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ABSTRACT
The increasing worldwide energy demand is rising the interest on alternative power production
technologies based on renewable and emission-free energy sources. In this regard, the closed-
loop reverse electrodialysis heat engine is a promising technology with the potential to convert
low-grade heat into electric power. The reverse electrodialysis technology has been under
investigation in the last years to explore the real potentials for energy generation from natural
and artificial solutions, and recent works have been addressing also the potential of its coupling
with regeneration strategies, looking at medium and large energy supply purposes. In this work,
for the first time, a comprehensive exergy analysis at component level is applied to a reverse
electrodialysis heat engine with multi-effect distillation in order to determine the real capability
of the waste heat to power conversion, identifying and quantifying the sources of exergy
destruction. In particular, sensitivity analyses have been performed to assess the influence of
the main operating conditions (i.e. solutions concentration and velocity) and design features
(aspect ratio of the pile), characterizing the most advantageous scenarios and including the
effect of new generations of membranes. Results show that the multi-effect distillation unit is
the main source of exergy destruction. Also, using high-performing membranes, inlet solutions

concentration and velocity of 4.5—-0.01 mol/L and 0.2 — 0.36 cm/s, respectively, a global exergy


mailto:andrea.cipollina@unipa.it
https://doi.org/10.1016/j.enconman.2019.04.056

30
31

32
33

34

35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

efficiency of 24% is reached for the system, proving the high potential of this technology to

sustainably convert waste heat into power.
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1. INTRODUCTION

The actual scenario of energy crisis and concern about global warming is leading to seek
new power production technologies as alternatives to classic methods based on fossil fuels,
which significantly contribute to the increase of the average global temperature of the planet.
Moreover, large amounts of heat from different industrial processes are rejected to the
atmosphere without further use, in some cases up to 70% of the input energy [1]. This valuable
heat (called waste heat), at temperatures below 100 °C, may be used to generate electricity by
means of a suitable heat-to-power conversion technology. In this regard, there are several
techniques available working at temperatures above 100 °C, such as the steam Rankine cycle,
the organic Rankine cycle, the Kalina cycle, the thermoelectric generator or the free piston
Stirling engine, while there is a lack of technologies able to recover waste heat below that
temperature level.

One of the unexploited and emission-free energy sources that has gained interest during the
last years is the salinity gradient energy (SGE). This energy source comes from the difference
of chemical potential between two salt solutions with different concentrations. In nature this
kind of energy can be drawn from the natural mixing of rivers and lakes into the sea. One of
the biggest advantages of this energy source relies on its huge theoretical potential, about 2.7
TW of power according to [2], however, it has not been exploited on large scale so far.

There are mainly two different membrane-based technologies able to harvest the energy
from SGE sources, namely pressure-retarded osmosis and reverse electrodialysis (RED). A
comparison and evaluation of the two methods is reported in [3]. In the first case, semi-
permeable membranes are used between a draw (high concentrated solution) and a feed (low
concentrated solution) streams. If the draw solution is pressurized below the osmotic pressure
difference of both streams, a water flux is induced from the feed to the draw. This pressurized
volume of water can be later discharged to a turbine to generate electricity. In the second case,
the RED technique generates directly electric energy by the controlled mixing of two solutions
with different salinities using ion exchange membranes (IEM). This concept was first

introduced at the end of the nineteenth century [4].
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Focusing on the RED process, in 1954 Pattle [5] reported that continuous electric power
could be produced by harnessing the energy released from the mixing of river water and
seawater by means of an ‘hydroelectric pile’, composed of alternative channels of water and
salt water, separated by IEMs. However, the first experiments performed provided low values
of electric power generation. Since then, a number of relevant studies on the RED process have
been conducted, mainly aimed at increasing the performance by the enhancement of the
membrane’s features. For instance, Weinstein et al. [6] presented one of the first mathematical
models for RED systems. Jagur-Grodzinski and Kramer [7] analysed the RED process
obtaining also an acid and a base as by-products, reaching a power density (power produced
per square meter of membrane) of 1 W/m?. More recently, Veerman et al. [8] studied the
reduction of efficiency losses associated with the ionic shortcut currents in a RED stack. The
efficiency losses decreased from 25 to 5% by optimizing the membranes and channels
resistance. Vermaas et al. [9] evaluated experimentally the effect of the intermembrane distance
on the RED performance. They obtained that reducing this distance could improve the
efficiency, reaching a maximum power density of 2.2 W/m?. Daniilidis et al. [10] reported
power densities of about 6.7 W/m? in laboratory using 5 — 0.01 M artificial solutions
(concentrate — dilute). Long et al. [11] analysed the effect of the channel thickness and solutions
flow rate on the performance, determining that there are optimal values leading to a significant
increase of the efficiency. Besides, the same authors [12] used a multi-objective optimization
process to identify the operating variables values leading to a compromise between maximum
power density and maximum power conversion efficiency in a RED system.

The first RED pilot plant using natural and artificial solutions was built in Trapani (Italy),
within the framework of the REAPower project [13]. By using natural solutions from saltworks
(brackish water — brine), a power output of 330 W and power density of 1.6 W/m? were
achieved. Conversely, with artificial sodium chloride (NaCl) solution these values increased up
to 700 W and 3.6 W/m?, respectively. This RED pilot plant demonstrated for the first time the
feasibility of the technology under real conditions.

However, a major drawback of the RED technology operated in open-loop configuration is
the unavailability of natural high salinity water sources in areas of power demand. This may be
solved by the use of a closed-loop RED-Heat Engine (RED-HE), where ad-hoc artificial saline
solutions are adopted, thus allowing for the increase of the salinity gradient (driving force of
the process) and significantly improving the performance of the RED unit. The use of artificial
salt solutions permits to purposively select the ones with better thermo-physical properties for

the process. In addition, issues related with the fouling of the membranes when using natural
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water sources disappear. The concept was first patented in 1979 by Loeb [14], who introduced
the RED-HE concept with the regeneration of the outlet RED concentrate and dilute solutions
by a thermal separation process. The RED-HE does not have any environmental risk associated
with the operation at high temperature using hazardous substances, and it is not constrained by
the water resource location. Another important advantage of the closed-loop RED-HE is the
relatively low temperature of the heat source (below 100 °C), which enlarges the applicability
of the technology, compared with other power cycles.

The closed-loop RED-HE is being investigated within the framework of the EU project
RED-Heat-to-Power [15]. In this project, two different schemes are assessed depending on the
regeneration technique: solvent extraction, using for instance multi-effect distillation (MED) or
membrane distillation (MD) processes, and solute extraction, using thermolytic salts, such as
ammonium bicarbonate (NH4sHCO3).

The multi-effect distillation technology, high energy-intensive, has been used in the food
and chemical industry since the beginning of the twentieth century, and it has been widely
applied for seawater desalination as well. There are a number of mathematical MED models
reported in the literature. One of the first models was proposed by El-Sayed and Silver [16],
based on simplifying assumptions, such as constant properties of solutions during the process.
El-Dessouky et al. [17] presented a detailed MED steady-state model, based on mass and energy
balances, including the dependence of the water thermo-physical properties on the temperature
and concentration. Also, they considered the non-condensable gases effect on heat transfer, the
thermodynamic losses of the vapour across the effects, and assumed constant heat transfer areas
both for evaporators and preheaters. Results obtained showed that the performance of the MED
is almost independent of the top brine temperature, while it is greatly affected by the number
of effects. Another interesting work was presented by Mistry et al. [18], who developed a
detailed model for the MED process, providing more detailed results and relying on fewer
assumptions. Recently, Ortega-Delgado et al. [19] presented an advanced forward-feed MED
model able to simulate a wide range of design and operating conditions (high number of effects
and feedwater salinity), particularly adequate for the analysis of the RED-MED integrated
system.

The RED-HE scheme with solute extraction has been analysed in the literature by several
authors. Luo et al. [20] proposed a thermal-driven electrochemical generator for waste heat
conversion to electricity, using a distillation column and NHsHCO3 as working fluid. They
proved the feasibility of this integration and obtained a power density of 0.33 W/m? and a RED
exergy efficiency of 31%. Cusick et al. [21] presented a RED-HE using microbial cells and
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NH4HCOs3, with a continuous salinity regeneration of the solutions. They obtained a maximum
power density of 3 W per square meter of projected cathode area (equivalent to ~0.3 W/m? of
cell pair) using domestic wastewater, with an energy recovery of 30%. Kwon et al. [22]
presented a parametric analysis of a NHsHCO3z RED system for the conversion of waste heat
into electricity, obtaining a maximum power density of 0.77 W/m?. Hatzell et al. [23] compared
the power and hydrogen production in a closed-loop NHsHCO3 RED system, and reported that
if hydrogen gas can be recovered, this system may produce 150% more electricity than the
conventional RED unit. More recently, Bevacqua et al. [24] experimentally assessed the
performance of a RED-HE using NH4HCO3, and they obtained a maximum power density of
2.42 W/m? of cell pair at the lower feed flow velocity investigated. They concluded that,
although this technology can be comparable with the RED-HE with NaCl as working fluid,
further improvement in the membranes features should be accomplished. Bevacqua et al. [25]
presented a model for the previously described cycle, which was validated by experimental
data. In addition, they performed a sensitivity analysis of the performance as a function of the
inlet solutions concentration and velocity. The results obtained indicated that a power density
of 9 W/m? and a global exergy efficiency of 22% could be reached at the best-performing
operating conditions and using membranes with enhanced properties.

