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A B S T R A C T

The coupling of Reverse Electrodialysis with Membrane Distillation is a promising option for the conversion of
waste heat into electricity. This study evaluates the performances of the integrated system under different op-
erating conditions, employing validated model and correlations. This work provides a detailed description of the
behaviour of a real RED-MD heat engine and indicates the set of inlet concentrations, velocities and equipment
size which returns the highest cycle exergy efficiency. These operating conditions were selected for the pilot
plant developed within the EU-funded project RED Heat to Power. For the first time, a perspective analysis was
also included, considering highly performing RED membranes and future MD module. Relevant results indicate
that technological improvements may lead to interesting system performance enhancement, up to an exergy
efficiency of 16.5%, which is considerably higher than the values reported in literature so far.

https://doi.org/10.1016/j.desal.2018.11.022
Received 28 August 2018; Received in revised form 31 October 2018; Accepted 9 November 2018

⁎ Corresponding author.
E-mail address: giorgiod.maria.micale@unipa.it (G. Micale).

Desalination 453 (2019) 77–88

0011-9164/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2018.11.022
https://doi.org/10.1016/j.desal.2018.11.022
mailto:giorgiod.maria.micale@unipa.it
https://doi.org/10.1016/j.desal.2018.11.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2018.11.022&domain=pdf


1. Introduction and literature review

Nowadays, an increasing research interest is devoted to the ex-
ploitation of salinity gradient energy, i.e. the chemical energy asso-
ciated to the mixing of two solutions at different salt concentration.
Among the SGP technologies, two have reached a significantly high
technology readiness level, namely Pressure Retarded Osmosis (PRO)
and Reverse Electrodialysis (RED) [1–5]. The former employs mem-
branes, which are selective toward the passage of the solvent, while the
latter is based on membranes which are selective toward the passage of
ions. Wide comparisons between PRO and RED performances in dif-
ferent operating conditions are available in literature [6–8]. Notably,
two advantages of the RED process concern the fact that: (i) it generates
directly electricity instead of mechanical energy which has to be con-
verted into electricity; and (ii) RED membranes are, in general, less
sensitive to fouling than PRO ones [6].

Focusing on RED technology, it can operate in an open-loop, using
natural streams (e.g. seawater and river water) [9] or streams deriving
from human activities as desalination plants, saltworks or sewage
treatment plants [10]. Otherwise, RED units can operate inside a
closed-loop, coupled with a regeneration section, where heat (typically
waste heat) is supplied to restore the initial salinity gradient [7]. In this
way a salinity gradient heat engine can be devised. As a result, low
temperature heat (low-grade waste heat, low-temperature renewable
heat source) can be converted into electricity. This follows the growing
industrial interest in taking advantage of the large amount of un-
exploited low-grade waste heat with the aim of increasing the overall
energetic efficiency of production cycles [11,12].

This idea is the key concept of the EU-funded project RED Heat-to-
Power [13], whose goal is the development of a RED Heat Engine
(REDHE), which consists of two main parts. The first one is the “energy
generation” section, where electricity is produced inside the Reverse
Electrodialysis unit. Two solutions at different concentrations are fed to
the stack, which is composed of a series of ion exchange membranes,
arranged in an alternate way. The second part is the “regeneration”
section, where the two exhausted solutions, exiting from the stack, are
brought back to their initial concentration, in order to restore the
salinity gradient and close the cycle. Two different schemes have been
devised for coupling the two sections of Reverse Electrodialysis Heat
Engine (REDHE): the “solvent-extraction” scheme and the “salt-ex-
traction” scheme [11], which are illustrated in Fig. 1.

The first scheme consists of a RED unit coupled with a thermally-
driven technology, which recovers the solvent from the outlet con-
centrate solution (Fig. 1a). In this case, the outlet concentrate solution,
exiting from the stack, is mixed with a fraction of the outlet dilute so-
lution, in order to restore its salt content that was lost during the RED
process. This resulting stream is sent to the regeneration stage in order
to recover the solvent in excess and restore the initial concentration
level of the concentrate solution. The solvent extracted is added to the
outlet dilute stream, which is thus restored to its initial condition. The
regeneration technology can be an evaporative process (e.g. Multiple

Effect Distillation (MED) [15,16] or Membrane Distillation (MD)
[17–19]) or another process like Forward Osmosis (FO) provided with a
temperature-sensitive drawing agent [20].

The second scheme provides the coupling of the RED stack with a
salt-extraction process (Fig. 1b), which recovers the solute (i.e. the salt)
from the outlet dilute solution. In this case, the outlet dilute solution is
mixed with a fraction of the outlet concentrate solution, in order to
balance the solvent exchanged due to osmotic effects. Then, this solu-
tion is sent to the regeneration process, in which the salt in excess is
extracted either by variation of salt solubility (using switchable-solu-
bility salts [21]) or by salt degradation (using thermolytic salts
[22–25]).

Among the mentioned REDHE configurations, this work is focused
on a “solvent extraction scheme” heat engine where the RED stack is
coupled with a Membrane Distillation unit. In particular, this idea
started from the necessity to identify a viable configuration for a pilot
plant of the RED-MD integrated system, within the framework of the
RED Heat-to-Power project [13]. Membrane Distillation is particularly
advantageous for its modularity and operational simplicity, which
make it suitable for being operated at any scale, from the lab-scale up to
the industrial level [26]. For this reason, the choice to couple the RED
process with MD is particularly suitable for a small-scale pilot plant,
representing the proof of concept of this SGP heat engine.

