
 

© 2019, Elsevier. This manuscript version is made available under the CC-

BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/  

 

Boosting the performance of a Reverse Electrodialysis – Multi-

Effect Distillation Heat Engine by novel solutions and operating 

conditions 

B. Ortega-Delgadoa, F. Giacalonea, A. Cipollinaa,*, M. Papapetroua,b, G. Kosmadakisb,c, A. 

Tamburinia, G. Micalea 

aDipartimento di Ingegneria, Università degli Studi di Palermo (UNIPA),  

Viale delle Scienze Ed.6, 90128, Palermo, Italy  

bWirtschaft und Infrastruktur GmbH & Co Planungs-KG (WIP),  

Sylvensteinstr. 2, 81369, Munich, Germany 

cRicreation IKE, Technological Park “Lefkippos”,  

Patriarchou Grigoriou & Neapoleos 27, 15341, Agia Paraskevi, Greece 

e-mail: andrea.cipollina@unipa.it 

ABSTRACT 

This work presents a performance analysis of a waste-heat-to-power Reverse Electrodialysis 

Heat Engine (RED-HE) with a Multi-Effect Distillation (MED) unit as the regeneration stage. 

The performance of the system is comparatively evaluated using two different salts, sodium 

chloride and potassium acetate, and investigating the impact of different working solution 

concentrations and temperature in the RED unit. For both salt solutions, the impact of 

membrane properties on the system efficiency is analysed by considering reference ionic 

exchange membranes and high-performing membranes. Detailed mathematical models for the 

RED and MED units have been used to predict the thermal efficiency of the closed-loop heat 

engine. Results show that, under the conditions analysed, potassium acetate provides higher 

efficiency than sodium chloride, requiring a smaller MED unit (lower number of effects). The 

maximum thermal efficiency obtained is 9.4% (43% exergy efficiency) with a RED operating 

temperature of 80 °C, KAc salt solution, adopting high-performing ion exchange membranes, 

and with 12 MED effects. This salt has been identified as more advantageous than sodium 

chloride from a thermodynamic point of view for the RED-HE technology and is also 

recommended for a cost-effective technology implementation. 
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1. Introduction 

The worldwide primary energy supply has doubled during the last four decades, with fossil 

fuels (coal, oil, and gas) being the energy source for more than 81% of the total share [1]. Big 

efforts have been devoted to the development and the promotion of power production 

technologies based on renewable energy sources (solar, wind, geothermal, etc.), however, there 

are still some drawbacks that make them less economically competitive compared with 

conventional methods.  

Traditional power generation technologies are mostly based on fossil fuels and intended for 

large-scale power production, covering at least the base load. There are also technologies that 

provide flexibility to the electricity grids, supplied with moderate heat source temperatures, 

such as Organic Rankine Cycles (ORC) and Kalina cycles, though they are not suitable for very 

low temperatures (below 100 °C). Another power generation technology from waste heat is the 

thermoelectric generator [2], also suited for heat source temperatures over 100-150 °C. Waste 

heat recovery solutions for temperatures below 100 °C for producing either upgraded heat or 

cooling are the electric-driven heat pumps [3] and sorption chillers [4] respectively. Besides 

that, a great amount of useful heat (over 300 TWh/year only in EU [5]) is rejected to the 

atmosphere by the industrial sector at very low temperature level, which could be further reused 

to produce power. In this regard, Salinity Gradient Power - Heat Engines (SGP-HEs) have been 

proposed as suitable emission-free technology to convert low-grade heat into electricity [6]. 

These engines combine a salinity gradient technology, which harvests the energy released from 

the controlled mixing of two solutions at different concentrations, with a regeneration unit fed 

by waste heat, used to restore the original concentration of the solutions after being exploited 

in the SGP unit. 

There are two main methods to harvest the energy released from the mixing of two solutions 

with different salinity: (i) Pressure Retarded Osmosis (PRO) and (ii) Reverse Electrodialysis 

(RED). For the former, some recent publications have been centred in the performance 

evaluation of the PRO process. Maisonneuve et al. [7] conducted an experimental and 

theoretical analysis of the process efficiency, obtaining a maximum gross power density of 7.1 

W/m2. Altaee et al. [8] presented a theoretical analysis of a closed-loop PRO power generation 

process using a salinity gradient source, with MED as the regeneration stage, obtaining an 

improved performance. Also, Maisonneuve et al. [9] developed a detailed model for PRO 

process including non-ideal effects such as internal and external concentration polarization and 
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pressure losses along the membranes. The model was used to investigate the effect of operating 

parameters on the performance. For the RED process, also interesting works have been 

published recently. Tedesco et al. [10] reported experimental results of the first RED pilot plant 

operated with natural water sources under real conditions. Results obtained showed a power 

density of 1.6 W/m2 of cell pair, while when using artificial NaCl salt solution the power density 

increased to 2.7 W/m2. Related to the closed-loop configuration, Kim et al. [11] presented a 

model for the closed-loop RED system using thermolytic salts (ammonium bicarbonate) for 

waste heat recovery. The model was experimentally validated and a maximum power density 

of 0.84 W/m2 was obtained. Olkis et al. [12] presented a novel closed-loop RED system with 

an adsorption desalinator for the restoration of the salts. Multiple salts were investigated and 

the performance of the system showed great potential, about 30% of exergy efficiency. Finally, 

Tufa et al. [13] reviewed the latest advancements in the RED technology for power generation. 

They investigated the developments of membranes, stack design, use of seawater/river water 

and concentrated brine, etc., highlighting the main technology drawbacks for the introduction 

in the market. 

The PRO technology uses semi-permeable osmotic membranes to draw water from a low 

salinity stream to a pressurized high salinity stream. The resulting permeate flux is “retarded” 

by the application of hydraulic pressure (lower than the osmotic pressure) in the high salinity 

stream, gaining pressure energy, which is then converted into mechanical energy through a 

hydraulic turbine [14]. Conversely, reverse electrodialysis produces electricity by means of 

electrochemical equilibria at membranes/solutions interface, which generate an electromotive 

force in the membrane pile, along with a selective passage of ions through Ion Exchange 

Membranes (IEMs) [13]. The main advantages of the RED compared to the PRO process are: 

(i) electricity is directly produced without passing through pressure-mechanical energy, (ii) 

suitability to operate under optimised conditions with very large salinity gradients, (iii) lower 

sensitivity to fouling phenomena, and (iv) larger availability of IEMs and stacks for RED 

applications [13] in comparison with the lack of suitable osmotic membranes and modules for 

PRO purposes [15]. Among the key limitations of RED technology are the lower power density 

produced, the availability of the water resource, and reduction in membranes performances 

when fed by natural waters (e.g., river water and seawater). The closed-loop RED process 

presents several advantages with respect to the open-loop scheme. It removes the constraint 

related to the location (availability of the water resources), increases the power output by proper 

selection of salts solutions and the salinity difference between the solutions, and also overcomes 
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the limitations associated with possible fouling phenomena and the presence of divalent ions, 

which eventually decrease the power output. With this respect, a closed-loop RED heat engine 

has been proposed within the EU funded RED Heat-to-power project [16], where waste heat 

from any industrial process is used to regenerate artificial salt solutions at the outlet of the RED 

process. 