Regarding RED-HE with solvent extraction scheme, only few works can be found in the
literature. In particular, Long et al. [26] analysed a RED unit coupled to a membrane distillation
regeneration stage. They performed simulations by varying the heat source temperature and the
NaCl feed concentration, and obtained a maximum thermal efficiency value of 1.15% for the
highest concentration (5 mol/kg). Micari et al. [27] assessed the performance of a RED-MD
HE, with varying operating conditions. They obtained maximum thermal and exergetic
efficiencies of 2.8% and 16.5%, respectively, using IEMs and MD modules with improved
properties. Tamburini et al. [28] presented a performance evaluation of the RED-HE system
considering different salt solutions and regeneration methods. Specifically, the multi-effect
distillation process was considered as regeneration stage using a simplified model and
efficiency indicators obtained from literature data, such as the specific thermal energy
consumption. Preliminary results showed that the closed-loop heat engine can reach thermal
and exergetic efficiencies up to 15% and 85%, respectively, using membranes with enhanced
properties. They also suggested the need to carry out further performance analyses with a
comprehensive modelling of the RED and MED units in order to identify sources of exergy
destruction and improve the overall efficiency of the technology. In this regard, Giacalone et
al. [29] presented an extensive exergy analysis of the standalone RED unit, using a detailed
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mathematical model of the process. They analysed the effect of the main operating variables
(solutions concentration and velocity) and considered all sources of irreversibility within the
RED process. Results highlighted the large dependence of the system’s performance on the
solutions concentration, obtaining that the water flux due to osmosis had the highest destructive
effect on the RED exergy efficiency when high salinity gradient was used.

More recently, Hu et al. [30] presented an energetic analysis of the RED-MED HE integrated
system. They found that the global energy efficiency of this system could reach about 1% with
a HC solution concentration of 5.4 mol/kg and an external hot water temperature of 95°C, using
10 effects. Palenzuela et al. [31] carried out a performance analysis of a RED-MED HE
dependent on the main operating parameters. They obtained a maximum overall thermal and
exergy efficiencies of 1.4% and 6.7%, respectively, considering current state-of-the-art IEMs,
and 6.6% and 31% when using membranes with enhanced properties. In this work, only the
overall exergy results were presented, but no detailed exergy analysis was performed. They also
suggested the need of further evaluation of the exergy losses in the RED-MED system. A
theoretical study of the suitability of different working solutions for RED-HE with single multi-
stage evaporative regeneration unit was carried out by Giacalone et al. [32], obtaining that
acetate salts (KAc, CsAc) can perform better than conventional NaCl solutions due to their
higher solubility and free Gibbs energy of mixing.

Despite the above-mentioned previous works, a detailed and comprehensive exergy analysis
of the RED-HE has not been performed yet in the literature, which is needed to reveal the
maximum theoretical energy conversion potential of the technology and identify and quantify
the sources of irreversibility. Exergy analysis is an engineering tool commonly used in the
design, assessment and optimization of thermal systems. There are a number of relevant works
that have applied exergy analysis to evaluate diverse energy conversion processes in the last
years. For instance, Bi et al. [33] presented an exergy analysis of a ground-source heat pump
for building heating/cooling, leading to identify the compressor and ground heat exchanger as
the main sources of exergy loss in the system. Karellas and Braimakis [36] evaluated the
performance of a tri/co-generation system producing heat, power, and refrigeration, by means
of an ORC cycle and a vapour compression cycle. They applied an exergy analysis under two
different operation modes and reported that half of the total irreversibility took place in the
condenser, followed by the turbine and heat exchangers. Ahmadi et al. [38] performed an
exergy analysis and multi-objective optimization to a combined cycle power plant, identifying
the combustion chamber as the main source of exergy destruction. Hepbasli [40] conducted a

review on low-exergy heating and cooling systems for sustainable buildings design, where
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exergy analysis is used to quantify the potential for enhancing the equivalence between the
energy source and the energy demand in buildings. Also, exergy analysis has been used in
works related to SGE systems for energy conversion, such as the study of Emdadi et al. [43].
They used it to calculate the maximum energy potential from a natural SGE system mixing
seawater and river water. More examples can be found in Hepbasli [44], who presented an
extensive review of exergetic analyses and assessment of different energy systems based on
renewable energy sources.

A detailed exergy analysis on a RED-MED HE scheme at component level has been carried
out in this work for the first time, analysing the effect of the main operating and design
conditions on the global performance of the RED-MED HE. Mathematical models for each
subsystem have been integrated in order to simulate the operation of the overall system. Firstly,
a reference case has been selected to evaluate the main performance indicators (exergy and
thermal efficiency, power density, specific thermal energy consumption) with usual design and
operating conditions. Later, the effect of the main sources of irreversibility on the exergy
efficiency has been analysed as a function of the electric current in the RED unit. Also,
sensitivity analyses of the exergy efficiency, at global and component level, have been carried
out depending on main operating and design parameters of the RED-HE: inlet solutions
concentration, inlet velocity and aspect ratio of the membranes. Finally, a perspective analysis
of the technology is presented by evaluating the overall exergy efficiency using high-

performing membranes in the RED unit.

2. DESCRIPTION AND MODELLING OF THE SYSTEM

The entire model has been implemented in Engineering Equation Solver (EES) [45] software
and it is constituted by four sections:

(1 Reverse electrodialysis process model, which is a mono-dimensional model
describing all the main phenomena involved in the power generation process;

(i) Multi-effect distillation process model, based on mass and energy balances
applied on each component constituting the plant;

(ili)) ~ Model integration, where the RED model and the MED model are coupled
including also two mixing processes of the solutions;

(iv)  Exergy analysis, which provides the equations to evaluate the exergy flux and

the exergy efficiency definition in each component of the system.
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2.1 Reverse electrodialysis unit

The reverse electrodialysis technology is a membrane-based process that directly converts
the electrochemical energy into electricity. The main element of this process is the ion-exchange
membrane, which can be cationic (CEM) or anionic (AEM), stacked in series with alternative
positions (see Fig. 1). The RED unit is constituted by repetitive units called cell pair. A cell pair
consists of two membranes, an AEM and CEM, and two channels, one for the dilute or low
concentration solution (LC) and one for the high concentration solution (HC). The dilute
(Myc,in) and concentrate (my ;,,) solutions are pumped into the corresponding channels formed
between the membranes, which are supported by spacers (or with profiled membranes). Cations
and anions pass naturally through the membranes generating a differential of electrochemical
potential between them. At both extremes of the unit, two electrodes are used, together with an
external resistance, to close the circuit and generate the electricity by means of a reversible

redox reaction (rinse solution).
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Fig. 1. Scheme of the reverse electrodialysis unit.

The RED unit has been modelled using the method described by Giacalone et al. [29]. The
mathematical model is mainly based on mass and transport balances along the longitude of the
system, together with the equations associated with the equivalent electric circuit, following a
hierarchical structure. The model has been validated against experimental data in [29]. The

model includes some simplifying assumptions, such as considering a mono-dimensional system
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where the concentrations, fluxes, currents, etc. vary only along the channel length (L), which is
discretized in N, =40 elements. Also, the parasitic currents have been neglected. Conversely,
the effects of concentration polarization phenomena in the membranes and pressure drop along
the channels have been considered.

The low hierarchical level of the model contains all the equations associated with the cell pair,
solved within the discretized domain over the length of the membranes. The electro-motive

force E..;; (V) produced in each cell pair is determined with Eq. (1):

RT k) - k
B0 = B (1) + Exou () = 220000 1 (015,00 - 016,00 s 0)

myc (k) - yic(k)

where a,, (-) is the average permselectivity of the membranes, which represents their
selectivity to the passage of counter ions (cations or anions) and rejection of co-ions, R
(J/mol-K)) is the gas constant, T (K) is the average temperature of the solutions, F (A-s/mol) is
the Faraday constant, 6 (-) is the polarization coefficient of the solution (either concentrated or
diluted), which accounts for the different solutions concentration in the membrane interphase
with respect to the bulk due to the reduction of the mass transfer coefficient near the membrane
[46], m (mol/kg) is the molality of the solution, and y (-) is the activity coefficient of the
solution, calculated with Eg. (A.1) of Appendix A.

The electrical resistance R..; (Q) of the cell pair is the sum of the areal resistances of the

channels, Ry and R, and the IEMS, Rc-gy and Rygp:

1
Reenn(k) = [Ryc(k) + Ric (k) + Repm (k) + Rapy ()] " Ax 2

where b (m) is the width of the membrane, and Ax (m) is the length of the discretized element.

The electrical resistance of the channels R,; (Q2-m?) are determined by Eq. (3):

6501

Rsol(k) =5 Asol(k) ’ Csol(k)

@)

where s; (-) is the spacer shadow factor, a parameter accounting for the increase of the
resistance caused by the presence of the spacer, with a value of 1.5625 [29], &,,; (M) is the
channel width of the solution, A,; (S-m?mol) is the equivalent conductivity of the solution,
calculated as shown in Appendix A, and C,,; (mol/L) is the molar concentration of the solution
(either concentrated, HC, or diluted, LC).

