NaCl) at room temperature; more interestingly, about 4500 kJ of energy is 

generated from mixing 1 m3 seawater (0.5 M NaCl) and 1 m3 MD brine ( ̴5 M NaCl). 

 In RED, the open circuit voltage (OCV), defined as the potential difference measured at zero 

current, is theoretically determined by the Nernst equation: 

,   ,  

,   ,  

 
ct HCC HCC an HCC HCCCEM AEM

ct ct LCC LCC an an LCC LCC

C CNRT
OCV ln ln

F z C z C

  

 

 
   

 

                                                                     (7)                                                

where N is the number of cell pairs, R the gas constant (8.314 J/mol/K), T the temperature (K), F 

the Faraday constant (96485 C/mol), α the membrane permselectivity, C the molar concentration 

(mol/L), and γ the activity coefficient. Subscripts ‘HCC’, ‘LCC’, ‘ct’ and ‘an’ stand for high 

concentration compartment, low concentration compartment, cation and anion, respectively.    

 The performance of the RED unit is evaluated in terms of voltage (V), current (I) and gross 

power density (Pd): 

sV OCV R I                                                                                                                                    (8)                                                                                                                                                                                                                                                          

where Rs is the internal stack resistance. The overall electrical resistance in RED stack is expressed 

as internal area resistance (IAR) per cell:  

IAR sR A

N


                                                                                                                                                                             (9)                                                                                

where A is the active membrane area. The current flowing through the RED stack at zero voltage 

is the ionic shortcut current (Is):  

s

s

OCV
I

R
                                                                                                                                                                                 (10) 

The output power (P) is given by: 

, 2 [ ln ( ln ln )]R mix m m m m d d d d c c c cE RT V C x V C x V C x     



9 
 

P VI                                                                                                                                         (11)     

Combining Eq. 8 and Eq. 11 leads to:   

2

sP R I OCV I                                                                                                                                               (12)                                                                                                                                                                                                                                                                                                           

According to Eq. 12, variations in Pd (=P/NA) with current density i (=I/A) to a parabolic trend:   

2

dP a i b i                                                                                                                                                                    (13) 

where a and b are fitting parameters expressed as: 

,i tR A OCV
a b

N N


                                                                                                                                                            (14)                              

The maximum power density (Pd,max) and the corresponding maximum current density (imax) can 

be obtained from the peak values of the parabolic curve as: 

22

,max
4 4

d

i

OCVb
P

a ANR
                                                                                                                                           (15a)                                                                                                             

max
2 2 i

OCVb
i

a AR
                                                                                                                                                 (15b)                                                                                                                                                 

2.3. Energy-exergy analysis 

Heat balances based on the First Law of thermodynamics are commonly applied to 

assess the energy performance of a system. However, since energy-based criteria neglect 

the variation in the quality of the energy throughout a system, exergy analysis based on the 

Second Law of thermodynamics has found a valuable and complementary method to 

evaluate the difference of performance of a system with respect to an ideal one (reversible) 

operated within the same thermodynamic constraints. 

The exergetic-energetic analysis of a system allows for a better understanding of 

energy transfer from a source to a receiver in the required form and amount, for the 

identification of dissipation pathways and, hence, for the evaluation of the overall 

efficiency of a system. The total energy of a system is considered as the sum of two 

contributions [39]: i) the ‘exergy’ which gives the maximum work that can be transferred 

from one form to another and, ii) the ‘anergy’ which is completely wasted into the 

environment in the form of heat. When two systems with different physical states are placed 

in connection, work is done to achieve a state of equilibrium; therefore, exergy represents 
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the maximum work yield in a reversible regime when the system, from a non-equilibrium 

(standard) state, is brought to a thermodynamic equilibrium state with the environment. 

From a thermodynamic point of view, the exergy for a fluid stream is defined as [5]: 

( ) ( )x s o o s oE G H H T S S                                                                                                          (16) 

where G is the mass flow rate, Hs the specific enthalpy, and Ss the specific entropy: 

subscripts ‘o’ and ‘s’ stands for a reference state and solution/solvent. In terms of T, P and 

concentration (C), exergy is expressed as: 

( )
( ( ) ln( ) lnT P c o

x x x x p o p o s o s

o

P PT
E E E E G c T T c T N RT x

T 

 
        

 
                               (17)                   

where cp is the specific heat of the solution, ρ is the density of the solution, Ns the number of moles 

of solvent per mass unit of the solution, R ideal gas constant (8.314 J/ mol. K), xs the mole fraction 

of the solvent and 
c

xE contribution of concentration to exergy. 
c

xE  is calculated by assuming that the 

reference state for aqueous solutions is pure water. Ns can be determined as: 

1000 i

s

s

C

N
M







                                                                                                                            (18) 

where Ci is the concentration of the i-component in solution and Ms is the molecular weight of the 

solvent s. xs can be obtained as: 

 
( / )

s
s

s i i i

N
x

N c MW 

  

                                                                                                         (19) 

where βi is the number of particles generated by dissociation of a species i, ρ is the density of the 

liquid solution, ci is the mass concentration of the i-th chemical component; MWs and MWi are 

the molecular weight of the solvent and the i-th component, respectively. Based 

on the Second Law of thermodynamics, the exergetic balance is: 

, ,x x out x in o s e tE E E T R W W                                                                                     (20)                                                                                                                                                                                                                                 

where ΔE is exergy change between outlet and inlet streams, Ex,in is the exergy at the inlet, Ex,out 

the exergy at the outlet,  Rs the speed of entropy production, We the electrical exergy and Wt the 

thermal exergy supplied to the system. ToRs represents the total exergy lost in the form of entropy. 