This marks a significant difference from MED, since MED is in-
trinsically a large-scale technology. Therefore, MED cannot be scaled-
down to less than several hundreds of m3/day, i.e. a scale much larger
than the laboratory one [27]. However, the energy consumption of the
MD process is higher than that of MED: in literature the reported spe-
cific thermal consumption is hardly below around 100–200 kWh/
m3

distillate for MD [28], while for MED it can reach values as low as
50–70 kWh/m3

distillate [15]. Clearly, this difference would determine a
decrease of the cycle efficiency and for this reason, MD turns out to be a
competitive and cost-effective technology when low cost thermal en-
ergy is available [19,29], as in the case under investigation. Moreover,
the MD process requires a lower vapour space than the MED process
[30]. Furthermore, since MD is a relatively new process with respect to
the MED technology, it is expected to undergo continuous develop-
ments in the next years, hopefully reaching higher thermal efficiencies
at lower costs. The potential of MD and its thermodynamic limits has
been extensively discussed and reported in literature. Different MD unit
configurations were investigated [17,31], detailed theoretical model
were proposed and validated [32] and the potential of the coupling of
MD with renewable energy sources was assessed [27]. However, some
challenges have still to be faced, such as the reduction of the conductive
thermal losses and the minimization of temperature polarization in
order to enhance the thermal efficiency [26,27].

The RED process has been widely investigated with the aim of
identifying optimal operating conditions and maximum producible
power-output. Scientific efforts were focused on the overall system
design [33,34], on the fluid-dynamics within the channels [35] or on
the electrode material investigation [36]. Several studies are also

Fig. 1. REDHE possible schemes: RED coupled with a solvent extraction strategy (a) and with a salt extraction strategy (b) [14].

M. Micari et al. Desalination 453 (2019) 77–88

78



focused on the development of Ionic Exchange Membranes with low
electrical resistance and high perm-selectivity [37], on the investigation
of membrane materials [38,39] and on the specific interactions be-
tween membrane and ions in the solution [40,41].

As far as the coupling of SGP technologies with MD is concerned,
only very few studies are reported in literature. Lin et al. [42] carried
out a theoretical study on the performances of an Osmotic Heat Engine
(OHE), resulting from the coupling of Pressure Retarded Osmosis (PRO)
with MD and operating with NaCl-water solutions. The OHE overall
efficiency was estimated under several mass and heat transfer regimes
in the regeneration stage. The temperature of the heat source, the
concentration of the solution fed to the MD unit and the inlet distillate
to feed flow rate ratio were identified as the parameters mostly af-
fecting the process performance. Another study on the PRO-MD system
concerned the use of LiCl-water or LiCl-methanol solutions [43]. A re-
cent study [44] investigated the RED-MD heat engine fed by NaCl and
water, evaluating the cycle efficiency dependence on the heat source
temperature, the NaCl concentration of the MD feed (varying from
1mol/kg to 5mol/kg) and the ratio between inlet permeate and feed
solution flow rate. In this study, a direct contact MD is coupled with a
RED unit, and the maximum achievable energetic efficiency is around
1.15% (corresponding to an exergy efficiency of 9.6%). Finally, another
study presented a combination of MD and RED technology to treat the
retentate exiting from a seawater reverse osmosis desalination plant,
with the aim of producing simultaneously energy and desalted water
[45].

The present work aims at performing a parametric study of the RED-
MD integrated system by referring to real existing units in order to
develop the first proof of concept of the RED-MD heat engine. Both
Reverse Electrodialysis and Membrane Distillation are described com-
bining theoretical validated models and data from commercial MD units
provided by Aquastill®. The power generated by the RED unit considers
the limitations due to real membrane properties (i.e. electrical re-
sistance, permselectivity, water and salt fluxes). The correlations re-
levant to the MD unit are derived from a validated model and refer to
the real MD working range of operating concentrations, limited by the
decrease of the driving force, especially for long MD units. Overall, the
aim of the work is to show the potential of the integrated RED-MD
system, accounting for real equipment. Moreover, a perspective ana-
lysis was carried-out in order to investigate the performance of future
RED-MD HE, considering highly performing RED membranes and MD
units, providing the resulting LCOE as a function of the RED and MD
specific costs.

2. Mathematical modelling

The layout of the coupled RED-MD system is sketched in Fig. 2. The
integrated system was designed considering the two processes as con-
nected in a discontinuous way, due to the different scale (or working
times) of the two units employed, a commercial RED stack and com-
mercial MD modules.

More precisely, the whole system operates cyclically. In each
working cycle, the RED unit is supposed to work in continuous for 5 h,
during that a dilute and concentrate solutions are fed in the unit with
fixed flow rates ranging from 10 to 50 l/h. The outlet concentrate so-
lution (Qhigh,out) is mixed with a fraction of the outlet dilute solution
(Qbypass), in order to restore the initial content of salt (see Fig. 2). The
resulting solution volume is accumulated in the MIX tank during the
RED working time. This volume is recirculated within the MD unit up to
the achievement of the desired concentration (Chigh,in) with a fixed flow
rate of 600 l/h (typical of commercial MD modules). Then, the MD
working time (tMD) depends on the RED outlet concentrations. This
working time, typically in the range of 1–10 h, is defined as the ratio
between the volume of distillate that is required to re-establish the inlet
concentration of the dilute solution and the distillate flow rate pro-
duced by the MD module. Notably, tRED= 5 h was arbitrarily set in