The RED-HE concept has been analysed in the literature using two regeneration strategies: salt 

extraction and solvent extraction schemes. The salt extraction scheme involves the withdrawal 

of the solute from the dilute solution by varying the salt solubility or using thermolytic salts. In 

the second case, the salinity gradient of the solutions is restored by separating the solvent from 

the high concentrated solution by means of thermally-driving processes such as multi-effect 

distillation (MED) or membrane distillation (MD).  

The RED-HE system has been assessed in the literature by adopting simplified models. 

Tamburini et al. [17] assessed different regeneration methods and the most promising salt 

solutions for RED-HE applications. Results obtained showed that monovalent salts based on 

lithium ion and potassium acetate (KAc) provide the highest values of power density, compared 

with sodium chloride. Also, among the regeneration methods analysed, multi-effect distillation 

showed the highest performance, achieving the RED-HE a maximum thermal efficiency of 

about 15% (assuming membranes with enhanced properties and a very low specific thermal 

consumption of the MED process). The analysis performed used a very simplistic approach, 

several ideal assumptions, neglecting problems related to IEMs and looking only at the 

perspective potentials of the technology. Some of the RED-HE publications are focused on the 

salt extraction scheme. Kim et al. [11] developed a model for a RED system using ammonium 

bicarbonate (NH4HCO3) as working fluid in closed-loop heat engine applications, obtaining a 

good agreement with experimental results. Kwon et al. [18] characterized the RED-HE 

performance using NH4HCO3 and fed with waste heat. The effect of the salinity gradient, type 

of IEMs, inlet flow rate and intermembrane distance, was analysed, predicting a maximum 

power density of 0.77 W/m2 of membrane area. Bevacqua et al. [19] experimentally evaluated 

the performance of a RED unit fed by ammonium bicarbonate by varying operating parameters 

such as solutions velocity and concentration. Results obtained showed a maximum power 

density of 2.4 W/m2 of cell pair for the lowest inlet velocity (0.5 cm/s) and feed inlet 

concentrations of 0.04 – 2 M. Bevacqua et al. [20] presented a process model to analyse a RED-

HE using NH4HCO3 as working fluid, with a stripping column for the salinity regeneration of 

the solutions. A maximum thermal efficiency of 1.2% was reported using standard IEMs, and 
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of 2.2% (power density of 9 W/m2) using enhanced membranes, under the best-operating 

conditions found. Recently, Giacalone et al. [21] presented an experimentally validated model 

of a thermolytic RED-HE. A maximum exergy efficiency of 8.5% was achieved with high-

performing IEMs and multi-column regeneration units. However, the low solubility limit of 

NH4HCO3 (lower than 3 M) is a big disadvantage of this salt solution, limiting the maximum 

driving force achievable. 

Other works have been devoted to the analysis of solvent extraction regeneration scheme based 

on membrane distillation. Long et al. [22] analysed the impact of different heat source 

temperatures, permeate/feed solution flow rate ratio and inlet concentrations on the 

performance of the RED-HE with NaCl, showing that higher inlet concentration provides 

higher thermal efficiency, reaching a maximum of 1.15% with operating temperatures of 20 °C 

and 60 °C and feed concentration of 5 mol/kg. Similarly, Micari et al. [23] investigated the 

performance of a RED-MD HE fed by NaCl-water solution, starting from currently available 

RED and MD units and following with a perspective analysis with improved units performance. 

Results indicate a thermal efficiency of 0.4% using standard units’ properties, and 2.8% (16.5% 

exergetic) using enhanced membranes and process schemes (hot and cold temperatures of 80 – 

20 °C, and 5 – 0.01 M for the concentrate and dilute solutions, respectively). However, when 

comparing MD and MED processes as regeneration stage, the MED process is expected to 

provide better overall performance due to its lower specific thermal consumption (40 – 65 

kWh/m3 of distillate [24]) compared to MD (>100 kWh/m3 [25]).  

The RED-HE with MED was investigated by Hu et al. [26], who carried out a theoretical 

analysis of the system performance. Results related to a base case with inlet solutions 

concentrations of 5 – 0.05 mol/kg (concentrate-dilute) showed that increasing the initial salinity 

of the MED inlet solution to 3.75 mol/kg and the number of MED effects up to 10, led to an 

overall thermal efficiency of about 1%. Palenzuela et al. [27] also analysed the performance of 

a RED-HE with salt regeneration by means of a MED process. Sensitivity analyses were carried 

out to investigate the influence of the operating conditions on the overall performance and 

obtained a maximum thermal efficiency of 1.4% when using current standard reference 

membranes, and 6.6% with membranes with enhanced properties (high-performing 

membranes), showing the high potential of the heat to power conversion using this regeneration 

scheme. All the above efficiency values are comparable to other heat-to-power technologies, 

such as the ORC, which reaches 4.5% for a heat source at 100 °C [28], while the thermoelectric 

generators show a much lower efficiency of about 1-2% for similar temperatures [29]. 

http://creativecommons.org/licenses/by-nc-nd/4.0
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As mentioned previously, one of the advantages of the closed-loop RED-HE is the possibility 

of selecting a suitable salt solution with specific properties able to improve the performance of 

the system. So far, all the published RED-HE studies with solvent extraction scheme have been 

carried out with sodium chloride aqueous solution as the working fluid. However, there are 

better performing salts for RED-HE applications. In this regard, Tamburini et al. [17] suggested 

lithium-based salts and potassium acetate as the most performing salts, increasing notably the 

power production in the RED unit. Giacalone et al. [30] analysed the properties of non-

conventional salt solutions on the operation and performance of closed-loop RED with single 

stage and multistage evaporative regeneration. Results obtained showed that KAc provided 

better performance than NaCl due to its higher solubility and higher value of the activity 

coefficients. Also, previous works have anticipated that increasing the feed solutions 

temperature to the RED improves the power density of the process. Benneker et al. [31] 

investigated the effect of the temperature and temperature gradients on the RED process using 

commercial membranes. Results obtained showed an increase in the power density of about 

25%. Długołecki et al. [32] assessed also the effect of the solution temperature on the RED 

performance, obtaining a significant increase of the stack power density when passing from 20 

to 40 °C. Daniilidis et al. [33] experimentally investigated the RED performance as a function 

of the feed water concentration and temperature. Results showed that increasing the temperature 

from 25 to 60 °C almost double the value of the power density, following a linear trend. The 

maximum value of the power density obtained was of 6.7 W/m2 at 60 °C. However, the effect 

of the working solutions temperature increase in the overall efficiency of the RED-HE has not 

been investigated so far, specifically considering the implications on the energy consumption 

of the regeneration stage. 