Wt can be obtained as: 

 ( ) (t V V s o v sW G h h T s s                                                                                                                            (21)                                                                                                                  
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 where hv, hs, sv and sv represent the characteristics of the saturated vapor and solution; Gv is a 

stream mass flow rate with subscript ‘v’ standing for vapor state.  Gv can be determined as: 

v

v

Q
G


                           (22) 

where λv is the latent heat of vaporization. Q, the heat required to warm-up the fluid from an 

initial temperature Ti to final temperature Tf , is calculated as: 

( )p f iQ G C T T                                                                                                                            (22) 

Moreover, the energetic efficiency e of the system is determined from the ratio of the exergy at 

the outlet Ex,out and the total exergy at the inlet Ex,in: 

,

,

100
x out

e

x in

E
x

E
                                                                                                                               (23) 

 

3. Materials and methods 

3.1. Reverse electrodialysis tests 

 The RED stack, operating in cross-flow configuration, was provided by REDstack B.V (The 

Netherlands) and contains: Ion Exchange Membranes (IEM) supplied by Fujifilm Manufacturing 

Europe B.V (The Netherlands) with an active area of 0.01m2 (10 cm x 10 cm) and 25 cell pairs 

[12, 14], PET spacers (Deukum GMBH, Germany) with thickness of 270 µm, electrodes made of 

inert Ti-Ru/Ir mesh (MAGNETO Special Anodes B.V., The Netherlands).  

 Table 1 shows the concentrations of the feed solutions used in the present study. The LCC 

and HCC solutions were prepared by mimicking seawater (0.5 M NaCl) and MD brine (2-5 M 

NaCl), respectively. The temperature of the HCC was varied to cover the temperature range of the 

brine from DCMD (20 - 60oC). The electrolyte solution was 0.3 M K4Fe(CN)6, 0.3 M K3Fe(CN)6 

and 2.5 M NaCl (chemicals from Sigma-Aldrich S.r.l., Italy) in de-ionized water (PURELAB, Elga 

LabWater®, 0.055 uS/cm). All solutions was recirculated through the stack compartments by 

Masterflex L/S digital peristaltic pumps (Cole-Palmer, US) at a flow velocity of 1 cm/s. The 

temperature of feed and electrolyte solutions was set by Digital Plus RTE201 thermostatic baths 

(Neslab, US) and monitored by SPER SCIENTIFIC 800012Pt multi-channel thermocouples. 

 The polarization curves of the RED unit were determined by loading the system using a 

resistance box (high dissipation five decade) with precision resistors in the range of 0.1 - 1000 Ω 
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(CROPICO, Bracken Hill, US). The resulting DC voltage drop across the resistors was measured 

by a 3½ digital multimeter (Valleman, DVM760, accuracy of 70.5%) in the range of 200 mV to 

200 V, whereas the current was measured by Agilent 34422A 6½ Digit Multimeter. 

 

3.2. Direct contact membrane distillation tests 

 The DCMD system was operated with a membrane module composed of microporous 

polypropylene capillary membranes (Accurel PP S6/2) with pore size of 0.2 µm, porosity of 0.45, 

membrane thickness of 50 µm and a total membrane area of 0.35 m2. Feed (0.5 M NaCl) and 

distillate (pure water) streams were continuously recirculated by gear pump SERIE N (Pompe 

Cucchi, Italy) automated by AC TECH Intelligent Drive, and centrifugal pump BGM5/A (Lowara, 

Italy), respectively. F14 flow meters (Blue-White Industries Ltd., US) were used to measure flow 

rates. Feed and distillate temperatures at the entrance of the membrane module were set by a heater 

Mod. 112A (VWR, USA) and Digital Plus RTE201 thermostatic bath (Neslab, US), respectively, 

and measured by SPER SCIENTIFIC 800012 Pt multi-channel thermocouples with sensitivity ± 

0.1°C and pressure gauges RF-D201 (DUNGS®, Germany), respectively. The transmembrane flux 

calculated from weight variations (± 0.1 g) over time using a balance (REFLEX HP 8200) 

connected to the distillate tank. 

 

3.3. Integrated system description  

 Figure 3 presents the flowsheet of the conceptual hybrid RO-DCMD-RED. The energy-

exergy analysis was performed under various operating conditions: Twelve different case studies 

(CSs) were designed for different operating conditions and steam properties (Table 1). A 

conventional single-stage seawater RO system with 50% recovery factor (average performance of 

commercial RO systems [3, 14, 18]) represents the first stage of seawater desalination. Pretreated 

seawater (0.5 M NaCl) with flow rate of 1000 m3/h and pressure of 0.1 bar (F1) splits into two 

streams before entering to RO stage: F11 enters into high-pressure pump (HP) at a flow rate of 

650 m3/h, while F12 enters into pressure exchange (PX) at a flow rate of 350 m3/h. The stream 

F13 leaving the PX goes to a booster pump (BP), combines with the stream from the HP (F15) and 

is fed (R2) the RO module. Two streams leave RO unit: Brine (F3) and permeate (F4). RO brine 

at a concentration of 1 M, flowing out of PX at a flow rate of 500 m3/h (F5), passes through a 

heating system (HR) and, then, is fed (F6) to DCMD unit at temperatures in the range of 40-60oC.  
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According to Table 1, different case studies were defined for the DCMD retentate (F7) fed to the 

HCC compartment of the RED unit, by varying concentrations (in the range of 2-5 M) and 

temperatures (in the interval of 40-60oC). The exergy losses and the exergetic efficiency of the 

overall system were evaluated both in the presence and absence of the RED unit.  

 

Figure 3. Scheme of the integrated membrane desalination process that includes the recovery of 

energy from brine by RED. Labels are assigned to identify the various flow streams to/from each 

system component.  
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Table 1. Description of the different case studies considered in the present work. 

Legend: R: overall water recovery factor; CR: concentration of RO brine; CD: concentration of DCMD retentate. 

*The recovery factor of RO stage is set to 0.5; **LCC compartment of RED is fed by pre-treated seawater. 

 

4. Results and discussion 

4.1. Water recovery  

 Figure 4a shows experimentally-determined water flux as a function of inlet temperature for 

feed solutions with various salinities. The observed trend is theoretically justified by considering 

that transmembrane flux in MD is proportional to the vapor pressure of feed solution, which is an 

exponential function of temperature (Eq. 14). At constant feed temperature, the transmembrane 

flux decreases at increasing solution concentration: This originates from the reduction of water 

activity coefficient [40], with a negative impact on the effective driving force. The corresponding 

water recovery factor achieved is illustrated and compared with a typical recovery factor of RO in 

Figure 4(b): Since osmotic phenomena do not limit MD, overall water recovery factor can exceed 

80%.  