order to have also reasonable operation times on the MD sides: in some
conditions high tRED may lead to tMD larger than 12 h, thus requiring
operator shift during the monitoring of the future proof of concept. The
distillate produced in the MD unit is continuously cooled and accu-
mulated in the LOW REG tank where also the RED outlet dilute solution
is stored. Conversely, once the MD concentrate reaches the desired
concentration, it is discharged in the HIGH IN and a new cycle starts.
Finally, for what concerns the temperature of the outlet MD solutions,
according to literature data [46], the temperature of the concentrate
solution Q4 is between 5 and 10 °C higher than the inlet MD feed, while
the distillate QD is at a temperature of around 40 °C in the investigated
system conditions. Overall, these temperatures are slightly higher than
the MD feed temperature, which is equal to the operating temperature
of the RED unit. Thus, a cooling unit both for the distillate before the
LOW REG tank and for the concentrate before the HIGH REG tank was
employed in order to let RED unit to be operated always at ambient
temperature. It is well known that RED unit performance can be en-
hanced by operating it at higher temperature, but including tempera-
ture effect in the model would require knowing the dependence of the
RED unit (including membrane properties) on temperature via suitable
correlations, and this will be matter of future work.

2.1. Hierarchical model for the RED process

The RED stack (Fig. 3) is composed of a certain number of ele-
mentary units, called cell pairs, placed one next to the other between
two end-electrodes. The latter are connected through an external circuit
to an external load [3]. Each cell pair (highlighted in Fig. 3) consists of
one Anionic Exchange Membrane (AEM), one Cationic Exchange
Membrane (CEM), one channel hosting the dilute solution and another
channel for the concentrate solution. The channels are typically filled
with thin spacers, which separate the membranes thereby providing
mechanical stability to the channel and defining its thickness [47]. The
concentrate and the dilute solutions are alternatively fed to the chan-
nels generated by two adjacent membranes. The concentration gradient
is the driving force for the passage of ions, whose path is constrained by
the presence of the selective membranes. Thus, a separation of the ions
takes place, yielding a flux of anions toward the anode and a flux of
cations toward the cathode. The flux of ions is converted into a flux of
electrons in the external circuit, through redox reactions. These reac-
tions take place in the electrode compartments, fed by a solution con-
taining a suitable redox couple [36]. The main output electric variables
are: the electrical resistance of the stack (Rstack), the potential difference
generated by the stack at open circuit conditions (Open Circuit Voltage,
OCV) and the maximum power density achievable (Pd,max).

A multi-scale model was developed to predict the behaviour of the
RED unit. A modelling approach similar to those adopted in the lit-
erature [60,67] was considered. The lowest scale of the model concerns
all the phenomena occurring within the cell-pair, including the fluid
dynamics inside the channels taken into account via literature corre-
lations derived from Computational Fluid Dynamics (CFD) simulations
[65,66,69]. The model includes empirical correlations to evaluate the
properties of the ionic exchange membranes (FujiFilm type 10), derived
from experimental results [63], and fundamental correlations de-
scribing physical [62] and thermodynamic properties [61]. The higher
scale model includes all the cell pair models and is relevant to the whole
stack presented in Fig. 3. The developed model for the Reverse Elec-
trodialysis process was implemented in gPROMs Model Builder®, a
software suitable for dealing with hierarchical structure models, as the
one here proposed [4,48]. Full details of the model along with the
membrane properties adopted are reported in the Supplementary Mate-
rials (S1).
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2.2. Membrane Distillation (MD): correlations from a validated literature
model

The membrane distillation process is a temperature-driven mem-
brane process, in which the separation of the vapour from an aqueous
solution takes place through hydrophobic and micro-porous mem-
branes. A sketch is reported in Fig. 4.

Different possible configurations of a MD unit exist: a novel concept
of vacuum-assisted air gap module (V-AGMD) configuration developed
by Aquastill® was selected for this work.

The module length has a strong impact on the Specific Thermal
Consumption (STC), which is defined as the total thermal energy sup-
plied by an external source divided by the permeate produced. There-
fore, in the investigated configuration, the feed is firstly sent to the cold
compartment and it is preheated by the fluid flowing in the hot com-
partment. Exiting from the cold compartment, it is heated up to Thot

(80 °C) through an external source. Thus, the longer the MD unit, the
higher the heat recovery from the hot compartment.

In this study, the MD process is described through some

correlations, derived from the simulation results kindly supplied by
Aquastill® for current commercial modules with channel lengths of
1.5 m and 5m. These data reported in the Supplementary Materials
(S2.1), are collected employing the validated model described ex-
tensively in [49]. For each case, given a certain feed flow rate and
concentration, the required information regards the distillate flow rate
(QD) and the Specific Thermal Consumption (STC) of the MD unit. The
feed flow rate was set equal to 600 l/h, which is a common flow rate for
commercial units, while the feed concentration varies depending on the
RED inlet concentrations and operating conditions. The simulation re-
sults refer to real commercial units where the driving force of the
process is largely affected by the solution concentrations. The higher
the solution concentration, the higher the depletion in the vapour
pressure difference across the membrane and the lower the water flux,
leading to a limitation in the maximum concentration of 3M in the
longer unit and 4M for the smaller one.

Moreover, the performance of future MD modules was evaluated
using simulation results provided by Aquastill® considering enhanced
MD units able (i) to operate in a larger range of concentrations (from 1
to 5M) and (ii) to provide higher water flux. These results are reported
in the Supplementary Materials (S2.2).

The calculation of QD and STC is performed using the above-men-
tioned correlations (see Eq. (S.27)). Instead of calculating the figures at
the average concentration in the MD unit, the concentration range from
the MD feed concentration up to the desired outlet concentration was
divided into four intervals. Since QD and STC are expressed as functions
of the concentration in the feed compartment, it is possible to calculate
QD and STC for each concentration interval. Finally, the sum of the
products of QD and STC for any interval gives the total thermal energy
requirement of the MD module.