The electric current i (A) generated in each branch of the equivalent electric circuit is
determined by Eq. (4):
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Ncp : Ecell(k) = Ncp ' Rcell(k) : i(k) + RblankI/Acp + Estack (4)

where N, (-) is the number of cell pairs, Rp;qnk (Q-m?) is the electrical resistance of the
electrodic compartments, A, (m?) is the membrane area of a cell pair, Es.qcr (V) is the voltage

drop in the external resistance R, (Q2), calculated with Eq. (5):
Estack = Ry -1 ®)

where I (A) is the current passing through the external resistance, evaluated as:

N

I= Z i(k) (6)

k=1
In the high hierarchical level of the model, related to the stack, the gross power Py;.qss (W)

produced is obtained with Eq. (7):

Pgross = Estack * 1 (7)
The pumping power consumed in the RED unit P,y rep (W) is calculated as a function of

the pressure drop of the solutions flowing along the channels (see Appendix B), determined by
Eq. (8):

ApyQuc " ApQic
Np,HC Np,LcC

(8)

P, pump,RED =

where Q (m%/s) is the volumetric flow rate of the solution, and 1, (-) the isentropic efficiency
of the pumps.

The gross power density Py 4055 (W) (per square meter of cell pair) is determined with Eq. (9):

2
gross
Pd.gross = Acchp 9)

and the net power density P, .. (W) is calculated by Eq. (10):

Pd,net = Pd,gross - Ppump,RED (10)

There are ohmic losses P;,qs (W) associated with the internal resistance of the stack, evaluated
with Eq. (11):

Pioss = Zchell(k) : iz(k) + Rpiank I? (11)

The transport equations determine the water and salt fluxes through the IEMs. In particular, the

salt flux J, (mol/(m?-s)) is the sum of a coulombic term J,,,,;, caused by the migration of the

10
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counter ions, and a diffusive term J,;f, generated by the co-ions diffusion, as shown in Eq.
(12):

i(k) 2P

+——[Crc(k) = Cue (k)] (12)

]s(k) =]coul(k)+]diff(k) =m 5

where P, (m?/s) is the salt permeability, &,,, (m) is the membrane thickness (assumed to be equal
for both IEMS), and Cy (mol/L) and C; (mol/L) are the molar concentration of the HC solution
and LC solution, respectively. The diffusive term reduces the salinity gradient and therefore the
driving force of the process.

The water flux J,, (mol/(m?-s)) is also formed by the sum of two terms: the osmostic flux J, s,
caused by the difference of osmotic pressure between the two solutions, directed from the dilute
to the concentrate solution (reducing the driving force), and the electro-osmotic flux J.osm.
produced by the water pass in the solvation shell formed around the salt ions, from the

concentrate to the dilute solution (thus increasing the driving force):

]w(k) =]osm(k) +]eosm(k)

= _ZVRTPW[CHC (k)¢Hc(k) - CLC(k)¢LC(k)] P_w

My,

+ s () (13)

where v is the number of ions, B, (m/(Pa-s)) is the water permeability, ¢ (-) is the osmotic
coefficient of the solution, calculated with Eq. (A.2), p,, (kg/m®) is the density of water, M,,
(g/mol) is the molar mass of water, and ny (-) is the hydration number of the salt (assumed to
have a value of 7 according to [47]).

The thermodynamic properties of the solutions (density, conductivity, diffusivity and
viscosity) are discussed in Section 2.3, and the membrane properties (permselectivity, electrical
resistance, water permeability and salt permeability) are reported in Appendix A.

The salt and global mass balances are also applied in each element k of the discretized
membrane domain, considering a counter-current flow, both for the concentrate solution HC
(Egs. (14) and (15)):

Cuc(k +1) - Quc(k + 1) = Cyc(k) - Quc (k) — J5(k) - bAx (14)

,DHC(k + 1) ' QHC(k + 1) = pHC(k) ' QHC(k) _]w(k) ' bepw/Mw _]s(k) ' beMs (15)

where Cyc(k+ 1) - Que(k+ 1) and pyc(k + 1) - Quc(k + 1) are the salt molar flow rate
(mol/s) and total mass flow rate (kg/s) exiting from the element k, respectively; Cyq(k) -

Quc(k) and pyc (k) - Quc (k) are the salt molar flow rate (mol/s) and total mass flow rate (kg/s)

11
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entering the element k, respectively; M, (g/mol) is the molar mass of the salt. In these equations,
C is in mol/m3,

Similarly, the salt and global mass balances for the dilute solution LC are determined by Egs.
(16) and (17):

Cre(k) - Que(k) = Cre(k+1) - Qc(k + 1) + J5(k) - bAx (16)

Prc(k) - Quc(k) = prc(k +1) - Quc(k + 1) + J,, (k) - bAxp,, + J5(k) - bAxMj (17)

2.2 Multi-effect distillation unit

The multi-effect distillation process is a thermally driven separation process, generally
applied in the seawater desalination field. In the MED process, the salt solution is vaporized in
falling-film heat exchangers placed inside pressure-decreasing vessels, called effects. A
forward-feed MED arrangement has been selected, which is depicted in Fig. 2. This
configuration is preferred when dealing with high salinity feedwater and high heating steam
temperatures, due to the thermal losses caused by the boiling point elevation (BPE) that are
lower (the maximum concentration is reached in the effect of lower temperature). Each effect
is basically composed of a falling-film heat exchanger, a demister to remove the droplets from
the vapour, and a preheater of the feedwater. The only external energy introduced in the process
takes place in the evaporator of the first effect, generally with saturated steam at a certain
temperature. In this case, waste heat coming from any industrial process is used as the input
energy to the MED plant. The feedwater is sprayed over the tubes of the evaporator where part
of the solvent is evaporated increasing the concentration of the remaining solution collected on
the bottom of the effect. Part of the generated vapour is used to preheat the feedwater, while the
rest is directed to the second evaporator, where the same process is repeated, at lower pressure
and temperature. Starting from the second effect, the incoming brine flashes generating
additional flash vapour. The condensate is collected in the flashing boxes, where extra vapour
is produced as well. The vapour generated in the last effect condenses in the end condenser,
which is cooled by an external source, such as river water. Finally, the concentrated solution is

extracted from the last effect and the distillate stream from the last flashing box.

12
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Fig. 2. Scheme of the forward-feed multi-effect distillation unit.

The mathematical MED model from Ortega-Delgado et al. [19] has been adopted because it
is very flexible, detailed and permits the simulation of a high number of effects (>30) using
high salinity feedwater. The model, validated in [19], is based mainly on mass and energy
balances applied on each component of the plant, along with the heat transfer equations for the
heat exchangers (evaporators, preheaters and end condenser). Given a low number of inputs
(which can be easily exchanged with the outputs), the model determines the main
thermodynamic (temperature, pressure, concentration, flow rate, enthalpy, etc.) and design
variables (heat exchanger areas, number of evaporator tubes, vapour velocities, pressure losses,
etc.). The model relies on several simplifying assumptions, such as neglecting the thermal losses
to the environment and the presence of non-condensable gases, assuming saturation conditions
at the inlet and outlet of the evaporators, salt-free distillate, and also uses temperature-based
correlations for the determination of the overall heat transfer coefficients of the heat exchangers
[48]. For the sake of brevity, only some representative equations of the model are shown. More
details are provided in [19]. The pumping power requirement in the MED unit, Pyymp mep (W),
has been obtained as the sum of the pumping needed to overcome the pressure due to height of
the unit (Apyep n), the increase of pressure of the outlet concentrate (Apyep meoue) and
distillate  (Apyep aistour) SOlutions, and the pressure losses in the end condenser

(APMED cooling), determined by Eq. (18):

Apmep,H * QmEDHCin ~ APMED HC,0ut * @MED,HC 0ut
P, pump,MED = +

Np,F Np,HC (18)

+ ApMED,dist,out ' QMED,dist,out + ApMED,cooling ' ch

T]p,dist r’p,cw

where Quep rc.in @d Quep reoue (M3/s) are the volumetric flow rates of the HC solution

entering and exiting the MED unit, respectively, Qugp,aist.oue (M*/S) is the volumetric flow rate
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of the distillate produced, Q.,, (m®s) is the volumetric flow rate of the cooling water, and Np,Fr
Np,HC: Mp,aise: and ny, o, are the isentropic efficiencies of the feed pump, HC pump, distillate
pump and cooling water pump, respectively. The pressure drops Ap (Pa) are calculated as
reported in Appendix B.

The global mass balance and salt balance are determined in Eq. (19) and Eq. (20),

respectively:
mF = mB + ThD (19)

‘rilFXp = thXB (20)

where m; (kg/s) is the total mass flow rate of feedwater, my (kg/s) the total mass flow rate of
brine (concentrated solution), m, (kg/s) the total mass flow rate of distillate, X (ppm) is the
salinity of the feedwater, and Xz (ppm) is the salinity of the brine.