Case 

studies 

RO brine*  

(inlet to DCMD) 

DCMD conditions (HCC solution 

to RED) 

LCC solution to 

RED** 

CR (M) T (oC) R (%) CD (M)  T (oC)  C (M) T (oC) 

CS1 1  25  75.0 2 40 

0.5  25 

CS2 1 25 83.0 3 

CS3 1 25 87.5 4 

CS4 1 25 90.0 5 

CS5 1 25 75.0 2 50 

CS6 1 25 83.0 3 

CS7 1 25 87.5 4 

CS8 1 25 90.0 5 

CS9 1 25 75.0 2 60 

CS10 1 25 83.0 3 

CS11 1 25 87.5 4 

CS12 1 25 90.0 5 
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Figure 4. Trends in the variation of the a) transmembrane flux and b) recovery factor for DCMD 

at different feed temperature and retentate (brine) concentration. 

 

4.2. Power generation by RED 

 Lab-scale RED tests allow evaluating the potential of DCMD brine for power generation. 

Figure 5a-b depicts the trends of OCV, Pd,max and IAR as a function of temperature and HCC 

concentration.  

 Driven by an increase in driving force, OCV increases by 50% - from 1.26 V to 1.90 V - 

when changing the HCC concentration from 2M to 5M (Figure 5a), respectively, at 20°C. Under 

these conditions, the maximum power density increases from 0.4 W/m2
MP to 1.1 W/m2

MP, 

associated with about 20% reduction in IAR - from 15.1 to 12.1 Ωcm2 (Figure 5b). This gain in 

power density is mainly due to a decrease of HCC compartment resistance because of an increase 

of conductivity of feed solution. The increase in power density confirms that the use of highly 

concentrated brine discharged from DCMD has a significant advantage in enhancing the 

performance of RED [14]. However, at high concentration of feed solution, RED efficiency is 

partially limited by the loss of permselectivity and ionic shortcut currents [41, 42]; all these effects 

need to be considered for practical applications.  

b)a)

RO DCMD
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Figure 5. Effect of brine temperature on RED performance: a) open circuit voltage; b) maximum 

power density and internal area resistance.  

 OCV is moderately affected by the increase of temperature, with variations that remain below 

12% (Figure 5a). On the other hand, the temperature has a considerable impact on IAR and, 

ultimately, on the power density. As shown in Figure 5b, Pd,max almost doubles up - from 0.4 

W/m2MP to 1.0 W/m2MP - by raising the temperature of the HCC solutions from 20°C to 40°C, 

respectively, at low salinity gradient (0.5M//2M NaCl). Similar behavior is observed at high 

salinity gradient (0.5 M//5 M NaCl), when Pd,max increases from 1.1 W/m2
MP to 2.2 W/m2

MP along 

with a 45% reduction in IAR - from 12.1 to 6.6 Ωcm2/cell. To exploit the beneficial effects on 

RED associated with high brine temperature and concentration, the DCMD requires to be operated 

at high recovery factor under a significant thermal energy input. Therefore, for the proposed 

integrated system, it is crucial to identify the location and the extent of exergy transformation and 

destructions under different operating conditions. 

 

4.3. Energy-exergy analysis 

 Mass balance for the integrated conceptual system illustrated in Figure 3 was carried out for 

an inlet flow rate of 1000 m3/h. Exergy was calculated for inlet streams represented by pretreated 

seawater fed to RO (F1) and RED (F9), and for related variations over high-pressure pump (HP), 

a)                                                              b)
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heat exchanger (HR) and booster pump (BP). Exergy was also calculated for outlet streams of 

DCMD distillate (F8) and RED (F10), and related variations over pressure exchanger (PX), RO 

stage, DCMD stage, RED stage and the electrical part of the exergy output of RED (calculated by 

Eq.1). A temperature of 25°C and pressure of 1 bar for the incoming pretreated seawater were 

considered to be the reference state; Ex losses increased as stream properties deviated from it. 

Common assuptions for all case studies considered were: i) The brine and the product water leave 

the SWRO stage at a slightly higher temperature (30°C) due to the heating effect by attrition of 

the high-pressure pump impeller; ii) the pressure of the RO retentate (60 bar) is in large part 

transferred to inlet seawater by a pressure exchanger (PX); iii) the temperature of RO retentate is 

raised by a heat exchanger (HR) before entering to DCMD unit with a mass flow rate of 500 m3/h. 

The exergies of the incoming and outgoing streams also differ due to the difference in salinity and 

mass flow rate.  

 Table 2 presents stream properties and exergy calculations for CS12 (90% recovery factor at 

DCMD stage); values for all case studies are given in the Supporting Information (Table S1-11). 

Interestingly, the exergetic content of the RO brine reached 8.4 GJ/h, demonstrating the relevant 

potential for exploitation in the subsequent DCMD and RED units. 

 

Table 2. Stream properties and exergy data for the case study CS12. 

 
Flow Stream T (oC) P (bar) G’ (m3/h) C (mol/L) Ex  (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 8.4 

F7 DCMD brine* 60 1 100 5.0 4.4 

F8 DCMD permeate 32 1 900 0 0.3 

F9 Seawater to RED** 25 1 100 0.5 0.4 

F10 RED effluent 42 1 200 2.8 4.6 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.4 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 
 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 
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 For all calculations, we assumed that the temperature of RO brine could be increased by 

operating the heat exchanger with saturated vapor to the target temperature, as reported in Table 1 

for each CS. Table 3 shows the exergy change between outlet and inlet streams, the thermal energy 

input to DCMD unit and the entropy losses for some selected CSs (see Supporting information - 

Table S12 for all CSs). For CS1, i.e. lowest recovery factor (75%) and lowest operative 

temperature (40°C) at DCMD unit, the total exergy of the inlet streams was estimated to be about 

10.1 GJ/h whereas the total exergy of the outlet streams is about 2.2 GJ/h. The negative value of 

the exergy difference (-7.9 GJ/h) indicates the high exergy loss associated with an entropy loss of 

18.0 GJ/h (without RED) or 9.6 GJ/h (with RED). For CS4, i.e. highest recovery factor (90%) and 

lowest operative temperature (40°C) at DCMD unit, the total exergy difference reduces to -5.9 

MJ/h. The reduction of exergy difference is also associated with a lower flow rate of the outgoing 

DCMD brine stream (from 250 to 100 m3/h). The highest exergy difference (i.e. 9.5x10-6 GJ/h) is 

obtained for CS9, as a result of both the high exergy loss at the DCMD stage and the low energy 

production at RED stage due to the low concentration gradient.  