This work analyses for the first time in the literature with a robust approach the influence of the 

working solution temperature in a RED-HE system using non-conventional salt solutions. In 

particular, the performance of the system is predicted and compared for two different salts, 

sodium chloride and potassium acetate, at three operating temperatures, 25, 50, and 80 °C in 

the RED unit, using both IEMs with standard reference properties and high-performing 

properties. A detailed and comprehensive mathematical model for the integrated RED-MED 

system has been used to carry out the comparative thermodynamic assessment between both 

salts. The efficiency evaluation along with the design of the single units of the integrated RED-

HE represents the first step to assess the economic feasibility of the technology by estimating 

the levelised cost of electricity. 

http://creativecommons.org/licenses/by-nc-nd/4.0
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2. Description and modelling of the system 

The RED and MED processes are described in the following subsections, together with the 

integrated system and the thermophysical properties of the solutions and IEMs. 

 Reverse Electrodialysis unit 

In a RED process (see Fig. 1) electricity is produced due to the difference of chemical potential 

of a High Concentration solution (HC, concentrate) and a Low Concentration solution (LC, 

dilute). An electromotive force is induced at the solution-membrane interface and an electrical 

current generated by the controlled mixing of both solutions, i.e. when ions selectively pass 

between the HC and LC channels. Cationic and anionic IEMs are disposed in alternative 

positions forming a stack of membranes and channels. At both sides of the stack, a cathode and 

an anode are disposed within a rinse solution, which is used to generate a redox reaction and 

convert the current of ions in a current of electrons flowing in an electrical circuit closed with 

an external load.  

The mathematical model of the RED process used in this work has been adapted from [34], 

including pressure losses and polarization effects. The model has been validated against 

experimental data in [34],  and it has implemented in Engineering Equation Solver (EES) [35]. 

The model has a hierarchical structure: in the lower level, concerning the cell pair (formed by 

a concentrated channel, a dilute channel, a CEM and an AEM), the mass balance and transport 

equations for water and salt are applied, together with the equations of the equivalent electric 

circuit. The higher-level model includes all the cell pairs forming the stack. For the sake of 

brevity, only the fundamental model equations are shown here, while more information and 

details about the model can be found in [34]. 

The RED model is numerically solved on a discretized domain over the length of the channels 

with 𝑁𝑘 elements, in which the mass, transport and electrical equations are applied. The 

electromotive force of the cell pair 𝐸𝑐𝑒𝑙𝑙,𝑘 (V) for each 𝑘-element is determined by: 

http://creativecommons.org/licenses/by-nc-nd/4.0
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𝐸𝑐𝑒𝑙𝑙,𝑘(𝑇, 𝐶)

≅ 2𝛼𝑎𝑣,𝑘(𝑇, 𝐶)
𝑅𝑔𝑇

𝐹
ln (𝜃𝐼𝐸𝑀,𝑘

𝐻𝐶 (𝑇, 𝐶) ⋅ 𝜃𝐼𝐸𝑀,𝑘
𝐿𝐶 (𝑇, 𝐶)

𝑚𝐻𝐶,𝑘 ⋅ 𝛾𝐻𝐶(𝑇, 𝐶)

𝑚𝐿𝐶,𝑘 ⋅ 𝛾𝐿𝐶(𝑇, 𝐶)
) 

(1) 

where 𝛼 (-) is the permselectivity of the membranes, 𝑅𝑔 (8.314 J/(mol·K)) the universal gas 

constant, 𝑇 (K) the average solutions temperature, 𝐹 (96,485.3 s·A/mol) the Faraday constant, 

𝜃 (-) is the polarization coefficient (determined using Eqs. S3 and S4 of the Supplementary 

Information), 𝑚 (mol/kg) the molality of the solution, and 𝛾 (-) the activity coefficient 

(calculated with the Pitzer’s ion-interaction model, described in Supplementary Information). 

The electrical resistance of the cell pair for each 𝑘-element is defined by: 

𝑅𝑐𝑒𝑙𝑙,𝑘(𝐶, 𝑇) = [𝑅𝐻𝐶,𝑘
𝑠𝑜𝑙 (𝐶, 𝑇) + 𝑅𝐿𝐶,𝑘

𝑠𝑜𝑙 (𝐶, 𝑇) + 𝑅𝐶𝐸𝑀,𝑘(𝐶, 𝑇) + 𝑅𝐴𝐸𝑀,𝑘(𝐶, 𝑇)] ⋅
1

𝑏Δ𝑥
 (2) 

where 𝑅𝐻𝐶
𝑠𝑜𝑙 and 𝑅𝐿𝐶

𝑠𝑜𝑙 (·m2) are the areal resistance of the HC and LC solutions, 𝑅𝐶𝐸𝑀 and 

𝑅𝐴𝐸𝑀 (·m2) the areal resistance of the cationic and anionic membranes, 𝑏 (m) is the width of 

the membrane, and Δ𝑥 (m) the length of each discretization step.  

The electric current 𝑖 (A) in each branch of the equivalent electric circuit is determined by Eq. 

(3): 

𝑖𝑘(𝑇, 𝐶) =
𝑁𝑐𝑝 · 𝐸𝑐𝑒𝑙𝑙,𝑘(𝑇, 𝐶) − (𝑅𝑏𝑙𝑎𝑛𝑘𝐼/𝐴𝑐𝑝 + 𝐸𝑠𝑡𝑎𝑐𝑘)

𝑁𝑐𝑝 · 𝑅𝑐𝑒𝑙𝑙,𝑘(𝑇, 𝐶)
 (3) 

where 𝑁𝑐𝑝 (-) is the number of cell pairs, 𝑅𝑏𝑙𝑎𝑛𝑘 () is the electrical resistance of the electrodic 

compartments, 𝐼 (A) is the total current flowing in the external circuit, 𝐴𝑐𝑝 (m2) is the area of 

the cell pair, and 𝐸𝑠𝑡𝑎𝑐𝑘 (V) is the voltage drop in the external load circuit, calculated with Eq. 

(4): 

𝐸𝑠𝑡𝑎𝑐𝑘 = 𝑅𝐿 · 𝐼 (4) 

where 𝑅𝐿 () is the electrical resistance of the external load. 

The gross power (W) produced is obtained by Eq. (5): 

𝑃𝑔𝑟𝑜𝑠𝑠 = 𝐸𝑠𝑡𝑎𝑐𝑘 · 𝐼 = 𝐼2 ⋅ 𝑅𝐿 (5) 

where 𝐼 (A) is the electrical current. The net power 𝑃𝑛𝑒𝑡 (W) is calculated by subtracting the 

pumping power consumption to the gross power: 

http://creativecommons.org/licenses/by-nc-nd/4.0
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𝑃𝑛𝑒𝑡 = 𝑃𝑔𝑟𝑜𝑠𝑠 − 𝑃𝑝𝑢𝑚𝑝,𝑅𝐸𝐷 (6) 

with: 

𝑃𝑝𝑢𝑚𝑝,𝑅𝐸𝐷 =
∆𝑝𝐻𝐶𝑄𝐻𝐶

𝜂𝑝,𝐻𝐶
+

∆𝑝𝐿𝐶𝑄𝐿𝐶

𝜂𝑝,𝐿𝐶
 (7) 

where ∆𝑝 (Pa) is the pressure loss across the stack (inlet-outlet, see Supplementary 

Information), Q (m3/s) the volumetric flow rate, and 𝜂𝑝 (-) the pump efficiency, for each of the 

two streams (HC and LC). The power density (W/mcp
2) of the RED unit can be calculated 

according to Eq. (8): 

𝑃𝑑 =
𝑃𝑛𝑒𝑡

𝐴𝑐𝑝 · 𝑁𝑐𝑝
 (8) 

Transport equations for determining the water and salt fluxes and differential mass balance 

equations needed to close the model are not reported here for the sake of brevity but can be 

found in [34]. 