The total distillate water flow rate produced in the MED unit m, (kg/s) is calculated as the
sum of the distillate water flow rate produced in each effect by evaporation, mp; (kg/s), and
flash, mgg; (kg/s):

N N
mp= ) Mp+ ) Mg (21)
=1 =2
For a generic effect i, the mass flow rate of brine mg; (kg/s) is calculated with Eq. (22):

Mp; = Mp i1 — Mp; — Mpg; (22)
where mp ;_4 (kg/s) is the mass flow rate coming from effect i — 1.
The energy balance applied in each effect is presented in Eq. (23):

1- ai—l)mT,i—l/lc,i—l + mFBth,/,i + mpi_1hpgi1 = 1- ai)mTth,/i +

Rt s : (23)
aimTihci + mFCp,preh,i(tpreh,i - tpreh,i+1) + mBihBi

where a (-) is the fraction of vapour condensed in the preheater, m, (kg/s) is the total mass
flow rate of vapour produced, A (kJ/kg) is the specific enthalpy of condensation of water, mgg
(ka/s) is the mass flow rate of vapour produced by flash in the flashing box, hy; (kJ/kg) is the
specific enthalpy of condensation of the flashing vapour coming from the flash box, hg (kJ/Kkg)
is the specific enthalpy of the brine, h;, (kJ/kg) is the specific enthalpy of vaporization of water,
he (kJ/kg) is the specific enthalpy of condensation of water, ¢, .., (kJ/(kg-°C)) is the average
specific heat capacity at constant pressure of the feedwater in the preheater, and ., (°C) is

the temperature of the feedwater entering or exiting the preheater. The superscripts " and "’

denote conditions in the vapour zone after the demister and in the flashing boxes, respectively.
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The energy balance in each preheater is defined by Eq. (24):

mFEp,preh,i(tpreh,i - tpreh,i+1) = aimTi/u/i + aimTiEp,BPE,i(Tl;i - T!}sat,i) (24)
where ¢, gpr (kJ/(kg-K)) is the average specific heat capacity at constant pressure of the vapour
in the vapour zone, Ty, (°C) is the temperature of the vapour, and Ty, (°C) is the saturation
temperature of the vapour.
Besides, the heat transfer equations associated with the heat exchangers were implemented in

the model, such as those correspondents with the heat transfer in each evaporator i, determined
by Eq. (25):

(1 —ai-mriqAci1 = AilUei(Tei-1 — To) (25)
where A (m?) is the heat transfer area of the evaporator, U, (kJ/kg-K) is the overall heat transfer
coefficient of the evaporator, T, (°C) is the temperature of the condensing steam inside the

tubes, and T (°C) is the temperature of the evaporating water on the outer surface of the tubes.

In addition, for each preheater i, the heat transfer equation was considered:
mFEp,preh,i(tpreh,i - tpreh,i+1) = Apreh,iUpreh,iLMTDpreh,i (26)
tpreh,i - tpreh,i+1

In (M) (27)
Tl;i - tpreh,i

LMTDyyen,i =

where Apren (m?) is the heat transfer area of the preheater, U, (kJ/kg-K) is the overall heat
transfer coefficient of the preheater, and LMTD,,., (°C) is the logarithm mean temperature
difference in the preheater.

The thermal performance of the MED process can be related to the specific thermal energy
consumption sE (KWh/m3gistitiate):

mgA 1
SE = —2

_ s 28
mp/pp 3600 (28)

where m; (kg/s) is the mass flow rate of external steam entering the first evaporator, A (kJ/kg)
is the specific enthalpy of condensation of the external steam, and pp, (kg/m®) is the density of
the distillate water.

The specific heat transfer area sA (m?/(kg/s)) of the MED unit is a parameter that accounts
for the amount of heat exchanger area required per mass flow rate unit of distillate produced,

representing an important share of the total capital costs of the unit:
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mp

SA (29)

where 4. (m?) is the heat exchanger area of the end condenser.

2.3 Integrated model

The RED and MED units are integrated as presented in Fig. 3. At the outlet of the RED unit,
the high concentrated solution has lost mass of salt, which passes to the dilute stream through
the membranes. Conversely, the low concentrated solution has gained mass of salt. Therefore,
two mixers (Mixer 1 and Mixer 2) are proposed to restore the initial salinity of the solutions,
although they consume part of the chemical exergy content of the two streams, reducing the
efficiency of the process. In Mixer 1, part of the outlet dilute (171,,,,45) is mixed with the outlet
concentrate (1M oy ), restoring the salt lost in the latter through the membranes and decreasing
its concentration. In Mixer 2, the distillate produced in the MED unit () is mixed with the
rest of the dilute solution (1, ¢ 2 i) re-establishing the initial dilute concentration (1, ¢ ;).
The MED unit is used as a regeneration stage, rebuilding the initial concentrations of the
solutions by evaporating the amount of solvent needed. By applying global mass and salt
balances to the mixers and MED unit, the required bypass of dilute flow rate, distillate flow rate
and the conversion ratio of the MED process are determined using Egs. (30)-(34):

XHC,outhC,out + XLC,outmbypass = XMED,ianED,in (30)
Mycout + mbypass = MpyED,in (31)
XMED,in™MMED,in = Xuc,imMuc,in (32)
Xicmz,imMiem2,in + XpMp = XicinMicin (33)
Mycmz,in + Mp = Mycin (34)
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Fig. 3. Scheme of the closed-loop RED-MED HE.

In addition to the mass balance equations, a number of auxiliary equations have been used
to estimate the thermodynamic properties of the NaCl-water solution, which is used as the
working fluid of the RED-MED HE. The aqueous NaCl solution model, based on the Pitzer’s
semi-empirical equations [49], has been selected to calculate the activity and osmotic
coefficients (see Appendix A). This model is recommended for the chemical exergy evaluation
of electrolytic solutions, such as NaCl-water [50]. The specific enthalpy and entropy of the
NaCl aqueous solution are tabulated in [49] as a function of the temperature, pressure, and
concentration. Correlations have been derived from these data and used in the present model
formulation. Other physical properties, namely density, conductivity, diffusivity and viscosity
have been also calculated by means of empirical correlations, which are reported in Appendix
A.

2.4  Exergy analysis

Exergy analysis is used to identify and quantify sources of internal and external
thermodynamic inefficiencies in a system, which are responsible for the loss of work potential
[51]. For the RED-MED HE, whose main objective is to generate power using low-grade heat
as fuel, the evaluation of the exergy destroyed and lost in each sub-system can help to improve
the performance of the whole system. For a thermodynamic system, exergy is defined as the
maximum theoretical work obtainable when the system reaches thermal, mechanical and

chemical equilibrium with the environment.
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If a steady-state flow is considered, the total specific molar flow exergy é; (J/mol) of a

system, is given by the sum of the thermomechanical e,, and chemical e, contributions:
e_t = e_ph + e_ch (35)

which are calculated by Egs. (36) and (37), respectively:

épn=h—h" —To(5—5) (36)
n

ecn = Z(Mf — Uo, )X (37)
i=1

where h (J/mol) and 5 (J/(mol-K)) are the molar enthalpy and entropy of the inlet mixture, the
asterisk denotes the restricted dead state, i.e., the system is in thermal and mechanical
equilibrium with the environment at T,, p, but with the original composition, x; the mole
fraction of the i"-component, and y; (J/mol) the chemical potential of a component i in a
solution, given by Eq. (38) [52]:
0 a;
u; = i +RTIn <—0> (38)
a;
where T (K) is the temperature of the solution, and a; (-) is the activity of the component i.

The chemical potential of an electrolyte B, ug (J/mol), under electrical neutrality, is
determined by Eq. (39):

pg = ug + vRTIn(myyy) (39)

where v is the total number of ions (v, + v,), and m4. and y are the mean molality and mean
activity coefficients. For uni-uni (1-1) valent electrolytes, m, = m. The subscript + is
habitually removed for simplicity. The chemical potential of the solvent s in the solution, ug

(J/mol), is evaluated using Eq. (40):

Hs = ug + RTin(as) (40)
where ag (-) is the activity of the solvent, and the subscript “0” denotes the standard or dead
state, habitually assumed as the pure solvent at the pressure and temperature of the solution.
The activity of the solvent is calculated as a function of the osmotic coefficient ¢ (-) [52]:

_ —1000 - In(ay)

(41)
M Y viemy

where M, (g/mol) is the molar mass of the solvent, v, (-) represents the moles of ions in the

solution of the electrolyte k, and m, (mol/kg) is the molality of the electrolyte k.

18



475
476
477
478
479
480
481
482
483
484

485

486
487
488
489
490
491
492

493
494
495
496
497
498
499
500
501

In the exergy analysis carried out the following assumptions have been made:

— Steady-state operation of the system.

— The kinetic and potential terms in the exergy calculation were neglected.

— Inthe flow exergy calculation, the physical part of the specific exergy of the solution
has been neglected as the NaCl-water streams entering and exiting each component
are assumed to be at 25 °C, which is the dead state temperature, and the influence of
the pressure variation is much lower than that of the temperature variation, according
to [49,53].

— The following dead state has been considered: x,=38,000 ppm of NaCl, p,=101,325
Pa, and T,=25 °C.

2.4.1  Exergy efficiency definition

The exergetic (or exergy) efficiency definition of each component of the system follows the
guidelines presented by Tsatsaronis [54]. The product and fuel are described in net terms
(exergy increases for the product and exergy decreases for the fuel). The product is considered
as the stream of interest (i.e. the useful product), material or energy, for which the system has
been designed and conceived. Conversely, the fuel is defined as the exergy flow (i.e. the
resource) consumed to generate the desired product. Therefore, the exergy rate of fuel Ex (W)

for each component k and for the overall system are defined by Eq. (42):
Epy = Epi +Epy (42)

where Ep (W) is the exergy rate of the product and Ep (W) is the exergy destruction due to
irreversibility sources of the system (processes involving temperature differences, pressure drop
and dissipative effects, such as friction, viscosity, etc.). Note that for exergy balances on the
control volumes, with inlets and outlet streams, of matter or energy, rate of exergy E (W) is
used. Hereinafter, this variable, calculated as the product of the molar flow rate and the specific
molar exergy (E = N - &), is selected to describe the method and perform the exergetic
analysis.