2.3. RED-MD integration

In order to simulate the performances of the whole system, the RED
model was integrated with the MD correlations, according to the system
layout shown in Fig. 2. Once RED feeding solutions features have been
chosen (Chigh,in, Clow,in, Qhigh,in and Qlow,in), RED model is used to cal-
culate Chigh,out, Clow,out, Qhigh,out and Qlow,out. The bypass flow rate Qbypass,
(i.e. the fraction of the outlet dilute solution to be mixed with the outlet
concentrate one, see Fig. 2) is evaluated through a mass balance on the
solute:

Fig. 2. RED-MD integrated system. The area inside the purple-solid rectangle (A1) works in continuous while the area inside the orange-broken rectangle (A2) works
in batch conditions. Dashed lines refer to batch operations while continuous lines refer to continuous operations.

Fig. 3. Schematic representation of the RED stack, adapted from ref. [48].
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+ =C Q C Q C Qhigh out high out dil out bypass high in high in, , , , , (1)

Thus, the stream to be sent to the regeneration section results from
the mixing of the outlet concentrate solution and the bypass solution.
This solution is accumulated for 5 h of continuous operation of the RED
unit, before being fed to the MD unit: the MD feed solution volume and
concentration are indicated hereafter as Vmix and Cmix. In order to close
the loop, the remaining part of the outlet dilute solution has to be mixed
with the distillate produced by the MD as indicated by the following
balance, which is used to calculate the amount of distillate (Vdistillate):

− ∗ + = ∗Q Q h V Q h( ) 5 5low out bypass dist llate low in, i , (2)

As far as the MD is concerned, the distillate flow rate can be easily
calculated on the basis of the average solution concentration within the
MD unit and the STC is estimated as function of QD, according to the
correlations reported in the Supplementary Materials (S2). The ratio
between the required distillate volume (Vdistillate) and the distillate flow
rate QD corresponds to the working hours of the MD unit. The product
of the STC times Vdistillate gives the total thermal energy consumption,
required by the regeneration process. Therefore, the energy efficiency
of the cycle η, is given by the ratio between the total net energy which is
produced by the RED stack in 5 h, and the total thermal energy con-
sumption. Together with the energy efficiency, it is possible to calculate
the exergy efficiency ηex, as the ratio between the energy efficiency of
the cycle ηen and the energetic efficiency ηC of a Carnot cycle, which
operates at the same temperatures:

=η
η
ηex

en

C (3)

This last definition is commonly considered as more appropriate for
a comparison among different heat engines [11].

3. Results and discussion

The results section consists of two main parts: one is devoted to
describing the performances of an integrated system composed of a real
RED and a real MD unit. Conversely, the second part deals with the
combination of highly performing equipment. All the simulations were
performed fixing some parameters, e.g. RED stack number of cell pairs
(equal to 50) and RED membrane width and length (i.e. 0.1 and 0.88m,
respectively), which correspond to the size of a real RED equipment. In
all cases, the RED unit is fed by NaCl-water solutions in counter-current
arrangement. Concerning the Membrane Distillation unit, the nominal
feed flow rate was set equal to 600 l/h in all cases. Regarding the MD
geometry, in the real case, the MD unit length depends on the con-
centration, which has to be reached in the regeneration section. In
particular, a maximum concentration of 4M is fixed for the smaller MD
unit (1.5 m) and of 3M for the longer one (5m). Conversely, in the
second case (i.e. enhanced MD units), no limitations were imposed in
terms of reachable concentration and a wider range of concentration,
up to 5M, was investigated.

3.1. Closed-loop results

For this first case, a parametric study was performed by letting RED
inlet concentrations and fluid velocities to vary within a range of typical
values and by investigating the two MD unit lengths (i.e. 1.5 m and
5m). For what concerns the concentrations of the solutions fed to the
RED stack, the concentrate one was supposed to vary from 1M up to
4M, while for the dilute solution the concentration values of 0.01M,
0.05M and 0.1M were taken into account. While varying the con-
centrations, the fluid velocities were kept fixed and equal to the typical
value of 1 cm/s in both compartments. Thus, the most performing set of
inlet concentrations and MD unit length was fixed and the fluid velo-
cities were varied from 0.5 cm/s to 2 cm/s for both the dilute and the
concentrate compartment. In order to be able to determine the in-
tegrated system behaviour, firstly, it is fundamental to know the power
density produced in the RED unit and the specific thermal consumption
occurring in the MD unit. Finally, the combination of total thermal
consumption and net power produced gives rise to the cycle efficiency,
which is defined as the ratio of the net energy produced by the RED unit
in 5 h and the thermal energy required by the MD unit. The exergy
efficiency is defined as the ratio of the energetic efficiency and the
Carnot efficiency. The latter is equal to 17%, considering Tcold= 20 °C
and Thot= 80 °C. All the results are reported in terms of exergy effi-
ciency, since it is a more straight-forward figure for the comparison
with other heat engines. The results relevant to the system perfor-
mances varying the concentrations and the MD length are reported in
Figs. 5 and 6. Regarding the Pd,net chart, as expected, the producible
power density increases when Chigh,in increases and when Clow,in de-
creases, since these two lead to an enhancement of the available driving
force. Therefore, the maximum produced Pd,net occurs at Chigh,in = 4M

Fig. 4. Schematic representation of a MD unit.