 

Table 3. Energy and exergy comparisons among selected CSs.  

 

Energy-exergy 

parameters 

RED HCC/LCC: 2M/0.5M NaCl 

DCMD recovery factor: 75% 

RED HCC/LCC: 5M/0.5M NaCl  

DCMD recovery factor: 90% 

T (oC) 40 (CS1)  50 (CS5) 60 (CS9) 40 (CS4)  50 (CS8) 60 (CS12) 

∆Ex (GJ/h) -7.9  -8.5 -9.7 -5.9 -6.1 -6.6 

Q (GJ/h) 25.5 46.7 67.9 25.5 46.7 67.9 

Gv (kg/h) 11302 20720 30138 11302 20720 30138 

ToRs (GJ/h)a 18.0 22.9 28.2 16.0 20.6 25.3 

ToRs (GJ/h)b 20.3 25.3 30.6 18.4 23.0 27.6 

ToRs (GJ/h)c 9.6 14.0 18.2 9.3 1.4 1.8 

Ein (GJ/h) 10.1 11.5 13.7 9.46 10.9 13.0 

Eout (GJ/h) 2.2 3.0 4.0 3.6 4.8 6.4 
 aWith PX and without RED; bwithout PX and RED; cwith PX and RED.  

 

 Diagnosis of the system components where the most significant exergy losses occur allows 

for performance enhancement and optimized design of the whole process. Table 4 presents the 

exergy change over the system components for some CSs (see Supporting Information - Table S13 

for all CSs). Large exergy variation over the incoming stream is observed at PX (-3.1 GJ/h in all 

configurations) and at DCMD stage (i.e. -3.8 GJ/h for CS12). For RED, the exergy change is 

sensitive to changes in both the temperature and concentration. For example, exergy change of 0.1 
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GJ/h and -0.03 GJ/h were estimated at 40°C (CS4) and 50°C (CS8), respectively, with a negative 

value indicating that RED destroys only some part of the exergy under such conditions (i.e. 

HCC/LCC: 5 M/0.5 M). Coherently, for CS12 (i.e. DCMD brine at 60°C), the exergy variation for 

RED was -0.2 GJ/h.  

 The flow rate of the DCMD brine (entering to RED through HCC compartment) decreased 

with increasing recovery factor and, since the flow rates of HCC and LCC streams were set equal, 

the flow rate of RED effluent (resulting from the mixing of LCC and HCC flows) reduced. As a 

consequence, the exergy at the RED outlet decreased at higher MD recovery factor (i.e., from 5.9 

GJ/h in CS9 down to 4.6 GJ/h in CS12).  

 

Table 4. Exergy changes over the streams/components. 

Components Exergy change (GJ/h) 

2 M/0.5 M (recovery factor of 75%) 5 M/0.5 M (recovery factor of 90%) 

40 oC (CS1) 50 oC (CS5) 60 oC (CS9) 40 oC (CS4) 50 oC (CS8) 60 oC (CS12) 

Heater 0.9 2.4 4.4 0.9 2.4 4.4 

DCMD stage -0.5 -1.3 -2.4 -1.0 -2.2 -3.8 

RED stage -0.1 -0.5 -0.9 0.1 -0.03 -0.2 

HP 4.0 

BP 0.2 

PX  -3.2 

RO stage -3.2 

 

Figure 6a-d illustrates the distribution of exergy input through different components in 

selected CSs (Supporting Information - Table S15 for all CSs). More substantial contributions are 

given by seawater, HP and heater. The exergy of seawater reaches 46.4% of the total exergy input 

(9.5 GJ/h) for CS4 (Figure 6a). This share reduces at higher temperature to 40.2% and 33.8% for 

CS8 (Figure 6b) and CS12 (Figure 6c), respectively; under these conditions, the share of exergy 

input for the heater increases from 21.6% to 34.0%.  The percentage of exergy input for seawater 

in CS1 (lowest recovery factor, i.e 75%) is the highest among all CSs (i.e. 49.6%). The overall 

exergy input reaches 10.1 MJ/h. The exergy share of the components remains almost comparable 

at the same temperature, e.g. CS12 (Figure 6c) and CS9 (Figure 6d). 
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Figure 6. Percentage distribution of exergy input through different components for: a) CS4; b) 

CS8; c) CS12; d) CS9. BP: boosting pump, HP: high-pressure pump. 

Figure 7 displays the distribution of the exergy outputs through different components and 

membrane units (Supporting Information - Table S15 for all CSs). Overall, RO and RED effluents 

provide the highest contribution. At 40oC and recovery factor of 75.0% (CS1), the share of exergy 

output for RO (-3.2 GJ/h) reaches -29.8% whereas the RED effluent (4.2 GJ/h) exhibits a share of 

50.0 % (Figure 7a). The contribution of the DCMD stage to the exergy output increases at higher 

feed temperature. The exergy output from DCMD decreases from -0.1 GJ/h with a share of 10.0 

% for CS4 (Figure 7a) to -2.2 GJ/h and -3.8 GJ/h with a share of -20.0 % and -29.6 % for CS8 

(Figure 7b) and CS12 (Figure 7c), respectively. Since DMCD brine is fed to RED through HCC 

compartment, an increase in the exergy output of the mixed RED effluent is also observed, 

a) b)

c) d)

40 oC 50 oC

60 oC 60 oC
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reaching a maximum for CS 9 (6.0 GJ/h). The share of exergy output in RED effluent is above 

35.0% under all scenarios.  