The overall exergetic efficiency ny (-) is calculated as the ratio of the exergy rate of the

product (Ep) and the exergy rate of the fuel (Ey):

19



502
503
504
505
506
507

508
509

510

-7 (43)

Nx

Fig. 4a shows the discretization level of the system related to the exergy balance calculation
and exergy efficiency definition. The control volumes for each component, for the global
system, and the inlet and outlet exergy streams are depicted. Conversely, in Fig. 4b, the
functional diagram is presented, which is a dual representation to the physical scheme often
adopted in thermoeconomic analysis, in order to clearly identify the fuels and products for each

component and the functional interactions among them.
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Fig. 4. (a) Schematic representation of exergy flows involved in the closed-loop RED-HE,
with each box representing the control volume where the exergy efficiency is calculated (solid
line for the components, dashed line for the overall system). (b) Functional diagram of the
RED-MED HE depicting fuel-product and residue for each component.

As the purpose of a RED unit is to generate electric power, the product of the RED process
in Fig. 4b is the exergy rate of the net electric power produced. It is obtained by subtracting the
exergy rate of the RED pumping power consumption, Epump,RED (W), to the exergy rate of the
gross electric power, Ep,gmss (W), which are equal to the pumping power Ppymp rep (W) and
gross electric power Fy,.,ss (W), respectively. On the other hand, the fuel is the rate of exergy
decrease of the inlet solutions, i.e., high concentrate solution and low concentrate solution.

Therefore, the exergy efficiency of the RED process, 1y zep (-), is defined by Eq. (44):

EP gross — Epump RED
NxRED = 7= - o - (44)
(EHC,in - EHC,out) + (ELC,in - ELC,out)

Both Mixer 1 and Mixer 2 represent sources of irreversibility for the process, however, their
presence is necessary for the operation of the system. From a fuel-product perspective, these
components lack productive purposes, and they are often identified as dissipative units [55].
The amount of exergy destroyed represents their fictitious product and it is usually named
residue exergy flow R (indicated by the green dotted line in Fig. 4b). Following a well-
established criterion proposed in [56], these flows are allocated as additional fuels to the
component that contributed to their formation process, i.e. the MED unit (see Fig. 4b). The
functional diagram presented above is just provided for the sake of completeness, in order to clarify
the rational approach adopted in the definition of exergy efficiency for each individual component.
However, no further details are given as the aim of this work is to perform an exergy analysis and
is not related to a thermoeconomic cost estimation. The reader is invited to refer to the cited
references for more information.

In order to account for the amount of exergy destroyed in the mixers, due to the absence of
a useful product measurable in exergy units, the exergy efficiencies of Mixer 1 (ny 1) and

Mixer 2 (nx ) Were determined according to Egs. (45) and (46), respectively:
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(45)

NxM1 = -
EHC,out + ELC,bypass

ELC in
Nxm2 = % - (46)
Egist + EvLcm2,in

The MED unit is used to restore the initial concentration and flow rate of the concentrate
solution, before entering in the RED unit. This component uses external heat for the thermal
separation of the solute and the solvent, both with higher exergy than the feed stream. Therefore,
referring to Fig. 4b, the product of this subsystem is defined as the increase of the exergy content
of the outlet material streams (concentrate and distillate) with respect to the inlet stream. The
fuel is defined as the sum of the exergy content of the waste heat added to the MED, the cooling
water and the pumping power. Therefore, the exergy efficiency of the MED process 1y yep (-
) is defined by Eq. (47):

n _ Eyc,in + Eaist — Enc mep,in
X,MED -_ . . . . .
Ewh,in - Ewh,out + Ecw,in - Ecw,out + Epump,MED

(47)

In exergy analyses of the MED process is not common to include the exergy flow of the
cooling water when defining the global exergy performance [57]. For the examined case, as
shown in Eq. (47), the exergy of the cooling water supplied to the condenser of the MED unit
is considered an additional fuel of the overall system. The RED-MED HE interacts with three
thermal sources: the waste heat source (100 °C), the river water in the condenser (15°C) and
the environment (25°C). The authors decided to use the air temperature as the temperature of
the dead state since it is assumed that all the system components except the MED unit operate
in thermal equilibrium with the surrounding air. Stemming from this assumption, the thermal
exergy content of the cooling water taken from a river (considered as an additional exergy
quantity used as a fuel) equals the theoretical work of a reversible heat engine operated between
the temperature of the river water (assumed equal to 288.15 K) and the air temperature
(T,=298.15 K).

The global exergy efficiency ny 4 (-) of the RED-MED HE is defined as the ratio between
the exergy content of the net electric power produced by the RED unit and the sum of the exergy

content of the waste heat supplied to the MED unit (Ewh,in — Ewh,out) and the exergy added by

the cooling water (Ecy in — Ecw out), @S reported in Eq. (48):
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T]X,g = = T T T
Ewh,in - Ewh,out + Ecw,in - Ecw,out

The exergy produced by the RED unit is equal to the gross power produced, Ep,gmss, minus
the pumping power required by the RED and MED units, Eymp rep aNd Epymp mep- DUE to
the higher requirements of the MED pumping, this term will particularly affect the global

performance of the system.

The thermal efficiency of the overall system 7., , (-) is calculated with Eq. (49):

Pgross - Ppump,RED — “pump,MED __ Pnet

77th,g -

. : : (49)
Qwh,in - Qwh,out Myp Ahcond

where P, (W) is the net power produced, Q,,, (W) is the waste heat rate, assumed to be in
saturation conditions, m,,;, (kg/s) is the mass flow rate of the waste heat, and Ah,,,,4 (J/KQ) is

the specific enthalpy of condensation.

2.5  Solving structure

The structure of the solving algorithm used in EES is depicted in Fig. 5. Firstly, the RED
and MED inputs are introduced in the simulation tool. After that, the equations with a single
unknown variable are solved. All variables are then initialized and the iteration procedure is
started. EES solves numerically non-linear equation systems using Newton’s method and
properly blocking and reordering the equations in order to efficiently find the value of each
variable. The stopping criterion usually is the relative residual for each equation. When all the
residuals are below a certain tolerance €, the iterations finish, otherwise, the variables are
updated to their last values and a new iteration is started. After solving, the effective
temperature difference is evaluated. If it is lower than the minimum required, the number of
effects are decreased. Also, there is an optional optimization step to obtain the maximum
performance of the system by varying the external load, in this case, the algorithm is repeated
for values of external load resistance until maximum efficiency is achieved. Finally, the results

are obtained.
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Fig. 5. Schematic of the solving structure used in EES.

2.6 Simulation scenarios

The methods followed in this work to investigate the performance potential and the exergy
destruction sources of the RED-MED HE are presented hereafter, where the integrated model
described in the previous section is used to carry out the simulations (reported in Section 4).

2.6.1 Reference case

As a first step, a reference case is chosen to quantify the exergy performance of the system
under common design and operating conditions. This scenario will be compared later on with
the one obtained after carrying out the different sensitivity analyses, selecting the best
performing conditions found for each case. The reference case selected considers a RED unit
of 1000 cell pairs, a membrane area of 0.25 m x 1 m (width — length), counter-current flow
arrangement, inlet solutions concentrations and velocities of 3 —0.05 M and 1 — 1 cm/s for the
concentrate and dilute solutions, respectively. The electrical operating point of the RED unit

has been chosen in order to maximise the exergy efficiency of the RED subsystem (according
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concentration and velocity (high boiling point elevation).

to the exergy efficiency curve shown in Fig. 6a in the next section). The properties of the IEMs
have been provided by Fujifilm (reference membrane properties, Appendix A). The rest of the
input variables for the RED and MED units are presented in Table 1. The number of cell pairs
has been considered high enough to neglect the effect of the blank resistance (electrodes

compartments). In addition, the number of MED effects selected is limited by the inlet solutions

Table 1. Main RED-MED HE model inputs for the reference case.

Concept Value
RED UNIT
Cell pair
Flow pattern, (-) Counter-current
Number of cell pairs, (-) 1000
Width, b (m) 0.25
Length, L (m) 1
Blank resistance, Ry gnx (Q-m?) 3.27x10°3
Operation temperature, T (°C) 25
Solutions
Concentrate inlet concentration, Cy¢ (mol/L) 3
Dilute inlet concentration, C,. (mol/L) 0.05
Inlet concentrate velocity, vgye (cm/s) 1
Inlet dilute velocity, v, (cm/s) 1
Membranes (Fujifilm Type 10)
Thickness, &, (M) 1.25x10™
Water permeability?, P,, (m/(Pa-s)) 2.22x1014
Salt permeability coefficient?, P, (m?/s) 4.52x10712
Permselectivity, a (-) Appendix A
Electrical resistance, Rz (Q-cm?) Appendix A
Spacer (Deukum)
Concentrate spacer thickness, 8y (m) 1.5x10*
Dilute spacer thickness, 6, (m) 1.5x10*
Relative concentrate spacer volume, ey (-) 0.175
Relative dilute spacer volume, €; (-) 0.175
Shadow factor, s (-) 1.563
MED UNIT
Number of effects®, (-) 24
Heating steam temperature, (°C) 100
Last effect temperature, (°C) 27
Terminal temp. difference preheater 1, (°C) 3
Terminal temp. difference end condenser, (°C) 3
Intake cooling water temperature, (°C) 15

Evaporators tube bundle
End condenser tube bundle

L:1m; diam.: 22 mm
L:2m; diam.: 25 mm
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PUMPS
Pumps efficiency, n,, (-) 0.8

2 Properties provided by Fujifilm Manufacturing Europe B.V.
b The number of effects is intrinsically related to the effective temperature driving force in each effect, which has an
average value of 1°C for the reference case.