Fig. 5. Pd,net trend varying the concentrations in the concentrate and in the
dilute compartment and the MD unit lenght. (RED stack features: membrane
length=0.88m, Ncell = 50, counter-current arrangement, tRED= 5 h,
vhigh= vlow= 1 cm/s). The dots correspond to the performed simulations and
the lines represent the trends.
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and Clow,in= 0.01M.
For what concerns the STC variation, shown in Fig. 6 (left), it is

possible to observe that the concentration of the dilute solution has a
negligible role. Therefore, the trends at Clow,in= 0.01M, 0.05M and
0.1M are almost overlapped. This is not surprising because the role of
Chigh,in in the definition of the MD feed concentration is much more
significant. With this respect, it is noticeable that the higher Chigh,in, the
higher the STC, since the increase of the concentration corresponds to a
reduction of the partial vapour pressure of water at the membrane in-
terface and consequently a depletion of the driving force. This is par-
ticularly evident in the trend of the STC relevant to the long module. In
this case, a much deeper increase of the thermal consumption takes
place, because the longer module is more affected by the fall of the
driving force, since it works at a higher average concentration. For this
reason, the longer module cannot operate at concentration higher than
3M.

Finally, the global exergy efficiency of the RED-MD HE, reported in
Fig. 6 (right), shows the overall performance of the closed loop, as a
function of Chigh,in, for the same two MD unit lengths and the same
three values of Clow,in. For the whole range of concentrations, the ex-
ergy efficiencies achievable with the longer MD unit are higher than the
ones relevant to the shorter unit, because of the different thermal
consumption. It is remarkable that both trends relevant to the two MD
unit lengths encounters a maximum: the one in blue (LMD=1.5m) has
the highest exergy efficiency at Chigh,in= 3M while the one in red
(LMD= 5m) at Chigh,in= 2M. Also in this case, this is due to the dif-
ferent STC trends, since the Pd,net is the same in the two cases and it
increases with Chigh,in. In fact, for the case of the longer MD unit, the net
increase of the STC becomes prominent at Chigh,in > 2M, thus causing
a decreasing trend of the exergy efficiency. Conversely, the flatter trend
of the STC relevant to the shorter MD unit ensures an increasing trend
of the exergy efficiency up to Chigh,in= 3M and also the efficiency re-
duction after the maximum is much less enhanced than in the case of
LMD=5m. Finally, the role of Clow,in is more evident for the longer MD
unit where the STC is lower. In general, Clow,in reduction is beneficial
for the engine as the lower Clow,in, the higher the producible Pd,net and
the exergy efficiency. Overall, the highest exergy efficiency is reached
at Clow,in= 0.01M, Chigh,in= 2M and LMD= 5m and it corresponds to
2.22%.

Having selected the set of concentrations, which correspond to the
maximum exergy efficiency, the following analysis regards the impact
of the solution velocities on the RED, MD and whole cycle perfor-
mances. In particular, Fig. 7 shows the trends of Pd,net as a function of
vlow,in and vhigh,in which are let to vary within the same range. Con-
versely, Fig. 8 reports the corresponding STC and exergy efficiency
trends. Regarding the Pd,net results, firstly, the role of vlow,in is quite
significant: an increase of vlow,in corresponds to an increase of Pd,net,
since a higher dilute inlet velocity (i.e. a lower residence time) leads to
a lower dilute concentration variation along the channel (i.e. an almost
constant driving force along the RED stack). For what concerns vhigh,in,
its variation commonly leads to a less significant variation of Pd,net if
compared with the vlow,in variation effect.

In general, a maximum is typically observable in these trends due to
the competitive effect of (i) non-ohmic resistance reduction (i.e. re-
sidence time and polarization resistances) (ii) and pumping power in-
crease. Interestingly, this maximum is not observable for the case of
vlow,in = 0.5 cm/s as it probably occurs at vhigh,in lower than the
minimum investigated here (i.e. vhigh,in = 0.5 cm/s).

The dependence of the MD unit performance on the velocity of the
solution fed to the RED stack is shown in Fig. 8, which reports the
trends of STC (left) and of the exergy efficiency (right). The STC in-
creases with vhigh,in at any vlow,in and it decreases with the increase of
vlow,in (Fig. 8-left). The STC value depends on the distillate flow rate
produced in the MD unit, which is estimated on the basis of the con-
centration of the MD feed solution, as reported in the Supplementary
Materials (S2). The higher vhigh,in, the higher the outlet concentration of
the concentrate solution, which leads to a higher concentration of the
MD feed and a lower distillate flow rate. Conversely, the concentration
of the MD feed decreases when vlow,in increases.

Overall, the combination of the Pd,net and STC results gives rise to
the exergy efficiency (Fig. 8-right), which shows a decreasing trend
with vhigh,in at any vlow,in, due to the STC increase. Remarkably, the
trend of the exergy efficiency at vlow,in= 0.5 cm/s has the highest slope,
since Pd,net decreases with vhigh,in in the whole range investigated (see
Fig. 7). In all cases apart from that of vlow,in= 0.5 cm/s, the exergy
efficiency decreases when vlow,in increases although Pd,net increases and
STC decreases. This occurs because the total waste heat requirement
depends on the distillate flow rate and on the STC. At higher vlow,in, the
weight of the increase of the distillate flow rate is prominent compared
to the STC reduction. Moreover the rise of the waste-heat requirement
prevails on the Pd,net enhancement, thus resulting into the fore-men-
tioned exergy efficiency decrease. Finally, the highest exergy efficiency,
equal to 2.31%, is achieved in the case of vhigh,in = vlow,in = 0.5 cm/s.