 

 

Figure 7. Percent distribution of exergy output through different components and membrane units 

for: a) CS4; b) CS8; c) CS12; d) CS9. RO: reverse osmosis, DCMD: direct contact membrane 

distillation, RED: reverse electrodialysis. 

 

4.4. Electrical and thermal energy requirements 

 The primary factors affecting the electrical energy consumption of RO are the operating 

pressure, the feed flow rate and composition, the water recovery factor. In particular, the required 

permeate quality determines the minimum operating pressure depending on the membrane 

a) b)

c) d)
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rejection properties, while feed salinity limits the maximum operating pressure and recovery 

factor. In this work, the recovery factor at RO stage was realistically set to 50% for a standard feed 

composition of 0.5M NaCl. Figure 8a illustrates the amount of electrical energy required for 

different CSs. The electrical input at the RO stage was estimated to be 5 GJ/h when using PX 

without RED. The incorporation of RED along with PX resulted in to 10.0-17.0% reduction of the 

electrical energy input (4.2 -  4.5 GJ/h) at the RO stage.  

 In RED, since the inlet temperature of HCC was assumed to be equal to the DCMD brine 

outlet temperature, the thermal part of the exergy increased consequently, on average, at a rate of 

2.1 GJ/h°C (Figure 8b). The thermal energy requirement for CSs with DCMD operated at 60oC 

reached the highest value of ~68 GJ/h. However, there are significant advantages related to high-

temperature DCMD stage, such as higher transmembrane flux (resulting in a lower membrane area 

required to reach the targeted water recovery factor), and a hot and hypersaline brine fed to RED. 

 

Figure 8. Trends in: a) electrical energy requirement as a function of HCC concentration and 

temperature; b) thermal energy requirement as a function of MD brine temperature.  

 Figure 9a shows the variation in the electrical energy consumption (Ec) per volume of 

desalinated water. The value of Ec at the RO stage for CS4 reached about 2.3 kWh/m3 without PX, 

which reduces to 1.54 kWh/m3 when incorporating PX. Further integration of the RED unit led to 

a 13.3% reduction in Ec (1.3 kWh/m3). While no significant variations for Ec at high DCMD brine 

concentration (5M) were found, there was an observable difference when working at low DCMD 

a) b)
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brine concentration (2M). In this case, Ec increased to 1.6 kWh/m3 due to the weak performance 

of RED as a consequence of the reduced salinity gradient. From an energetic point of view, the 

best investigated condition was to operate at highest HCC concentration: for CS12, the integration 

of RED results in Ec 1.3 kWh/m3 which is about 23% lower than Ec calculated for CS1 (1.7 

kWh/m3). 

 

Figure 9. Energy demand vs. water recovery factor for a) RO; b) DCMD; c) RO-MD-RED system.  

Figure 9b shows the variation in thermal energy as a function of water recovery factor. As 

expected, at a constant temperature, the thermal energy consumption per m3 of produced water Et  

decreased at increasing recovery factor: a minimum Et of 1.6 kWh/m3 was attained for CS4 

(DCMD outlet temperature of 40°C, recovery factor of 90%). Et increased with operational 

temperature, almost doubling when raising the DCMD brine temperature from 40oC to 60oC: A 

peak value of 5.1 kWh/m3 was attained for CS9. 

 Figure 9c illustrates the specific energy consumption (Es), defined as the sum of the electrical 

and thermal energy per volume of desalted water. For CS12, the integration of RED led to about 

16.6% reduction (from 5.3 kWh/m3 to 4.4 kWh/m3) in Es compared to the system operated in the 

same conditions but without harvesting salinity gradient power. The highest Es (6.7 kWh/m3) was 

computed for CS9 (DCMD feed concentration: 2M NaCl, brine temperature: 60oC).  

 The amount of thermal energy required by MD has a significant impact on the specific energy 

consumption. However, the usually large availability of waste heat in power/desalination plants is 

expected to cut out the contribution of thermal energy, ultimately leading to a considerable 

reduction in the specific energy consumption.    

 

a) b) c)

1.3 kWh/m3

2.3 kWh/m3

1.6 kWh/m3

4.2 kWh/m3

2.9 kWh/m3

6.5 kWh/m3
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4.5. Exergy efficiency 

             Figure 10 shows the variations in exergy efficiency ( e ) evaluated in terms of entropy 

losses for DCMD brine temperature of 60oC. Exergy efficiency attained the highest value (i.e. 

53.0%) for CS1 (DCMD brine temperature: 40°C, 75.0% recovery). The high exergy efficiency is 

partially associated with the reduced thermal energy requirement at DCMD stage. Drioli et al. 

(2006) [32] performed an exergetic analysis for an RO system integrated with nanofiltration (NF) 

and ultrafiltration (UF) as a pre-treatment, and membrane crystallization as post-treatment. 

Assuming the availability of thermal energy for Membrane Distillation the process, using a Pelton 

turbine as an energy recovery device leads to an exergetic efficiency of about 21.9%. El-Emam et 

al. (2014) reported an exergetic efficiency of 5.8% for a standalone RO desalination plant 

incorporating a Pelton turbine as an energy recovery device [43]. In general, the improvement in 

the performance of individual process units is a strategic route to enhance the overall efficiency of 

the integrated desalination systems. 

 

   

 

Figure 10. Exergetic efficiency evaluated in terms of entropy losses versus water recovery factor 

at different DCMD brine temperature.  
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4.6. Cost remarks 

The economics of the proposed integrated RO-MD-RED plant strongly depends on 

the economics of individual units. The approach based on a combination of exergy and cost 

evaluation, i.e. the ‘exergo-economic analysis,’ is a promising strategy to characterize 

desalination systems [5]. Although a systematic investigation is out of the scope of the 

present work, we provide a preliminary cost estimation to identify an economic trend for 

the proposed integrated system. 