 

Fig. 1. Scheme of the reverse electrodialysis process, showing the inlet and outlet solutions 

flow rate of the low concentration (LC) solution and the high concentration (HC) solution, 

and the salt and water fluxes within a cell pair. 
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 Multi-effect distillation unit 

The MED unit is used in the RED-HE to restore the initial concentrations of the solutions, once 

they have passed through the RED unit. The MED process is widely used in the chemical and 

food industry since the beginning of the 20th century, but it found also an important application 

in the seawater desalination field [36]. Due to the higher thermal performance in comparison 

with other processes such as multistage flash, it has become more and more used in recent years 

and has been selected for the regeneration of the salinity gradient of the solutions in the present 

RED-HE application. 

The MED process, depicted in Fig. 2, basically separates a solvent (water) from a concentrate 

(brine) by a sequence of evaporation and condensation stages, which take place inside the MED 

effects. In this work the forward-feed (FF) vertical stack scheme is chosen, where the vapour 

and the brine follow the same descendent direction within the unit. The main elements 

constituting the MED process are evaporators, preheaters, flash boxes, and end condenser. 

External heat (usually from the latent heat of condensing steam) is introduced inside the tube 

bundle of the first evaporator, located at the top of the unit. The feed water is sprayed over the 

tube bundle and partially evaporates, while the rest of the feed water, more concentrated, falls 

to the bottom of the effect, and is directed to the next effect as feed. The vapour produced is 

used in part to preheat the feed water in the preheater (PH), and the rest as motive steam in the 

next evaporation-condensation process of the following effect. The distillate produced in the 

evaporator and preheater is collected in a flash box (FB). Apart from the vapour produced by 

the evaporation of feed water, flash vapour is generated in the flash boxes (from distillate) and 

at the entrance of the effects (from the second to the last), due to the sudden reduction in the 

ambient pressure passing from one effect to the other. The vapour produced in the last effect is 

condensed in the final condenser, using a cooling stream. Two plate heat exchangers are used 

to cool down the concentrate and distillate streams to 25 °C before leaving the unit, using 

cooling water. 

http://creativecommons.org/licenses/by-nc-nd/4.0
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Fig. 2. Scheme of the multi-effect distillation unit, showing the main elements: effects, 

preheaters (PH), evaporators, flashing boxes (FB), final condenser, plate heat exchangers 

(PHX) and pumps. 

The model of the FF-MED, implemented in Engineering Equation Solver (EES), has been 

adapted from [37] to be suitable for the simulation of this process, in a wide range of operating 

conditions and with a high number of effects. The model has been validated in [37]. The number 

of effects is selected taking into account the total temperature difference between the heat 

source (at 100 °C) and the cooling water (15 °C), together with a minimum temperature driving 

force in each effect (mean effective temperature difference). In this regard, is important to note 

that the boiling point elevation of the solution is a loss for the MED process. The higher the 

BPE, the lower the total available temperature difference in the MED unit. As sodium chloride 

has on average lower BPE than potassium acetate, a higher number of effects can be considered, 

and accordingly higher thermal efficiency (see Section 4). 

The performance of the MED is defined by the specific thermal energy consumption 𝑠𝐸 

(kWh/m3
distillate): 
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𝑠𝐸 =
𝑚̇𝑠𝜆𝑠

𝑚̇𝐷/𝜌𝐷
⋅

1

3600
 (9) 

where 𝑚̇𝑠 (kg/s) is the mass flow rate of the steam entering the first effect, 𝜆𝑠 (kJ/kg) is the 

enthalpy of vaporization of water, 𝑚̇𝐷 (kg/s) is the mass flow rate of the distillate produced, 

and 𝜌𝐷 (kg/m3) is the density of the distillate. Another relevant parameter of the MED unit is 

the specific heat transfer area 𝑠𝐴, (m2/(kg/s)), i.e. the heat exchanger area required per mass 

flow rate unit of distillate: 

𝑠𝐴 =
∑ 𝐴𝑖 + ∑ 𝐴𝑝𝑟𝑒ℎ,𝑖 + 𝐴𝑐

𝑁−1
𝑖=1

𝑁
𝑖=1

𝑚̇𝐷
 (10) 

where 𝐴𝑖 (m
2) is the surface area of the evaporator 𝑖, 𝐴𝑝𝑟𝑒ℎ,𝑖 (m

2) is the surface area of the 

preheater 𝑖, and 𝐴𝑐 (m2) is the surface area of the final condenser. 

The pumping power needed for the MED process, 𝑃𝑝𝑢𝑚𝑝,𝑀𝐸𝐷 (W), calculated with Eq. (11), 

accounts for the hydraulic pumping head required to pump water up to the top of the unit 

Δ𝑝𝑀𝐸𝐷,𝐻 (Pa), the pumping to the atmospheric pressure of the outlet concentrate and dilute 

streams, Δ𝑝𝑀𝐸𝐷,𝐻𝐶,𝑜𝑢𝑡 (Pa) and Δ𝑝𝑀𝐸𝐷,𝐷,𝑜𝑢𝑡 (Pa), respectively, and the pressure drops in the end 

condenser Δ𝑝𝑀𝐸𝐷,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (Pa) (see Supplementary Information file for more details). 

𝑃𝑝𝑢𝑚𝑝,𝑀𝐸𝐷 =
Δ𝑝𝑀𝐸𝐷,𝐻 · 𝑄𝑀𝐸𝐷,𝐻𝐶,𝑖𝑛

𝜂𝑝,𝑓
+

Δ𝑝𝑀𝐸𝐷,𝐻𝐶,𝑜𝑢𝑡 · 𝑄𝑀𝐸𝐷,𝐻𝐶,𝑜𝑢𝑡

𝜂𝑝,𝐻𝐶

+
Δ𝑝𝑀𝐸𝐷,𝐷,𝑜𝑢𝑡 · 𝑄𝑀𝐸𝐷,𝑑𝑖𝑠𝑡,𝑜𝑢𝑡

𝜂𝑝,𝐷
+

Δ𝑝𝑀𝐸𝐷,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 · 𝑄𝑐𝑤

𝜂𝑝,𝑐
 

(11) 

where 𝑄𝑀𝐸𝐷,𝐻𝐶,𝑖𝑛 (m3/s) and 𝑄𝑀𝐸𝐷,𝐻𝐶,𝑜𝑢𝑡 (m3/s) are the volumetric flow rates of the HC solution 

at the inlet and outlet of the MED, respectively, 𝑄𝑀𝐸𝐷,𝐷,𝑜𝑢𝑡 (m3/s) is the volumetric flow rate 

of the distillate stream, 𝑄𝑐𝑤 (m3/s) is the volumetric flow rate of the cooling water, and 𝜂𝑝,𝑓 (-

), 𝜂𝑝,𝐻𝐶 (-), 𝜂𝑝,𝐷 (-), and 𝜂𝑝,𝑐 (-) are the isentropic efficiencies of the pumps. 