3.2. Closed-loop results with highly-performing RED membranes

A perspective analysis was carried out analysing the effect of using

Fig. 6. STC (left) and exergy efficiency (right)
varying the concentrations in the concentrate
and in the dilute compartment and the MD unit
lenght. (RED stack features: membrane
length=0.88m, Ncell = 50, counter-current ar-
rangement, tRED=5 h, vhigh= vlow= 1 cm/s.
MD unit features: Thot = 80 °C and
Tlow= 20 °C). The dots correspond to the per-
formed simulations and the lines represent the
trends.

Fig. 7. Pd,net varying the velocities in the concentrate and in the dilute com-
partment. (RED stack features: membrane length=0.88m, Ncell = 50, counter-
current arrangement, tRED= 5 h, Chigh= 3M and Clow=0.01M). The dots
correspond to the performed simulations and the lines represent the trends.
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high performing IEMs in the RED unit (membrane properties reported
in Table 1) and future MD modules (module performance reported in
Supplementary Materials, section S2.1) on the efficiency of the cycle.
Notably, the input of this scenario should not be considered as far from
reality, rather, these can be reasonably considered as achievable tech-
nological targets in the foreseen future.

As a matter of fact, the RED membrane properties of this scenario
were selected by referring to the best values among those already
achieved and reported in literature [50]. This can be easily inferred
from Fig. 9, where the resistance and permselectivity values for both
current and highly-performing membranes are shown to be comparable

with literature values [50]. Similarly, water permeability and salt dif-
fusivity values are in the range of typical literature values:
10−11–10−14 m2/s for salt diffusivity and 1–20ml/(bar hm2) for water
permeability (see Fig. 4 in [51]).

Regarding the MD module, the performances were enhanced ac-
counting for heat recovery improvements and innovative module de-
signs, which are already under development by Aquastill company. We
are experimentally characterizing the current Aquastill modules at
CIEMAT Plataforma Solar de Almeria for high salinity feeds in v-AGMD
performance, and the results so far are consistent with Aquastill cal-
culations [52]. There is certainly room for improvement in Aquastill
modules. For instance, the membranes currently used by the company
are not designed specifically for the MD process [46]. It has been suf-
ficiently discussed in the literature that optimization of the heat and
mass transfer properties of the MD membrane can raise water flux and
reduce unit energy consumption [53]. Using a membrane specifically
designed for MD, as those currently used in laboratory experiments
[32], can give a significant increase in performance, especially for
higher salinity. As a matter of fact, the future MD results projected here
are similar to current ones at low concentration, and the enhancement
is mostly in the high concentration range. Another potential improve-
ment is at the level of module design, for instance using novel spacers
for improving heat and mass transfer and reducing the polarization

Fig. 8. STC (left) and exergy efficiency (right)
varying the velocities in the concentrate and in
the dilute compartment. (RED stack features:
membrane length= 0.88m, Ncell = 50, counter-
current arrangement, tRED=5 h, Chigh= 3M
and Clow= 0.01M. MD unit features:
length= 5m, Thot= 80 °C and Tlow=20 °C).
The dots correspond to the performed simula-
tions and the lines represent the trends.

Table 1
Properties used to simulate RED highly-performing membranes.

Membrane properties Value

Electrical resistance Current valuea/8
Permselectivity 0.98
Salt diffusivity Current valueb/4
Water permeability Current valuec/4

a Supplementary materials Eqs. (S4)–(S5).
b 10−12 m2/s [4].
c 8 ml/(bar hm2).
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effects between the bulk stream and the membrane surface, which are
also more important for high salinity feeds [54–56].

Another possible enhancement of the RED-MD heat engine perfor-
mance may come from operating the RED unit at higher temperatures,
as it is well known that RED unit work well at larger temperatures.
However, analysing temperature influence on the cycle performance
would require the knowledge of temperature effect on each membrane
property and was, thus, not investigated in the present work.

Moreover, also for the case of other SGP engines like the Osmotic
Heat Engine, many perspective results relevant to membranes and units
able to stand huge pressure difference are usually reported in literature
[7,42,43].

In this case, the performance of the system was investigated through
sensitivity analyses varying the solutions concentration and velocity.
While varying the inlet concentrations, the fluid velocities are kept
constant and equal to 0.5 cm/s in both compartments, since this was the
most performing set of fluid velocities in the real case.

Fig. 10 reports the colour-maps relevant to the Pd,net and the STC of
the engine as a function of Chigh,in and Clow,in. As expected, Pd,net in-
creases with Chigh,in in the whole range of investigated concentrations,
because of the enhancement of the available driving force in the RED
stack. Conversely, Clow,in has a minor role in the definition of Pd,net. This
is explicable because a significant variation in the concentration of the
fed solutions occurs when long residence times are considered (i.e. long
channels and/or low flow rates). In particular, the stream-wise increase
of Clow along the dilute channel of the RED stack (e.g. from
0.01M➔ 0.3M) leads to a reduction of its influence on the produced
Pd,net. Regarding the STC colour-map, as already observed in the first
case with current equipment, the concentration of the MD feed depends
much more heavily on Chigh,in and, as a consequence, the variation of
the STC with Clow,in is almost negligible.

Overall, one can observe that using highly-performing RED mem-
branes the effect of the uncontrolled mixing process is reduced, while
the migrative flux increases, resulting in a net increase of the power
produced. On the other hand, future MD modules require lower STC
than current modules and are able to operate with a wider range of feed
concentrations (i.e. up to 5M). For these reasons, the exergy efficiency
of the system, reported in the colour-map in Fig. 11, presents much
higher values, with a maximum of 16.5% at Chigh,in= 5M and
Clow,in= 0.01M.