In a previous study, Macedonio et al. (2006) estimated a unit water cost of about 

0.4-0.6 €/m3 for an integrated system involving MF/NF/RO with and without membrane 

crystallization or  MD applied to the NF or RO retentate [5]. For an RO unit operated at 60 

bar and 50% recovery factor, the permeate flux is usually around 10 kg/m2 h [16]; as a 

result, for a feed flow rate of 1000 m3/h, the required RO membrane area is 100,000 m2 

(with estimated cost of 10 €/m2).  

 Thermally-driven MD is more energetically intensive compared to pressure-driven RO: the 

enthalpy of vaporization is around 2.4x10-3 GJ/kg, which is about two to three orders of magnitude 

compared to the Gibbs free energy for separation of water and NaCl [44]. Therefore, the feasibility 

of MD for seawater desalination strongly depends on the possibility to satisfy the thermal input by 

the use of low-grade waste heat or renewable energy sources [14, 17, 31]. A study by Obaidani et 

al. (2008) on DCMD process with heat recovery units predicted a water cost of $1.17/m3 with 

potential cost reduction by using low-grade waste heat [45]. For the present study, the total 

installed DCMD membrane cost (Figure 11a) was determined based on lab-scale experimentally 

measured fluxes and membrane cost of 10 €/m2. The highest membrane cost (2,342 k€) was 

computed for CS4 due to the low permeate flux (0.52 kg/m2h) and, consequent higher membrane 

area required (234,210 m2). On the contrary, the lowest installed membrane cost (471 k€) was 

attained for CS10 since the highest temperature gradient remarkably enhanced the permeate flux 

(4 kg/m2h), thus resulting in a required membrane area of 4,7148 m2. 
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Figure 11. Cost estimation of the total installed membrane area at different DCMD brine 

temperature for a) DCMD unit; b) RED unit. Installed membrane prices for MD and RED are 

assumed to be 10 €/m2 and 60 €/m2, respectively.   

A price of ~0.085 €/kW and levelized cost of electricity of ~0.10-0.19 €/kWh are 

predicted for RED in 2020 based on optimal scenarios using waste heat resources [46]. The 

performance of RED strongly depends on the performance of IEMs; Figure 11b illustrates 

the depicted RED membrane area based on the lab-scale experimental results (Figure 5). 

The highest value is is found for CS1, in line with the lowest power density (0.7 W/m2MP) 

extracted in such a scenario. As there are no specific membranes produced for RED 

applications in the market, the membrane cost is based on the average price of commercial 

ion exchange membranes for water treatment i.e. ~60 €/m2 [47]. The experimental power 

density reached its highest value of 2.2 W/m2MP for CS12, leading to an installed 

membrane area of 220 m2.  

Tufa et al. [48] presented a conceptual study on a 3.3 kW RED module with design 

criteria adapted from ref. [49]: an active membrane area of 24,000 m2 was depicted for 10 

repetitive RED stacks per module for a power density of 0.3 W/m2MP, and installed 

membrane cost of 1,440 k€.  

Presently, data on economic analysis on RED are scarcely available in literature. In 

EU-funded REAPower project, a case study for RO-MD-RED was considered, with RO 

system disposing 250,000 m³/h of brine at a concentration of ~ 1 M NaCl; this brine was 
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fed to an MD system resulting in potable water and concentrate (~ 5 M NaCl) at flow rates 

of 10,400 m³/h and 12,500 m³/h, respectively. A levelized cost of electricity reaching 0.105 

€/kWh was depicted, based on a six years payback period of the extra revenue generated 

by the additional potable water from MD utilizing waste heat energy sources [19]. 

Moreover, electricity generation by RED using seawater was shown to be financially 

feasible for a membrane cost below 4.3 €/m2 [50]. 

 

5. Conclusions and outlook 

In this work, we assessed the energy performance of a conceptually integrated reverse osmosis-

membrane distillation-reverse electrodialysis desalination system designed based on experimental 

results obtained from lab-scale tests. Exergy losses and the exergetic efficiency of the overall 

system were evaluated for different scenarios both in the presence and absence of reverse 

Electrodialysis unit, where the use of reverse electrodialysis allowed for recovery and conversion 

of the electrochemical and thermal potential of hot membrane distillation hypersaline brine into 

electricity. As a result, up to 17% reduction in electrical energy consumption was estimated for 

the hybrid system incorporating reverse electrodialysis. The introduction of membrane distillation 

unit operated downstream on reverse osmosis brine induced not only a significant enhancement of 

the water recovery factor but also offered the opportunity to produce a highly concentrated brine 

that boosts the electrical power generated by reverse electrodialysis unit. The increase in reverse 

electrodialysis performance is in line with experimental results which indicated more than 2-fold 

increment in power density when feeding reverse electrodialysis by hypersaline membrane 

distillation brine (5M NaCl) compared to reverse osmosis brine (1M NaCl) in combination with 

seawater (0.5M NaCl). The proposed system, under the best conditions, attained an exergy 

efficiency of 49%, with a reduction in specific energy consumption of about 8%. Further 

improvement is possible through optimization of individual process units. 

In general, the integrated system opens several exciting perspectives, such as the efficient 

implementation of Zero Liquid Discharge concept in desalination industry, low-grade waste heat 

conversion into electricity [31], and a low-energy seawater desalination strategy using electricity 

from waste brine. Additionally, this allows for waste valorization and mitigation of the 

environmental impact related to brine disposal, in the framework of Process Intensification and 

Circular Economy paradigm [10, 14].  
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The synergistic use of emerging membrane operations in combination with conventional 

pressure-driven membrane processes represents today a reliable technological option, although 

significant improvements in materials and methods are still necessary. For membrane distillation, 

the development of novel photothermal membrane materials made by self-heating metal 

nanoparticles or carbon-based light absorbers under solar radiation is expected to enhance the 

thermal efficiency of the separation process. For reverse electrodialysis, a new generation 

membrane with low resistance and high permselectivity is the key to go beyond the current 

performance and cost threshold for commercial implementation. 
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Nomenclature 

C Concentration (M) 

I Current (A) 

id Current density (A/cm2) 