 Integrated system 

Two different schemes are considered for the RED-MED HE: one operating the RED unit at 

room temperature (25 °C), and the second one, aimed for higher RED operation temperature 

(reheat option). The first arrangement, depicted in Fig. 3, consists of a RED and MED units 

http://creativecommons.org/licenses/by-nc-nd/4.0
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integrated with two mixers (Mixer 1 and Mixer 2). In the RED unit, a high concentration 

solution (𝑚̇𝐻𝐶) and a low concentration solution (𝑚̇𝐻𝐶) enter the stack. The salinity gradient 

established between both solutions generates a certain amount of power thanks to the controlled 

mixing process. At the outlet of the RED unit, the HC solution has lost salinity, while the dilute 

solution has gained it. The amount of salt lost in the concentrate loop is restored in Mixer 1 by 

adding to it part of the dilute solution (𝑚̇𝑏𝑦𝑝𝑎𝑠𝑠). The resulting solution (𝑚̇𝑀𝐸𝐷,𝑖𝑛) enters the 

MED unit where, by thermal separation of the solvent (evaporation), the original concentration 

of the HC solution is restored. The distillate produced in the MED unit (𝑚̇𝐷) is then mixed with 

the dilute solution (𝑚̇𝐿𝐶,𝑀2,𝑖𝑛) in Mixer 2 to recover its original concentration and mass flow 

rate. In this scheme, two plate heat exchangers (PHX1 and PHX2) are used in the MED unit to 

cool down the produced concentrate and distillate solutions to room temperature. 

In the second arrangement (see Fig. 4), the scheme is modified by introducing two reheaters 

(RH1 and RH2) that warm up the concentrate and dilute solutions with part of the external waste 

heat. Two tubular HXs in counterflow arrangement, namely HX1 and HX2, are used to preheat 

the concentrate and distillate streams at the outlet of the MED by exchanging sensible heat from 

the HC solution to be regenerated, which has to be cooled down before entering the MED unit. 

Moreover, another mixer (Mixer 3) is added at the inlet of the MED unit where the concentrate 

solutions at the outlet of the HXs are mixed.  

 

Fig. 3. Schematic of the RED-MED HE system for a working fluid at room temperature 

(25 °C). Note that the PHXs in the MED are used to cool down the concentrate and distillate 

solutions to 25 °C. 
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Fig. 4. Schematic of the RED-MED HE system for high working fluid temperature (>25°C). 

Note that in this case two reheaters (RH) are used to heat up the concentrate and distillate 

streams to the temperature required in the RED pile. Also, the waste heat requirements are 

reduced using thermal integration (heat exchangers HX1 and HX2). 

The governing equations of the integrated system operating at room temperature are thoroughly 

described in [27]. In the second scheme, the equation for the mass balance in Mixer 3 is 

included. This mixer is assumed to operate in isothermal conditions. Moreover, for the design 

of the HXs, the overall heat transfer coefficient is assumed as 1000 (W/m2K) [38], while the 

temperature difference between the inlet hot stream and the warmed-up outlet cold stream is 

fixed to 5 °C. The heat exchangers have been modelled with the NTU-effectiveness method 

[39]. 

The thermal efficiency of the integrated system is defined as the ratio of the net power produced 

in the RED unit, 𝑃𝑛𝑒𝑡 (gross power minus the RED and MED pumping power), and the thermal 

power input in the regeneration stage, 𝑃𝑄,𝑤ℎ: 

𝜂𝑡ℎ =
𝑃𝑛𝑒𝑡

𝑃𝑄,𝑤ℎ
=

𝑃𝑔𝑟𝑜𝑠𝑠 − 𝑃𝑝𝑢𝑚𝑝,𝑅𝐸𝐷 − 𝑃𝑝𝑢𝑚𝑝,𝑀𝐸𝐷

𝑃𝑄,𝑤ℎ
 (12) 

The exergy efficiency of the global system 𝜂𝑋 (-) can be defined as the thermal efficiency  

divided by the ideal efficiency of a Carnot heat engine working between the waste heat 

temperature 𝑇𝑤ℎ (in K) and the cooling water temperature 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 (in K): 
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𝜂𝑋 =
𝑃𝑛𝑒𝑡

𝑃𝑄,𝑤ℎ (1 −
𝑇𝑤ℎ

𝑇𝑖𝑛𝑡𝑎𝑘𝑒
)

=
𝜂𝑡ℎ

1 −
𝑇𝑤ℎ

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

 
(13) 

 Thermophysical properties of solutions and IEMs 

The thermo-physical properties of solutions play a fundamental role in determining the 

performance of the RED-HE. Salt solutions with high solubility allow for higher concentration 

gradients and hence higher voltage generated in the pile (see Eq. (1)). Similarly, concentrate 

solutions with high activity coefficients lead to a higher electromotive force generation in the 

RED unit. The integrated RED-MED HE model needs the properties of the working solutions 

to be defined in order to quantify the power output. In particular, the correlations used to 

estimate the thermo-physical properties (density, boiling point elevation, specific heat, 

enthalpy, etc.) of the adopted sodium chloride and potassium acetate solutions are reported in 

the Supplementary Information file. The hydrations numbers considered for determining the 

electro-osmotic flux through the IEMs using NaCl and KAc salts are 7 [40] and 7.9 [41], 

respectively. The osmotic and activity coefficients have been estimated using the Pitzer’s ion-

interaction model [42], reported in the Supplementary Information file.  

FujiFilm Manufacturing Europe B.V. has provided data for the properties of standard reference 

Type 10 membranes using NaCl and KAc aqueous solutions. The properties are electrical 

resistance, permselectivity, salt permeability, and water permeability (see Fig. 5). Trends of 

permselectivity and electrical resistance have been correlated as a function of temperature and 

concentration, while for permeabilities only the dependence with the temperature is considered. 

Trends have been extrapolated up to 80 °C in cases where no information was available. For 

the salt and water permeability with NaCl salt, the same temperature variation trend as KAc has 

been assumed, due to the lack of experimental data at temperatures higher than 25 °C (see Fig. 

5e-h).  

Figs. 5a-b show experimental data and trends of the electrical resistance of the membrane as a 

function of the temperature for different inlet molar concentrations of the concentrate solution. 

It can be seen how a higher temperature of the solution leads to a lower resistance both for NaCl 

and KAc salts, although at low concentrations the resistance of KAc is clearly higher than that 

of the NaCl. However, for higher temperatures, the resistance with KAc is lower than in the 

case of NaCl. The variation of the permselectivity values with NaCl and KAc salts are depicted 

http://creativecommons.org/licenses/by-nc-nd/4.0
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in Figs. 5c-d, respectively. The increasing temperature reduces the permselectivity, which is in 

general higher for KAc than for NaCl. The salt permeability is presented in Fig. 5e-f. In this 

case, the increase of temperature increases the salt permeability and therefore the salinity 

gradient is reduced within the pile. Comparing both salts, the salt permeability is significantly 

higher (about four times) for the case of NaCl. Finally, the water permeability as a function of 

the temperature of the solution for NaCl and KAc are reported in Figs. 5g-h. The trend is also 

increasing with temperature, and the values for both salts are similar. 