Finally, also in this case the impact of the fluid velocity was in-
vestigated taking into account the values of concentrations, which
maximized the cycle exergy efficiency (i.e. 5M for the concentrate and
0.01M for the dilute). In Fig. 12 the colour-maps relevant to the Pd,net
and the STC versus the fluid velocities are reported. Differently from
what observed varying the solutions concentration, both solution ve-
locities have an appreciable influence on the system performance. Re-
garding the Pd,net, a considerable increase of the produced power den-
sity is observed when both velocities are maximized. Therefore, in the
case of vlow,in= vhigh,in = 1.5 cm/s the Pd,net value is doubled with re-
spect to the maximum value observed in Fig. 10. Conversely, in order to

minimize the STC, the most suitable velocity set presents the minimum
investigated vhigh,in (0.25 cm/s) and the maximum investigated vlow,in

(1.5 cm/s). This is explicable because, in this condition, the con-
centration change in the concentrate solution is maximized, which
leads to a lower concentration in the MD feed.

Finally, the map reporting the exergy efficiency values varying the
fluid velocities is shown in Fig. 13. The combination of the producible
power and the thermal consumption gives rise to a maximum of exergy
efficiency which is located at vhigh,in= vlow,in= 0.5 cm/s, i.e. the same
set of velocities employed for the solution concentration analysis. Then,
the maximum exergy efficiency achievable with highly performing RED
and MD equipment is equal to 16.5%, as already stated. This corre-
sponds to a discontinuous operation where tRED=5 h and tMD=1.5 h.

3.3. Economic analysis

The economic analysis of the RED-MD unit is based on the calcu-
lation of the Levelized Cost Of Electricity (LCOE), which provides a
reliable way of estimating the potential of various power production
technologies [57]. The LCOE is calculated from Eq. (4).
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where t refers to the year “t” with t=0 representing the start of the
plant construction (it is considered that this construction requires one
whole year), n the plant lifetime, It the investment expenditures (capital
costs) in the year “t”, Mt the running costs (fixed and variable) in the
year “t”, r the discount rate, and Et the electricity generation (in kWh)
in the year “t”, calculated according to the capacity factor and the net

Fig. 10. Maps showing the Pd,net (left) and the
STC (right) varying the concentrations in the
concentrate and in the dilute compartment for
highly-performing RED membranes. (RED stack
features: membrane length=0.88 m,
Ncell = 50, counter-current arrangement,
tRED= 5 h, vhigh= vlow=0.5 cm/s. MD unit
features: length=5m, Thot= 80 °C and
Tlow= 20 °C).

Fig. 11. Map showing the exergy efficiency varying the concentrations in the
concentrate and in the dilute compartment for highly-performing RED mem-
branes. (RED stack features: membrane length= 0.88m, Ncell = 50, counter-
current arrangement, tRED= 5 h, vhigh= vlow= 0.5 cm/s. MD unit features:
length=5m, Thot = 80 °C and Tlow= 20 °C).
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power production.
The parameters considered for the cost analysis and included in Eq.

(4) are given in Table 2, according to estimated financial conditions for
discount rate and cost factors of power plants. A capacity factor of 90%
was considered in the calculation of the power output from the RED
unit.

The operating costs are estimated as a function of the net power
production, while maintenance costs mainly include the RED mem-
branes replacement (labour and materials). The sum of these three costs
is considered as the OPEX of the plant.

For an average RED membrane and MD module specific costs, the
higher capital cost (CAPEX) contribution derives from the RED stacks
and the MD unit. In particular, the MD represents about the 81% of the
total capital cost, the 18% of the RED stacks, and the rest to other costs
[59].

Variable RED membrane and MD unit specific costs are introduced
in the calculations (see Table 2), in order to identify the cost ranges,
which can make this technology financially sustainable. These ranges
have been greatly expanded, in order to identify the targeted future
specific costs that would make this technology financially viable.

According to the methodology presented previously, LCOE values
are evaluated for a power plant with net power production of 1MW,
considering the adoption of highly performing ion exchange mem-
branes. Operating conditions were taken from the best case of Fig. 13

(i.e. those providing ηex= 16.5%), but each RED unit was considered as
composed by 162 cell pairs in order to have an operating time for the
RED unit equal to that of the MD unit (i.e. tRED= tMD), thus guaran-
teeing a continuous operation of the heat engine.

The LCOE as a function of the RED membrane and MD specific costs
is presented in Fig. 14.

It becomes clear that for the RED-MD technology to become cost-
effective, the RED membrane specific cost should be reduced to<10 €/
m2, accompanied by a strong reduction of the MD specific cost to<
25 €/m2. The MD specific cost has the larger effect on the LCOE, since
the cost contribution of the MD on the total capital cost is> 80%.

Currently, the MD specific cost is about 100 €/m2, while the RED
membrane specific cost is about 30 €/m2. With these costs, the LCOE is
almost 0.40 €/kWh, showing that this technology is not ready yet to be
deployed at a commercial level. However, both specific costs are de-
clining fast, and combined with the continuing increase of electricity
prices, can make the RED-MD technology financially sustainable for
heat to power applications.

4. Conclusions and future perspectives

In this work, an integrated RED-MD system is investigated by car-
rying out modelling activities. For the first time, a multi-scale model for
Reverse Electrodialysis units has been coupled with correlations de-
rived from a model describing a commercial MD unit along with sui-
table mass and energy balances. The aim of the work was that of
identifying the operating conditions and the process configurations
maximizing the cycle efficiency in order to drive the design of the first
RED-MD heat engine prototype within the EU project RED-Heat-to-
Power. Moreover, the system performances were investigated also ac-
counting for highly performing equipment, in order to evaluate the
perspectives and the room for improvements of the closed loop.