Cm Equilibrium concentration 

We Electrical exergy (kJ/h) 

Ex Exergy (kJ/h) 

ΔER,mix Exergy change of mixed solutions (GJ) 

ΔEx Exergy change between outlet and inlet streams 

Ex,in Exergy input (kJ/h) 

Ex,out Exergy output (kJ/h) 

F Faraday constant (96485 C/mol) 

a,b Fitting parameters 

R Gas constant (8.314 J/mol·K) 

Pd Gross power density (W/m2MP, MP: membrane pair) 

Q Heat (kJ·K) 

IAR Internal area resistance per cell (Ωcm2/cell) 

Ri Internal stack resistance (Ω) 

G Mass flow rate (kg/h) 

Ct Membrane distillation coefficient (kg/m2· s1·Pa1) 
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M Molecular weight (g/mol) 

N Number of cell pairs 

Is Ionic shortcut current (A)  

m Molality (kg/mol) 

xi Mole fraction 

Ns Moles of solvent per mass unit of the solution (kmol/kg) 

OCV Open circuit voltage (V) 

PR Output power (W) 

P Pressure (Pa) 

H Specific enthalpy (kJ/kg) 

S Specific entropy (kJ/K·kg) 

cp Specific heat of solution (kj/kg·K) 

Gv Steam mass flow rate (kg/h) 

T Temperature (K) 

Wt Thermal exergy supplied to the system (kJ/h) 

ToRs Total exergy destroyed and transformed during the production of entropy (kJ/h) 

Ji Transmembrane flux (Kg/m2·h) 

 pi Vapor pressure of the i-th species (Pa) 

0

ip  Vapor pressure of the pure component (Pa) 

0

wp  Vapor pressure of water (Pa) 

V Voltage (V) 

 

 

Superscripts 

f  Feed  

d Distillate 

o Reference state 

s Solution/solvent 

 

Subscripts 

an Anion 

ct Cation 

m  Mixed 

d Dilute 

c Concentrated  

v Vapor state 

 

Greek symbols 

i Activity coefficient  

ρ Density of solution (g/L) 

e  Energetic efficiency 

λv Latent heat of vaporization (kJ/kg) 

α Membrane permselectivity 

βi Number of particles generated from the dissociation of 

species i 
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Abbreviations 

 

AEM Anion exchange membrane 

CEM Cation exchange membrane 

HCC High concentration compartment 

LCC Low concentration compartment 

MD Membrane distillation 

RED Reverse electrodialysis 

RO Reverse osmosis 
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1. Activity coefficient of NaCl solution 

 Various models are developed to define the thermodynamic properties of aqueous salt 

solutions. The Pitzer’s equation is among the one used to estimate the activity coefficients 

in a wide range of solute concentrations, defined as [1]: 
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                                                  S1 

where I is the ionic strength, m is the molality of solution, A1 is the modified Debye-Hückel 

constant (A1 = 0.3915 at 25 °C) and b is a constant equal to 1.2 for symmetric binary electrolytes); 

the other virial coefficients Bɤ and Cɤ are functions of the nature of the electrolyte [2]. 

 

 

Figure S1. Mean activity coefficient versus molality for aqueous NaCl solution at 25oC. 
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2. Energy-exergy analysis 

 

Table S1-11 show the data for stream properties and exergy determinations for CS1-11. 

Table S1. Stream properties and exergy data for case study CS1. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 4.9 

F7 DCMD brine* 60 1 250 2.0 4.2 

F8 DCMD permeate 32 1 750 0 0.3 

F9 Seawater to RED** 25 1 250 0.5 1.0 

F10 RED effluent 42 1 500 1.3 5.1 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

Table S2. Stream properties and exergy data for case study CS2. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 4.9 

F7 DCMD brine* 60 1 167 3.0 4.0 

F8 DCMD permeate 32 1 833 0 0.3 

F9 Seawater to RED**  25 1 167 0.5 0.7 

F10 RED effluent 42 1 333 1.8 4.6 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 
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Table S3. Stream properties and exergy data for case study CS3. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 4.9 

F7 DCMD brine* 60 1 125 4.0 3.8 

F8 DCMD permeate 32 1 875 0 0.3 

F9 Seawater to RED**  25 1 125 0.5 0.5 

F10 RED effluent 42 1 250 2.2 4.4 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

Table S4. Stream properties and exergy data for case study CS4. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 4.9 

F7 DCMD brine* 60 1 100 5.0 3.7 

F8 DCMD permeate 32 1 900 0 0.3 

F9 Seawater to RED**  25 1 100 0.5 0.4 

F10 RED effluent 42 1 200 2.8 4.2 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 
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Table S5. Stream properties and exergy data for case study CS5. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.0 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 6.4 

F7 DCMD brine* 60 1 250 2.0 4.9 

F8 DCMD permeate 32 1 750 0 0.3 

F9 Seawater to RED**  25 1 250 0.5 1.0 

F10 RED effluent 42 1 500 1.3 5.4 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

Table S6. Stream properties and exergy data for case study CS6. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 6.4 

F7 DCMD brine* 60 1 167 3.0 4.4 

F8 DCMD permeate 32 1 833 0 0.3 

F9 Seawater to RED**  25 1 167 0.5 0.7 

F10 RED effluent 42 1 333 1.8 4.9 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 
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Table S7. Stream properties and exergy data for case study CS7. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 6.4 

F7 DCMD brine* 60 1 125 4.0 4.2 

F8 DCMD permeate 32 1 875 0 0.3 

F9 Seawater to RED**  25 1 125 0.5 0.5 

F10 RED effluent 42 1 250 2.3 4.6 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

Table S8. Stream properties and exergy data for case study CS8. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 6.4 

F7 DCMD brine* 60 1 100 5.0 4.0 

F8 DCMD permeate 32 1 900 0 0.3 

F9 Seawater to RED**  25 1 100 0.5 0.4 

F10 RED effluent 42 1 200 2.8 4.3 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

 

 

 



39 
 

Table S9. Stream properties and exergy data for case study CS9. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 8.4 

F7 DCMD brine* 60 1 250 2.0 5.9 

F8 DCMD permeate 32 1 750 0 0.3 

F9 Seawater to RED**  25 1 250 0.5 1.0 

F10 RED effluent 42 1 500 1.3 5.9 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

Table S10. Stream properties and exergy data for case study CS10. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 8.4 

F7 DCMD brine* 60 1 167 3.0 5.1 

F8 DCMD permeate 32 1 833 0 0.3 

F9 Seawater to RED**  25 1 167 0.5 0.7 

F10 RED effluent 42 1 333 1.8 5.2 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 
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Table S11. Stream properties and exergy data for case study CS11. 