2.6.2  Effect of irreversibility sources

The irreversibility sources of the RED-MED HE are identified and quantified, extending the
previous work performed in [29], where several detrimental effects on the performance of the
RED unit were investigated: the ohmic losses due to the internal resistance of the stack, the
membrane permselectivity, the diffusive salt flux and the water osmotic flux across the IEMs.
Here, the analysis considers four additional scenarios: polarization phenomena, RED pumping
consumption, MED pumping consumption, and the effective temperature driving force (i.e. the
difference between condensing vapour and evaporating brine temperature) in each effect of the
MED unit.

For this analysis, the same inputs as the reference case have been taken (0.25m x1m, 3 —
0.05 M, 1 -1 cm/s), and the number of MED effects have been selected in order to adapt to the
concentration factor (or recovery ratio) required, while maintaining an effective temperature
driving force between 1 — 2 °C (except in case H, where it is varied). In each of the eight
scenarios analysed, one effect per time has been added, starting from an ideal condition (where
only internal ohmic losses in the RED unit and the heat transfer losses in the MED are
considered) and eventually including all the identified sources of irreversibility in the final
scenario, as described below:

- Scenario A. Ideal case, where only the internal ohmic losses are considered (ideal

membrane properties): P,,=0 m/(Pa-s), P,=0 m?/s, ;= 6,=1, and a=1.

- Scenario B. The effect of the non-ideal permselectivity of the membranes is taken into

account: P,=0 m/(Pa-s), P,=0 m?%/s, 8,=6,=1, and a=1.

- Scenario C. In this case both the non-ideal permselectivity and diffusive salt flux are
added: P,=0 m/(Pa-s), P,=10"2m?/s, ;= 6,=1, and a=1.

- Scenario D. This case adds the water flux: P,=2.22x10** m/(Pa-s), P,=10"12m?/s, 6=

9L=11 and a=l.

- Scenario E. The polarization effect is included in this scenario: P, =2.22x10* m/(Pa-s),

P,=10"2 m?/s, 8,1, 6,#1, and a=1.
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- Scenario F. In this case, the pumping power consumption of the RED unit (concentrate
and dilute solution pumps) is considered.

- Scenario G. The pumping power consumption of the MED unit (feedwater, concentrate,

distillate and cooling pumps) is accounted.

- Scenario H. The mean effective temperature difference driving force in each effect of
the MED unit is fixed equal to 5.5 °C.

2.6.3  Sensitivity analyses

After the evaluation of the irreversibility sources of the RED-MED HE, sensitivity analyses
of the exergy efficiency of the overall RED-MED system and each component (RED unit, MED
unit, Mixer 1 and Mixer 2) have been carried out, as a function of the main operating and design
variables. The effect on the performance of the inlet solutions concentration and velocity,
together with the membrane’s aspect ratio, has been investigated starting from a general
reference case. On-design analyses for different design schemes have been selected, specifying
the dimensions of the RED membranes and MED effects. Finally, the same sensitivity analyses
are performed using high-performing membranes (IEMs with improved features), in order to

provide insights into the real exergy potential of the RED-MED HE technology.

3. RESULTS AND DISCUSSION

Results for the quantification of the irreversibility sources of the RED-MED HE system are
presented, starting from a reference case. Also, results for the sensitivity analyses of the exergy
and thermal efficiency as a function of the main operating and design parameters are reported,

at global and component level.

3.1 Reference case

Table 2 shows the main results obtained after simulating the reference case. The low values
of the exergy and thermal efficiencies (2.3% and 0.5%, respectively) are mainly due to the
irreversibility sources associated with poor membrane properties, as it will be discussed in next
sections. The exergy efficiency of the RED unit, about 18%, is low compared to the one of the
MED unit, which reaches a relatively high performance, around 37%. Mixer 1 and Mixer 2

have exergy efficiencies equal to 76.9% and 78.6%, respectively, suggesting that the exergy
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destruction in these components is low under the considered conditions. Related to the pumping
power consumption, the MED unit consumes much more power than the RED unit, 273.7 W
against 25.6 W, respectively, mainly due to the higher pressure drop occurring within the MED

unit.

Table 2. Results for the reference case.

Concept Value
Global exergy efficiency, nx 4 (%) 2.3
Global thermal efficiency, 1¢,4 (%) 0.5
RED exergy efficiency, nx rep (%) 17.7
MED exergy efficiency, nx yep (%) 37
Mixer 1 exergy efficiency, nx y1 (%) 76.9
Mixer 2 exergy efficiency, nx y» (%) 78.6
Gross power, Pyoss (W) 487.2
RED pumping power, Pyymp rep (W) 25.6
MED pumping power, Pyymp mep (W) 273.7
Waste heat rate, Q,,;, (KW) 37

3.2 Effect of irreversibility sources

The trends for RED exergy efficiency as a function of the electric current are shown in Fig.
6a. For short-circuit conditions (maximum current, external resistance approaching zero) the
global exergy efficiency is null as the electro-motive force is entirely dissipated inside the pile.
Considering only the ohmic losses due to the internal resistance (scenario A), when the electric
current decreases the exergy efficiency increases, reaching a value of ~100% for open circuit
voltage (OCV) conditions (null electric current, the stack voltage is equal to the electro-motive
force), where the process approaches reversibility. When the permselectivity is also taken into
account (scenario B), the same trend is followed and the highest exergy efficiency (84%) is
lower than the previous case due to a reduction in the electro-motive force (Eq. (1)).

The diffusive salt flux and osmotic water flux (scenarios C and D) significantly change the
trend of the RED exergy efficiency to a bell shape, increasing when the current decreases until
reaching a maximum (35.7% and 19.1%, respectively) for currents between 6 — 10 A. Below
these values a reduction on the performance is observed due to the dissipative mixing
phenomena becoming more important than the migrative flux of ions, eventually leading to a

null value of the efficiency in OCV condition. Polarization phenomena (scenario E), reducing
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the effective driving force in the RED process, decrease only slightly the RED exergy
efficiency. Finally, as expected, the irreversibilities due to the MED pumping and temperature
driving force (scenarios G and H) do not have any effect on the RED exergy efficiency.

The effect of the electric current on the exergy efficiency of Mixer 1 is depicted in Fig. 6b.
The exergy destruction in Mixer 1 is determined not only by the amount of salt transferred in
the RED unit, which has to be restored in the concentrate loop, but also by the outlet
concentration of the dilute solution, both affecting the by-pass flow rate. When high salt flux in
the RED unit (Eq. (12)) is achieved (i.e. high current and/or high diffusive flux), the amount of
the salt exchanged in the RED unit increases (Fig. 7a), leading to an increase in the need of salt
restoring in the concentrate loop. This is, however, made easier by the high concentration in the
dilute solution to be by-passed (Fig. 7b). Conversely, when the salt flux is low (e.g. low
diffusion and electric current, approaching OCV conditions), a small salt restoring has to be
guaranteed. However, in this case, the dilute concentration is very low, thus requiring a large
volume of by-pass solution to restore the even small amount of salt to the concentrate loop. The
large concentration difference leads to a larger exergy dissipation due to the mixing.

When ideal membranes are considered (Fig. 6b), exergy efficiency starts from 100% at zero
current, rapidly goes down to a minimum, and then increases with the current. When non-
idealities are considered (i.e. diffusive salt flux), salt passage is observed also at zero current
and the minimum efficiency is observed at this point, while an increase in current leads to the
enhancement of exergy efficiency tending to 100% in the not-always possible condition of
equal dilute-concentrate concentration.

The effect of the electrical current on the exergy efficiency of the MED is depicted in Fig.
6¢. From short-circuit conditions (maximum electric current) up to ~2 A, its efficiency is almost
constant (~38% for scenarios A-F) because the concentration regeneration requirements only
change slightly. When current values below 2 A are considered, a fast drop in the MED
efficiency is observed for cases A and B, where the salinity profile in the RED unit is conserved
(see Fig. 7a) due to the absence of uncontrolled mixing of salt and water fluxes. In those cases,
the solutions regeneration requirement is very low, hence a lower number of MED effects are
used. For the rest of the cases, the concentration of the solutions at the exit of the RED unit are
different and higher regeneration requirements are needed. Therefore, the number of MED
effects is kept constant and the exergy efficiency undergoes only a slight increase. When the
MED pumping consumption is taken into account (scenario G), the exergy efficiency decreases
approximately one percentage point, due to the lower value of the pumping power in

comparison with the thermal energy required. Finally, if a mean effective temperature
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difference at the MED unit of ~5.5 °C is considered (scenario H), the efficiency decreases up
to 18%, as the number of effects is reduced from 24 to 10, and more waste heat is needed in the
regeneration stage.