As concerns the real system, the coupling of a RED unit, fed by a
concentrate NaCl-water solution at Chigh,in= 2M and vhigh,in = 0.5 cm/
s and by a dilute solution at Clow,in = 0.01M and vhigh,in= 0.5 cm/s,
coupled with a long MD unit (LMD=5m) provides the best

Fig. 12. Maps showing the Pd,net (left) and STC
(right) varying the velocities in the concentrate
and in the dilute compartment with highly-per-
forming RED membranes. (RED stack features:
membrane length=0.88 m, Ncell = 50, counter-
current arrangement, tRED= 5 h, Chigh= 5M
and Clow=0.01M. MD unit features:
length= 5m, Thot= 80 °C and Tlow=20 °C).

Fig. 13. Map showing the exergy efficiency varying the velocities in the con-
centrate and in the dilute compartment with highly-performing RED mem-
branes. (RED stack features: membrane length=0.88m, Ncell = 50, counter-
current arrangement, tRED= 5 h, Chigh= 5M and Clow=0.01M. MD unit fea-
tures: length= 5m, Thot= 80 °C and Tlow= 20 °C).

Table 2
Financial parameters.

Parameter Value

Capacity factor 90%
Plant lifetime (t) 30 years
Discount rate (r) 5%
Other project costs 0.5%/investment
Civil and electrical infrastructure cost [58] 250 €/kW
RED membranes lifetime 10 years
RED membrane specific cost (variable) [59] 1–30 €/m2

MD module specific cost (variable) 5–120 €/m2
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Fig. 14. LCOE as function of the RED membrane and MD specific costs of a
RED-MD unit with net power production of 1MW.
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performance. For this case, exergy efficiency equal to 2.3% was
achieved. Higher values can be obtained with improved IEMs and MD
unit: with this aim, the IEMs permselectivity was increased and the
electrical resistance, water permeability and salt diffusivity were re-
duced, while, concerning the MD unit, a higher distillate flow rate and a
lower STC was assumed. This highly performing system resulted into an
exergy efficiency of about 16.5% (corresponding to an energetic effi-
ciency of 2.8%), which is much higher than the values reported in lit-
erature until now, yet being still far from the thermodynamic Carnot
limit (i.e. energetic efficiency of 17%).

In general, the results show that the high thermal consumption,
typical of the current commercial MD unit, causes an overall low con-
version efficiency of the RED-MD integrated system. Nevertheless, this
technology is still far from being optimized and consolidated, as de-
monstrated by the large number of research works devoted to im-
proving it. In fact, the forecasted improvements of the MD perfor-
mances lead to a drastic enhancement of the overall performances.
Moreover, the simplicity of the coupling scheme and the ease of scal-
ability make this coupling choice interesting in general and particularly
suitable for the implementation at the laboratory scale. Finally, an
economic analysis showed that the expectable future reduction of the
specific costs of the RED and the MD equipment, together with the
possibility to use low-grade waste heat, may make the RED-MD cou-
pling a promising and economically competitive heat to power tech-
nology.

Nomenclature

A membrane area [m2]
aw water activity [−]
b membrane width [m]
C solution molarity [mol/m3]
AΦ, α, b Pitzer's model constants [(kg/mol)1/2]
fγ, Bγ, Cγ, BΦ Pitzer's model coefficients [−]
AΛ, ΒΛ, ΧΛ coefficients of Jones and Dole's equation
D salt diffusivity in solution [m2/s]
Dmembr salt diffusivity through the membrane [m2/s]
ΔP distributed pressure drops [Pa]
E voltage [V]
f friction coefficient [−]
i current [A]
J molar flux [mol/(m2 s)]
J' volumetric flux [m/s]
m solution molality [mol/kg]
Mw molecular weight [g/mol]
Ncell number of cell pairs [−]
N number of discretized elements [−]
Pd power density [W/m2]
Q volume flow rate [m3/s]
R universal gas constant (8.314 J/(mol K))
Rchannel channel resistance [Ω]
Rblank blank resistance [Ω m2]
RIEM electrical resistance of ionic exchange membrane [Ω]
Rcell cell pair electrical resistance [Ω]
Rext electrical resistance of the external load [Ω]
Re Reynolds number [−]
Sh Sherwood number [−]
sf shadow factor [−]
tRED working time of the RED unit [h]
tMD working time of the MD unit [h]
T temperature [°C]
v fluid velocity [m/s]

Greek letters

α permselectivity [−]
β(0), β(1), CΦ Pitzer's model parameters defined for the salt-water so-

lution [−]
γ salt activity coefficient [−]
δ spacer thickness [m]
η energy efficiency [%]
ηC Carnot efficiency [%]
ηex exergy efficiency [%]
θ polarization coefficient [−]
Λ0 salt equivalent conductivity at infinite dilution [mS l/

(cmmol)]
Λ salt equivalent conductivity [mS l/(cmmol)]
ρ solution mass density [kg/m3]
φ osmotic coefficient [−]

Subscripts

high concentrate compartment
low dilute compartment
high,in inlet concentrate solution
low,in inlet dilute solution
cell cell pair
stack stack
AEM anion exchange membrane
CEM cation exchange membrane
net power density minus the pumping losses

Acronyms

IEM Ion Exchange Membrane
MD Membrane Distillation
MED Multi-Effect Distillation
OCV Open Circuit Voltage
PRO Pressure Retarded Osmosis
RED Reverse Electrodialysis
REDHE Reverse Electrodialysis Heat Engine
SGP Salinity Gradient Power
STC Specific Thermal Consumption
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