 

Flow Steam T (oC) P (bar) G’ (m3/h) C (mol/L) Ex (GJ/h) 

F1 Inlet seawater 25 1 1000 0.5 4.0 

F2 Seawater to RO 30 60 1000 0.5 10.1 

F3 RO brine to PX 30 60 500 1.0 7.0 

F4 RO permeate 30 1 500 0 0.1 

F5 RO brine to heater 30 1 500 1.0 4.0 

F6 RO brine to DCMD 62 1 500 1.0 8.4 

F7 DCMD brine* 60 1 125 4.0 4.7 

F8 DCMD permeate 32 1 875 0 0.3 

F9 Seawater to RED**  25 1 125 0.5 0.5 

F10 RED effluent 42 1 250 2.2 4.8 

F11 Seawater to HP 25 1 650 0.5 2.6 

F12 Seawater to PX 25 1 350 0.5 1.4 

F13 Seawater to BP 27 55 350 0.5 3.3 

F14 Seawater after BP 30 60 350 0.5 3.5 

F15 Seawater after HP 30 60 650 0.5 6.5 

 *Feed to HCC channel of RED; **Feed to LCC channel of RED. 

Table S12 presents the electrical energy consumption of the RO unit, the thermal energy required 

for DCMD unit, and entropy losses for CS3, CS4, CS6, CS7, CS10 and CS11. 
 

Table S12. Energy and exergy comparisons of for CS3, CS4, CS6, CS7, CS10 and CS11. 
 

  aWith PX; bwithout PX; cwith PX and RED.  

 

 

 

 

Energy-exergy 

parameters 
CS at different temperature 

T (oC) 40 (CS3)  40 (CS4) 50 (CS6) 50 (CS7)  60 (CS10) 60 (CS11) 

∆Ex (GJ/h) -6.8 -6.3 -7.3 -6.6 -7.9 -7.1 

Q (GJ/h) 25.5 25.5 46.7 46.7 67.9 97.9 

Gv (kg/h) 11302 11302 20720 207120 30138 30138 

ToRs (GJ/h)a 17.0 16.4 21.7 21.0 26.7 25.8 

ToRs (GJ/h)b 19.3 18.8 24.1 23.4 29.0 28.2 

ToRs (GJ/h)c 9.4 9.4 13.7 13.6 18.0 17.9 

Ein (GJ/h) 9.7 9.6 11.2 11.0 13.2 13.1 

Eout (GJ/h) 2.9 3.3 3.9 4.4 5.2 6.0 
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Table S13 shows the exergy change over the different system streams/components for CS2, CS3, 

CS6, CS7, CS10 and CS11.   

 

Table S13. Exergy change over the streams/components CS2, CS3, CS6, CS7, CS10 and CS11.   

 

Components Exergy change (GJ/h) 

 (CS2)  (CS3)  (CS6)  (CS7)  (CS10)  (CS11) 

Heater 0.9 0.9 2.4 2.4 4.4 4.4 

DCMD stage -0.7 -0.9 -0.17 -2.0 -3.1 -3.6 

RED stage -0.03 0.04 -0.2 -0.1 -0.6 -0.4 

HP 4.0 

BP 0.2 

PX  -3.2 

RO stage -3.2 

 

Table S14 presents the distribution of exergy input of the different components for CS1-3, CS5-7, 

CS10 and CS11. 

 

Table S14. The distribution of the exergy input of the different components for CS1-3, CS5-7, 

CS10 and CS11: a) CS4 b) CS8 c) CS12 d) CS9; BP: boosting pump, HP: high-pressure pump. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

CSs 
% Distribution of different components 

Seawater HP BP Heater 

CS1 49.6 39.3 2.2 9.0 

CS2 47.9 40.6 2.3 9.3 

CS3 46.9 41.3 2.3 9.5 

CS5 41.6 35.3 2.0 21.1 

CS6 40.7 35.8 2.0 21.4 

CS7 40.2 36.2 2.0 21.6 

CS10 35.2 29.8 1.7 33.4 

CS11 34.3 30.2 1.7 33.8 
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Table S15 shows the distribution of exergy output of the different streams and components for 

CS1-3, CS5-7, CS10 and CS11. 

 

Table S15. The distribution of the exergy output of the different streams and components for CS1-

3, CS5-7, CS10 and CS11. 

 

CSs % Distribution of different components 

PX RO stage DCMD stage RED stage RED electricity Freshwater 

CS1 -31.5 -31.6 -5.3 -1.4 -5.3 2.5 

CS2 -32.6 -32.7 -7.6 -0.3 -7.2 2.9 

CS3 -33.2 -33.3 -9.2 0.4 -8.2 3.1 

CS5 -27.5 -26.9 -10.7 -4.1 -4.7 2.2 

CS6 -28.3 -28.4 -15.6 -2.3 -6.4 2.5 

CS7 -28.8 -28.9 -18.1 -1.1 -7.3 2.7 

CS10 -23.9 -24.0 -23.7 -4.3 -5.5 2.1 

CS11 -24.2 -24.3 -27.2 -2.8 -6.2 2.3 

 

 

References 

 

[1] Rogers P, Pitzer KS. Volumetric properties of aqueous sodium chloride solutions. Journal of Physical 

and Chemical Reference Data. 1982;11:15-81. 

[2] Weber CF. Calculation of Pitzer parameters at high ionic strengths. Industrial & engineering 

chemistry research. 2000;39:4422-6. 

 

 

 

 