Regarding the effect on the exergy efficiency of Mixer 2 (Fig. 6d), for all the cases, its value
increases when approaching to OCV condition. In fact, when reducing the ionic current in the
pile, a lower variation in the concentration of both solutions within the RED unit is observed.
This fact eventually leads to the reduction of the amount of distillate flow rate separated by the
MED unit, which is then mixed in Mixer 2. In particular, for scenarios A and B, where no
uncontrolled mixed phenomena occur, the exergy efficiency reaches ~100% in short-circuit
conditions, since no distillate mixing is needed to restore the initial concentration of the dilute
solution.

The effect of the electrical current on the global exergy efficiency is presented in Fig. 6e,
where a maximum (2.3%) is found for a current of ~10 A, as a result of the combined effect of
each component. There is a significant decrease associated to the non-ideal permselectivity of
the membranes (passing from 13.2% in case A to around 9.5% in case B), the uncontrolled
mixing phenomena related to the permeability to the diffusive salt flux (7.8% in case C), the
osmotic water flux (6% case D), and the pumping power consumption in the MED unit linked

to the pressure drop (from 5.5% of case F to 2.3% of case G).
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Fig. 6. Exergy efficiency as a function of the electric current and the irreversibility sources,
in the reference case: (a) RED, (b) Mixer 1, (c) MED, (d) Mixer 2, and (e) Global. (f) Global

exergy efficiency and specific heat transfer area as a function of the mean effective

temperature difference of the MED unit (scenario G).

Finally, Fig. 6f presents the influence of the mean effective temperature driving force of the

MED unit on the global exergy efficiency and the specific heat transfer area, within scenario G

conditions and imposing an electrical current (or equivalently an external resistance) leading to

maximum performance. In these conditions, increasing the temperature difference from ~1.3 to

10 °C reduces the efficiency from 2.3% to ~1%. However, a lower number of effects can be

used (passing from 24 to 6) and a decrease in the specific heat transfer area is observed (from

~650 to 150 m2-kg-s). This fact could be very attractive from an economic point of view, as

the heat exchangers represent an important share of the total MED capital costs.
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Fig. 7. Inlet and outlet (a) concentration and (b) molar flow rate in the RED unit as a

function of the electric current, for scenario A (only internal resistance losses).

3.3  Sensitivity analysis with reference membrane properties

Results for the sensitivity analyses using reference IEMs are shown hereafter, in order to
investigate the effect of the main operating and design conditions on the performance of the

overall process and components.
3.3.1  Effect of solutions concentration

The component and global exergy efficiency are analysed when the inlet concentrations vary
between 2 — 5 M (concentrate) and 0.01 — 0.1 M (dilute), with the rest of parameters being
constant as in the reference case, except the number of MED effects, which has been varied in
order to keep at least 1 °C of mean effective temperature driving force in each effect. Only the
results of the parametric evaluation for the overall RED-MED system are depicted in Fig. 8.
The figures for each component (RED unit, MED unit, Mixer 1 and Mixer 2) are reported in
the Supplementary Information file, for the sake of brevity.

The exergy efficiency of the RED unit increases for lower values of the concentrate solution
salinity, reaching almost 28% at Cy =2 M, while it is not affected by the dilute solution salinity
in the range analysed. Lower salinity gradient implies lower power output, however, this
behaviour is explained by the lower exergy destruction associated to the uncontrolled mixing
phenomena when the concentration difference is reduced [29]. For the MED unit, the exergy
efficiency increases up to 55% with the salinity of the concentrate solution, with the maximum
at 5— 0.1 M. Higher concentrations of the concentrate solution reduces the number of effects

(due to higher BPEs), but at the same time the exergy difference between the exiting and
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entering solutions is larger, therefore, the exergy efficiency rises. The exergetic performance of
Mixer 1, defined by Eq. (45), is also favoured by the salinity increase of the inlet concentrate
solution, leading to values near 80% at 5 — 0.1 M. On the contrary, the exergy efficiency of
Mixer 2, defined by Eq. (46) increases up to ~95% with the decrease of the inlet dilute solution
concentration, at 0.01 M. Finally, due to the combination of the different mentioned effects, a
maximum global exergy efficiency of 2.1% is reached at an intermediate inlet concentrate
solution salinity, 4 — 0.01 M, and 21 MED effects (Fig. 8).

0.1 I2.5
_.0.08
<1
S
E, 006 1.255
9
O 0.04
0.02 I
0.01
2 25 3 35 4 45 5
CHc[mOUL]

Fig. 8. Global exergy efficiency as a function of the concentrate and dilute inlet

concentrations to the RED unit, using reference membranes.

3.3.2  Effect of solutions velocity

The effect of the concentrate and dilute solutions velocity on the exergy efficiency are
investigated in the ranges 0.2 — 2 cm/s (HC solution) and 0.5 — 2 cm/s (LC solution). The inlet
concentration values are selected as those leading to the maximum performance obtained in the
previous analysis (4 — 0.01 M), with the rest of the parameters being constant (except the
number of MED effects, changed as described in the preceding section). The figures related to
each component are depicted in the Supplementary Information file.

The exergy efficiency of the RED unit is increased for lower values of the inlet concentrate
solution velocity and higher values of the dilute solution velocity, reaching a maximum of
25.3% for 0.2 — 2 cm/s (vyc — vic). The first result is due to the reduction of the uncontrolled
mixing phenomena (caused by a decrease in the concentration when the residence time is
enlarged). On the contrary, the second effect can be attributed to the lower concentration of the

dilute solution when its residence time decreases, which enhances the induced voltage (see Eqg.

1)
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The exergy efficiency of the MED increases with the concentrate velocity and decreases
with the dilute velocity, due to the higher concentration and flow rate of the feed water (RED
exiting concentrate solution) obtained in those conditions. The inlet specific exergy is increased
more than the heat rate, while the outlet flow exergy of the concentrate and distillate streams
remains equal. The maximum value, 48%, is obtained for 2 — 1.5 cm/s.

The exergy efficiency of Mixer 1 follows the same trend as the one observed for the MED.
More specifically, the higher the concentration and flow rate of the inlet streams, the higher the
exergy efficiency (reaching ~100% for 2 — 0.2 cm/s), which means lower exergy destruction.
On the contrary, Mixer 2 is not affected by the velocity of the concentrate solution, and only
the dilute solution velocity has a slight influence on the exergy efficiency. Therefore, it is
maintained almost constant for all the range of velocities analysed, with a maximum of 95.5%
for 0.2 — 2 cm/s.

Finally, the global exergy efficiency (see Fig. 9) results as a combination of the exergy
efficiency of all the components. The maximum global exergy efficiency (3.6%) is reached for
values of the concentrate and dilute solutions velocity of 0.2 — 0.5 cm/s, respectively, and 26
MED effects, with the thermal efficiency equal to 0.73%.

© I’

25
IO

Fig. 9. Global exergy efficiency as a function of the concentrate and dilute inlet velocities

0.5 1 15 2
Vhe [em/s]

to the RED unit, using reference membranes.

3.3.3  Effect of the RED unit aspect ratio

The effect of the RED unit’s aspect ratio (length-to-width ratio) on the global exergy
efficiency is also analysed. The concentration and velocity of the concentrate and dilute

solutions leading to the maximum exergy efficiency have been selected (4 — 0.01 M and 0.2 —
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0.5 cm/s, of the HC — LC solutions, respectively). Besides, a constant membrane’s area of 0.25
m? is assumed.

Increasing the length of the membrane involves higher residence time of the solutions and
therefore higher power output, but at the same time the uncontrolled mixing phenomena (salt
diffusive flux and osmotic water flux) increases. Overall, Fig. 10 shows the evolution of the
global exergy efficiency. A value of Ryeom=1 (b=0.5 m, L=0.5 m), with 26 MED effects,
provides the maximum performance, 4.3% (0.96% thermal), slightly higher than the one found
in the solutions velocity analysis (3.6%). This may be explained considering that the increase
of the channel length (L) extends the residence time of the solutions, which has been already
enhanced in the velocity analysis. Therefore, the analysis of the aspect ratio, once the solutions
velocity have been analysed, does not lead to significant higher exergy efficiency for the RED-
MED HE.

10

Exergy efficiency [%]

0 L L
0.01 1 100
Rgeom:L/b [']

Fig. 10. Global exergy efficiency as a function of the length-to-width (R,.,,,) membrane’s

aspect ratio, using reference membranes.

3.4  Sensitivity analysis with high-performing membranes

The membrane properties significantly affect the performance of the RED-HE system, as
non-ideal phenomena (e.g. permselectivity, salt diffusive flux, water diffusive flux) and ohmic
losses (linked to IEMs resistance) are sources of irreversibility that consume part of the total
exergy available in the initial salinity gradient. Therefore, in order to improve the overall exergy
efficiency of the heat engine, membranes with enhanced features are required.

The exergy efficiency of the system equipped with high-performing IEMs is analysed
hereafter. The permselectivity is assumed to be constant and equal to 95% at any concentration,
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and the membrane’s resistance, salt diffusive flux, and water diffusive flux, are decreased to
one fourth of the reference membrane values, which leads to better performance still being a
realistic choice of parameters values (as indicated in Fig. A.1 in Appendix A).