  

  

  

(a) NaCl (b) KAc 

(c) NaCl (d) KAc 

(e) NaCl (f) KAc 
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© 2019, Elsevier. This manuscript version is made available under the CC-

BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/  
17 

 

  

Fig. 5. Membrane properties variation with temperature, for NaCl and KAc salts: (a-b) 

Electrical resistance, (c-d) permselectivity, (e-f) salt permeability, and (g-h) water 

permeability. Experimental data (symbols) and correlation trends (lines). 

In order to perform a perspective analysis of the technology, also membranes with enhanced 

properties, named high-performing membranes, were considered. The electrical resistance is 

decreased to one eight of the reference IEM value in the specified conditions, the 

permselectivity is kept equal to 98% in all the concentration and temperature range, while the 

salt and water permeabilities are decreased to one-fourth of the reference IEM value in the 

conditions examined. Sample values of the properties of these membranes for 0.5 M and 25 °C 

are reported in Table 1 and are in line with several high-performing IEMs available in the 

market [23]. 

Table 1. Sample values of the IEMs properties measured at 0.5 M and 25 °C, for reference 

and high-performing membranes. Note that the properties of the IEMs are changing 

with the concentration and/or temperature. 

 Reference IEMs High-performing IEMs 

 NaCl KAc NaCl KAc 

Electrical resistance, 𝑅𝑎𝑣 (·cm2) 2.3 8.5 0.3 1.1 

Permselectivity, 𝛼𝑎𝑣 (%) 90 95 98 98 

Salt permeability, 𝑃𝑠 (m2/s) 1012 4.52 1.07 1.13 0.27 

Water permeability, 𝑃𝑤 (m/(Pas)) 1014 2.22 1.87 0.56 0.47 

* Resistance=1/8 of reference value; Permselectivity=98%; Salt and water permeabilities=1/4 of reference value. 

(g) NaCl (h) KAc 
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3. Methods 

Firstly, the performance of the RED-MED system is analysed using sodium chloride and 

potassium acetate solutions for a fixed number of MED effects, under a reference scenario 

defined in Table 2 and Table 3. The HC inlet concentration and the temperature of the solutions 

in the RED unit are varied while maintaining the rest of the variables constant. Specifically, the 

inlet HC solution concentration is varied in the range 3 – 5 M for NaCl and 3 – 7 M for KAc, 

while the LC solution concentration is kept equal to 0.01 M. Three different operating 

temperatures in the RED unit are investigated: 25 °C (room temperature), 50 °C and 80 °C (high 

temperature). This analysis is carried out using standard reference IEMs properties (Type 10) 

provided by FujiFilm, with woven spacers thick of 1.510-4 m for both channels, a relative 

spacer volume of 0.175 and a shadow factor of 1.563. Pumps efficiency is assumed to be of 

80%. 

Table 2. Input variables of the RED unit model in the reference scenario.  

Concept Value 

  Cell pair  

Flow pattern Counter-current 

Number of cell pairs, (-) 1000 

Width, 𝑏 (m) 0.25 

Length, 𝐿 (m) 1 

Operation temperature, 𝑇 (°C) Variable (25, 50, 80)  

  Solutions    

Concentrate inlet concentration, 𝐶𝐻𝐶 (mol/L) Variable (3 – 5)  

Dilute inlet concentration, 𝐶𝐿𝐶 (mol/L) 0.01 

Inlet concentrate velocity, v𝐻𝐶  (cm/s) 0.25 

Inlet dilute velocity, v𝐿𝐶 (cm/s) 1 
          

Table 3. Input variables for the MED unit model in the reference scenario.  

Concept Value 

Number of effects, (-) Variablea 

Heating steam temperature, (°C)  100 

Final condenser Δ𝑇, (°C) 5 

Terminal temp. difference preheater 1, (°C) 3 

Intake cooling water temperature, (°C) 15 

http://creativecommons.org/licenses/by-nc-nd/4.0
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  Falling-film evaporators  

Tube length, (m) 1 

Tube outer diameter, (m) 0.011 

Tube inner diameter, (m) 0.01 

Distance between tubes, (m) 0.0095 

Steam velocity inside tubesb, (m/s) 50 

  Preheaters (S&T)  

Tube length, (m) 1 

Tube outer diameter, (m) 0.011 

Tube inner diameter, (m) 0.01 

Feedwater velocityb, (m/s) 0.5 

Number of tube passes, (-) 1 

  End condenser (S&T)  

Tube length, (m) 2 

Tube outer diameter, (m) 0.022 

Tube inner diameter, (m) 0.02 

Feedwater velocityb, (m/s) 1 

Number of tube passes, (-) 2 
         a  Equal to 12 for the reference case. 
          b [43] 

The influence of the number of MED effects on the overall thermal efficiency and specific heat 

transfer area is investigated, for both NaCl and KAc solutions and using standard reference and 

high-performing membranes, whose properties are depicted in Table 1. The inlet solutions 

concentration and velocity to the RED unit used in the simulations are reported in Table 4. 

These values were obtained by a preliminary assessment, which is not shown here for the sake 

of brevity, where a parametric analysis of the performance was carried out in a discretized range 

of concentration and velocity of the solutions, identifying the optimal combination leading to 

maximize the overall thermal efficiency. 

Table 4. Inlet solutions concentration and velocity used for the analysis of the RED-MED 

performance at room (RT) and high temperature (HT), for both standard reference 

IEMs and high-performing IEMs.   

Concept NaCl KAc 

 RT HT RT HT 

HC solution concentration, (mol/L) 3.8 (5)* 5 6 7 

LC solution concentration, (mol/L) 0.01 0.01 0.01 0.01 

http://creativecommons.org/licenses/by-nc-nd/4.0
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HC solution velocity, (cm/s) 0.25 (0.4)* 0.25 (0.6)* 0.2 0.5 

LC solution velocity, (cm/s) 0.8 1 0.7 1.5 

       *Values between brackets refer to the high-performing IEMs case only. 

4. Results and discussion 

This section presents the results on the comparison of the RED-MED HE performance using 

KAc and NaCl solutions at variable RED operating temperature. A reference case with 12 

effects in the MED unit is presented first for comparison purposes, while the influence of the 

number of MED effects on the overall performance is later analysed. In this latter case, the use 

of high-performing membranes has been also considered, in order to give a perspective view of 

the technology potentials. 

 Performance comparison using KAc and NaCl salt solutions 

Thermodynamic parameters and membrane properties were first analysed. Figs. 6a-c show a 

higher activity coefficients ratio (𝛾𝐻𝐶/𝛾𝐿𝐶) for KAc salt solution than that of NaCl solution in 

all the HC solution concentration range and for the three different operating temperatures 

evaluated (25, 50, and 80 °C). The increase of this parameter results in an increase of the 

electromotive force generated in each cell pair and therefore in the power produced in the RED 

unit (see Eq. (1)). However, for KAc it becomes smaller with the increase of temperature, while 

it is maintained approximately constant for NaCl. The membrane resistance is higher for KAc, 

particularly at room temperature and low concentration, but in all cases the temperature increase 

results in a significant reduction (see Figs. 6d-f), as mentioned previously. When passing from 

25 °C to 50 °C, the reduction is higher for KAc than for NaCl, while going up to 80 °C still 

reduces the resistance with NaCl, while only produces a small decrease for KAc. Despite this, 

the increase of temperature also produces an increase of co-ions and water permeation through 

the ionic exchange membranes (Figs. 5e-h in the previous section), resulting in a moderate 

reduction of the permselectivity (Figs. 6g-i).  

http://creativecommons.org/licenses/by-nc-nd/4.0
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Fig. 6. Solutions and membranes properties as a function of the HC inlet concentration and 

operating temperature (25, 50 and 80 °C), with 12 MED effects, 𝐶𝐿𝐶=0.01 mol/L, 𝑣𝐻𝐶=0.25 

cm/s, 𝑣𝐿𝐶=1 cm/s, using standard reference membranes. (a)-(c) mean activity coeff. ratio, (d)-

(f) membrane resistance, (g)-(i) permselectivity. 

The effect of the temperature and concentration variation on the membrane and solution 

properties leads to the power density variation depicted in Figs. 7a-c for the RED unit. The 

increase of power density from 25 °C to 50 °C is more pronounced for KAc due to the higher 

reduction of the electrical resistance than for NaCl (60-70% in the former and around 30% in 

the latter, as shown in Fig. 5a-b), while the salt permeability remains approximately constant 

(Fig. 5e-f) and the water permeability increases linearly and in a similar way for both salts (Fig. 

5g-h). However, a further increase of temperature from 50 °C to 80 °C has a different impact 

on the two salts: while for NaCl a marginal increase of the power density is observed, power 

density is reduced in the case of KAc. This can be attributed to the fact that the temperature 

increase from 50 to 80 °C does not lead to a significant decrease of the resistance for KAc, 

while the salt and water fluxes are twice or three times larger. 
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Finally, the thermal and exergy efficiency follows the trend of power density, being higher for 

KAc in all the concentration and temperature ranges (see Figs. 7d-f). In particular, the efficiency 

for KAc is more than twice than for NaCl at 50°C: 1.4% vs 0.6% (thermal) and 6% vs 2.6% 

(exergetic). The higher efficiencies obtained using KAc salt can be attributed to its higher 

solubility, which extends the concentration range available for the HC solution, higher activity 

coefficients ratio (Figs. 6a-c), and higher IEMs permselectivity (Figs. 6g-i). 

   

   

Fig. 7. RED-HE performance parameters as a function of the HC inlet concentration and 

operating temperature (25, 50 and 80 °C), with 12 MED effects, 𝐶𝐿𝐶=0.01 mol/L, 𝑣𝐻𝐶=0.25 

cm/s, 𝑣𝐿𝐶=1 cm/s, using standard reference membranes. (a)-(c) Gross power density, (d)-(f) 

thermal and exergy efficiencies. 

 Influence of the number of MED effects 

While the results shown in 4.1 refer to a basic reference case, which leads to relatively low 

performance parameters, here the influence of the number of MED effects on the performance 

of the RED-MED HE is investigated, in order to assess the best performing conditions for both 

NaCl and KAc aqueous solutions. In this analysis also high-performing IEMs are considered, 

as defined in Table 1. The input solutions concentration and velocity are reported in Table 4.  

Fig. 8a indicates how the overall thermal efficiency increases with the number of effects for 

NaCl salt, with both standard reference (solid line) and high-performing membranes (dashed 

line). This is due to the increase in the efficiency of the MED, i.e. the decrease in the specific 
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heat consumption. The maximum thermal efficiency achieved with standard reference 

membranes is 0.9% (4% exergetic), using 24 MED effects. The effect of the operating 

temperature is negligible in this case. The same trend is obtained with high-performing 

membranes, although the maximum feasible number of MED effects (with a mean effective 

temperature driving force in each effect between 1 – 2 °C) is lower (20). This limiting effect is 

due to the higher BPE of the solution (Fig. S14 of the Supplementary Information file) within 

the MED, caused by the increase of the inlet HC concentration when passing from standard to 

high-performing IEMs (3.8 M vs 5 M, see Table 4). The increment of the efficiency when using 

high-performing IEMs is large, allowing to reach a value of around 6%. This can be explained 

by the significant reduction of the irreversibility sources (uncontrolled mixing phenomena [34]) 

that decrease the driving force of the RED process, although it also increases the energy 

requirements for regeneration. The effect of the operating temperature on the performance with 

high-performing IEMs is small: at room temperature, the maximum thermal efficiency obtained 

is 6.1% with 20 MED effects, while at 80°C is 6.3% (28% exergetic), with the same number of 

effects.  

Fig. 8b shows also an increasing trend of efficiency with the number of effects for KAc, 

although more pronounced than for NaCl. The maximum thermal efficiency obtained with 

standard reference membranes is of 1.6%, with 12 MED effects and 80 °C, which is 50% higher 

than the one obtained with NaCl. The maximum number of feasible MED effects is lower than 

in the case of NaCl due to the higher BPE (see Supplementary Information). The effect of the 

operating temperature is more pronounced when using high-performing membranes. While at 

25 °C and 15 MED effects the thermal efficiency reaches a value of 6.6%, increasing the 

solutions temperature up to 80 °C results in the maximum value close to 10%, with 12 MED 

effects. The main advantage of KAc is the higher thermal efficiency obtained with high-

performing membranes and high temperature, in comparison with the ones obtained with NaCl. 

Such results are extremely interesting in terms of industrial applications, as they highlight how 

a very high conversion efficiency can be reached with a reasonably low number of MED effects, 

well in line with industrial standards for MED technology. 
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Fig. 8. Thermal and exergy efficiencies for (a) NaCl and (b) KAc salts as a function of the 

number of MED effects and solutions temperature, using standard reference membranes (solid 

line) and high-performing membranes (dashed line). 

It becomes clear that the potential is extremely high for this technology to reach thermal 

efficiency values higher than those of other waste heat recovery tecnologies, such as the ORC 

and thermoelectric generators. A thermal efficiency of almost 10%, as shown in Fig. 8, can be 

reached by using high-performing membranes, which is a value twice higher than the ORC one 

for the same heat source temperature.  

Looking at the potential for industrial applications, an interesting parameter is the total heat 

transfer area of the evaporation chambers, normalized to the power generated, which is useful 

for the estimation of the power production costs of the RED-MED HE. The influence of the 

number of MED effects on this variable for NaCl is depicted in Fig. 9a. In all cases increases 

with the number of effects, as expected, due to the reduction in the effective temperature driving 

force in the evaporators, while the gross power produced does not change. The heat transfer 

area normalised to the generated power does not change significantly with the operating 

temperature, reaching a value around 67 m2/kW with 6 MED effects and standard reference 

IEMs. Considering high-performing IEMs, this minimum value is decreased to 12.5 m2/kW (6 

MED effects).  

It has a similar increasing trend for KAc but with lower values, as depicted in Fig. 9b. At room 

temperature, an inlet HC solution concentration of 6 M is considered (Table 4), while at 50 and 

80 °C this value is increased to 7 M, reducing the maximum feasible number of effects from 15 
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to 12 and therefore the specific HX area. The minimum value using standard reference 

membranes is 40 m2/kW for 6 MED effects and an operating temperature of 80 °C, which is 

reduced to 7 m2/kW using high-performing membranes. 

  

Fig. 9. Specific heat transfer area normalised with the gross power generated for (a) NaCl and 

(b) KAc salts as a function of the number of MED effects and solutions temperature, using 

standard reference membranes (solid line) and high-performing membranes (dashed line). 

Finally, the effect of the number of effects in the specific thermal consumption for NaCl is 

presented in Fig. 10a. The higher the number of effects, the lower the sE due to the more 

effective thermal integration in the MED unit. The influence of the solution temperature is 

negligible, and also the use of high-performing membranes in the RED unit. A minimum sE of 

35 kWh/m3 is obtained using 24 effects. Fig. 10b reveals also an equivalent decreasing trend 

with the number of effects for KAc, with both standard reference and high-performing 

membranes, however, due to the lower maximum feasible number of effects (15) compared to 

the NaCl case, its minimum value is higher, about 55 kWh/m3, reached at 25 °C. The influence 

of the solution temperature is also small in this case, having only a slight difference between 

25 °C and 50, 80 °C due to the different HC solution concentration in the concentrate loop (6 

M vs 7 M, see Table 4). 
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Fig. 10. Specific thermal consumption for (a) NaCl and (b) KAc salts as a function of the 

number of MED effects and solutions temperature, using standard reference membranes (solid 

line) and high-performing membranes (dashed line). 

5. Conclusions 

In this work, the performance of a reverse electrodialysis - multi-effect distillation heat engine  

is investigated by comparing two different salts, sodium chloride and potassium acetate, and 

assessing the influenc of  reverse electrodialysis operating temperature and the number of multi-

effect distillation effects on the process performances. The thermal and exergy efficiency are 

comparatively evaluated for 25, 50 and 80°C and a variable number of multi-effect distillation 

effects, using ion exchange membranes with standard reference properties and high-performing 

properties. Two different schemes of the integrated system are considered: the first one 

associated with a room temperature operation, and the second one including a thermal 

integration allowing for reverse electrodialysis operation at a temperature higher than 25 °C, 

minimizing additional thermal inputs from the waste heat source. The main conclusions of the 

sensitivity analysis are: 

− The use of potassium acetate aqueous solution as the working fluid of the reverse 

electrodialysis heat engine leads to higher thermal efficiency than considering sodium 

chloride aqueous solution. Under the investigated conditions, KAc leads to a thermal 

efficiency of about 10% (43% exergy efficiency), at 80 °C with high-performing 

membranes and 12 effects. The same system, using NaCl solutions, achieved a thermal 

efficiency of 6.3% (28% exergy efficiency) at the same temperature, with high-
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performing membranes and 20 effects. The better performance of KAc can be mainly 

attributed to its higher solubility and higher activity coefficient in comparison with 

NaCl.  

− Increasing the reverse electrodialysis operating temperature results in higher overall 

thermal efficiency, mainly due to the lower electrical resistance and larger power 

generation in the pile. Although the higher temperature also leads to an increase of the 

salt and water diffusive fluxes, which are detrimental effects for the performance of the 

system. 

− The use of potassium acetate as working fluid leads to a lower number of effects in the 

multi-effect distillation unit and therefore lower power-normalised specific heat transfer 

area, hence reducing the fixed costs associated with the heat exchangers, which 

represent a major part of the total power production cost in the heat engine. 

− The present analysis highlights a very interesting potential of the reverse electrodialysis 

multi-effect distillation heat engine, which can be a promising technology for waste heat 

recovery and energy efficiency strategies in the future.  
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Nomenclature 

Variables 

𝐴  Area, m2 

𝑏  Membrane’s width, m 

𝐶  Concentration, mol/L 

𝑑𝑖  Inner diameter, m 

𝐸  Voltage, V 

𝐹  Faraday constant, C/mol 
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𝐻  Height of each effect, m 

𝑖, 𝐼  Electric current, A 

𝑗𝑓  Friction factor, - 

𝐿  Membrane’s length, m 

𝑚  Molality, mol/kg 

𝑚̇  Mass flow rate, kg/s 

𝑁𝑐𝑝  Number of cell pairs, - 

𝑁𝑝  Number of passes, - 

𝑝  Pressure, Pa 

𝑃  Power, W 

𝑃𝑠  Salt permeability, m2/s 

𝑃𝑤  Water permeability, m/(Pa·s) 

𝑃𝑄  Heat rate, W 

𝑄  Volumetric flow rate, m3/s 

𝑅  Electrical resistance, m2 

𝑅𝑔  Gas constant, J/(mol·K) 

𝑠𝐴  Specific heat transfer area, m2/(kg/s) 

𝑠𝐸  Specific thermal energy, kWh/m3
distillate 

𝑇  Temperature, K or °C 

𝑈  Overall heat transfer coefficient, W/(m2·K) 

v  Velocity, cm/s 

 

 

 

Acronyms and abbreviations 

AEM  Anion Exchange Membrane 

BPE  Boiling Point Elevation 

CEM  Cation Exchange Membrane 

EES  Engineering Equation Solver 

FB  Flash Box 

FC  Final Condenser 

FF  Forward-Feed 

HC  High Concentration 

HE  Heat Engine 

HT  High Temperature 

HX  Heat eXchanger 

IEM  Ion Exchange Membrane 

LC  Low Concentration 
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MD  Membrane Distillation 

MED  Multi-Effect Distillation 

NTU  Number of Transfer Units 

PH  Preheater 

PHX  Plate Heat Exchanger 

PRO  Pressure Retarded Osmosis 

RED  Reverse ElectroDialysis 

RH  Reheater 

RT  Room Temperature 

SGP  Salinity Gradient Power 

 

Subscripts 

𝑎𝑣  Average 

c  Condenser 

cw  Cooling water 

cp  Cell pair 

d  Density 

D  Distillate 

𝑓  Feed 

H  Height 

HC  High concentration 

L  Load 

LC  Low concentration 

m  Membrane 

M1  Mixer 1 

p  Pump 

preh  Preheater 

s  Salt 

𝑡ℎ  Thermal 

w  Water 

wh  Waste heat 

𝑋  Exergetic 

 

Greek 
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𝛼  Permselectivity, - 

𝛿  Thickness, m  

𝛾  Activity coefficient, - 

𝜂  Efficiency, - 

𝜃  Polarization coefficient, - 

𝜆  Enthalpy of vaporization, J/kg 

𝜖  Effectiveness, - 

𝜌  Density, kg/m3  
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