The trend of the exergetic efficiency for each component is similar to those explained in the
reference membrane’s case. However, due to the mitigation of the uncontrolled mixing
phenomena and the constant value selected for the permselectivity, the efficiencies are less
affected by the variation of the salinity gradient and membranes properties. For the sake of
brevity, only the global exergy efficiency is shown in Fig. 11, the analyses for the rest of the
components are reported in the Supplementary Information file. The analysis of the inlet
concentrations (depicted in Fig. 11a) leads to a maximum global exergy efficiency of 18.2%
for 4.5 -0.01 M and 19 MED effects, while the inlet velocities analysis (Fig. 11b) determines
a maximum efficiency of 23.6% for 0.2 — 0.36 cm/s and 23 MED effects. Finally, the evaluation
of the membrane’s aspect ratio (Fig. 11c) increases the exergy efficiency only marginally to
23.8% (5.4% thermal) for R0, =2.5 (b=0.316 m, L=0.791 m) and 23 MED effects.
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Fig. 11. Global exergy efficiency as a function of the solutions (a) concentration, (b)

velocity and (c) stack’s aspect ratio, using high-performing membranes.

3.5 Comparative analysis

Table 3 presents a summary of the overall improvement of the RED-MED HE exergy
efficiency, after the parametric analyses carried out on the inlet solutions concentration, velocity
and membrane’s aspect ratio. Particularly, the results for the base case, reference membranes,
and high-performing membranes are compared. Results show the great improvement achieved
in the performance with respect to the reference case by varying only the operating conditions.
The overall exergy efficiency has almost doubled from 2.3% to 4.3%, showing that it is largely

affected by the RED process, where a significant amount of exergy destruction occurs. Higher
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efficiency is observed by reducing the dilute solution concentration (from 0.05 M to 0.01 M),
increasing the concentrate solution concentration (from 3 M to 4 M), and reducing the
concentrate solution residence time. Concerning the membrane’s aspect ratio, asymmetric
membranes with an aspect ratio between 1 and 3 results in the highest performance, under the
investigated conditions.

The adoption of high-performing membranes in the RED unit leads to a huge increase in the
system efficiency, passing from 4.3% to 23.8%. This is mainly due to the improvement of the
IEMs properties and subsequent reduction of the irreversibility sources, which are the main
limiting factor of this technology. The RED exergy efficiency reaches 54.9%, while in the base
case was only 17.7%, i.e., a three-fold increment. The proper selection of the operation point
and the use of high-performing membranes allowed to decrease the irreversibility sources
within the RED unit. The MED exergy efficiency increases from 37% to 47.7%, caused by the
decrease in the waste heat requirement. Comparing the exergy efficiency of Mixer 1, it is
increased from 76.9% to almost 100%, while in the case of Mixer 2 it is raised from 78.6% to
92.3% (the reduction of the outlet dilute concentration enhances the exergy efficiency of Mixer
2). The component with a higher contribution to the exergy destruction of the RED-MED HE
in all cases is the MED unit, followed by the RED unit, and the mixers. Besides, more power is
generated, 1080 W against the initial 487.2 W, while the heat rate input decreases from 37 to
~18 kW. The specific thermal energy consumption of the MED does not vary significantly
(around 35 kWh/m®) because the decrease in the distillate flow rate is similar to that one of the
waste heat steam (approximately one half). This value is found much lower than that of the MD
regeneration process for RED-HE applications reported in [27] (> 100 kWh/m?) and in the
range of the most-performing schemes (hybrid MED and adsorption process) in seawater
desalination applications (30 — 40 kWh/m?3 reported in [58]).

Table 3. Comparison of the RED-MED HE performance between the reference case and

the two best cases analysed with reference and enhanced membranes properties.

Reference High-perf.

Concept Base case memb. memb.
Input variables

Inlet concentrations, (mol/L) 3-005 4-001 45-0.01

Inlet velocities, (cm/s) 1-1 02-05 0.2-0.36

Membrane aspect ratio, (m x m) 0.25x1 05x0.50.316 x0.791

Number of MED effects 24 26 23

Mean temp. difference, (°C) 13 1.2 1

Results
Exergy efficiency, ny (%)
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Global 2.3 4.3 23.8

RED 17.7 18.3 54.9
MED 37 39.9 47.7
Mixer 1 76.9 62.2 99.9
Mixer 2 78.6 93.5 92.3
Exergy destruction, Ep (W)
Global 8142 7585 3112
RED 2144 2449 887
MED 5423 4888 2191
Mixer 1 384 187 0.1
Mixer 2 191 61 34
Thermal efficiency, n¢p, (%) 0.51 0.96 54
Gross power, Py;.oss (W) 487.8 551.9 1080
RED pumping power, Ppymp rep (W) 25.6 3.1 2.2
MED pumping power, Pyympmep (W) 273.7 213.3 103.6
Net power density, Py ner (W/m?p) 1.9 2.2 4.3
Waste heat rate, Q,,, (KW) 37 34.9 17.9
MED STEC, s (KWh/m?®) 35.6 31.7 35.4

The exergy balance of the most-performing case (obtained when using high-performing
membranes), is depicted in Fig. 12 by means of a Grassmann diagram. For each component of
the system, entering and exiting exergy rate flows are presented, together with the amount of
exergy destroyed. In the RED unit, the exergy rate content of the concentrate and dilute
solutions (2493 W) is partly consumed to generate electric power (1080 W), with the remaining
fraction destroyed due to the irreversibility sources of the pile (887 W, 28.5% of the total exergy
destruction). Then, a fraction of the electric power produced is used to drive the RED and MED
pumps (2 W and 104 W, respectively).

The exergy rate content of the solution exiting the RED unit (528 W) is then marginally
destroyed within Mixer 1 (0.1 W, value practically negligible compared to the exergy
destruction within the RED and MED units). In the MED unit, the exergy rate supplied by the
cooling process (489 W) is added to the waste heat exergy rate (3597 W) and pumping exergy
rate (104 W), destroying a large amount of exergy (2191 W, 70.4% of the total). A large amount
of waste heat exergy is supplied to the system compared to the net electric power produced in
the RED unit, leading to a low value of the thermal efficiency (5.4%). In contrast to the case
where reference membranes are used, here the MED unit limits the overall exergy efficiency of
the system. The exergy rate of Mixer 1 outlet solution is significantly increased in the MED
unit (from 526 W to 2525 W). Finally, the exergy rate of the distillate is partially diminished in
Mixer 2 (from 434 W to 402 W), where the salinity of the dilute solution is restored and a small
amount of the exergy rate is destroyed (34 W).
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939 Fig. 12. Grassmann diagram of the RED-MED system, showing the values of exergy flows

940 calculated using high-performing membranes and the best-performing operating conditions
941 analysed.
942

943 4. CONCLUSIONS

944 In this work, for the first time, a detailed exergy analysis of a RED-MED HE has been carried
945  out. Comprehensive mathematical models of the RED and MED units were used, which
946 allowed performing sensitivity analyses on the main operating and design variables of the
947  system: inlet solutions concentration, velocity, and membrane’s aspect ratio.

948 The inlet solutions concentration and velocity in the RED unit, together with the aspect ratio
949  of the membranes, have an important influence on the performance of the RED-MED HE. The
950 overall exergy efficiency could be almost doubled by selecting the most-performing values of
951 the operating and design parameters (Cy-=4 M, C;-=0.01 M, vy-=0.2 cm/s, v;-=0.5 cm/s,
952 b=0.5m, L=0.5m, and 26 MED effects) among those investigated in the parametric analysis.

953 The results of the exergy analysis indicate that the component with major contribution to the
954  overall exergy destruction is the MED unit (about 70% of total), followed by the RED unit (25
955 —30%) and to a lesser extent, Mixer 1 and Mixer 2. Moreover, exergy destruction in the RED
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unit related to the permselectivity of the membranes, salt diffusive flux and water osmotic flux
were found to greatly decrease the overall RED-MED HE performance. On the contrary, the
effect of polarization phenomena and RED pumping power consumption only produce a slight
reduction in efficiency. The influence of the MED pumping power is more accused than the
latter, leading to an important decrease in the global exergy efficiency. In order to reduce the
irreversibilities associated with the structural parameters in the RED unit, further research on
the improvement of the membrane properties should be taken into consideration. The
irreversibilities associated with the MED unit have been related to the temperature differences
in the heat exchangers, which has to be kept as low as possible to minimise exergy losses,
although higher specific heat transfer areas and higher capital cost investments are expected in
that case.

Finally, the energy conversion potential of the technology was assessed using high-
performing membranes, reaching a global exergy efficiency of 23.8% (5.4% thermal), showing
the significant potential of the RED-MED HE for the conversion of waste heat into electricity.
Future work will extend the model including also an economic and environmental analysis in

order to demonstrate the techno-economic and environmental feasibility of the process.
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NOMENCLATURE

Variables

A Area, m?

a Activity, -

b Membrane’s width, m

C Molar concentration, mol/L

c Specific heat capacity, J/(kg-°C)
E Electric voltage, V

e Molar flow exergy, J/mol

E Exergy rate, W
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990 F Faraday constant, C/mol

991 h Specific enthalpy, J/kg

992 h Molar enthalpy, J/mol

993 i, I Electric current, A

994 ] Molar flux, mol/(m?-s)

995 L Length, m

9% M Molar mass, g/mol

997 m Molality, mol/kg

998 m Mass flow rate, kg/s

999 N Molar flow rate, mol/s
1000 n, Hydration number, -
1001 »p Pressure, Pa
1002 P Power, W
1003 P, Salt permeability coefficient, m?/s
1004 P, Water permeability, m/(Pa-s)
1005 Q Volumetric flow rate, m%/s
1006 R Areal electrical resistance, Q-m?
1007 or gas constant, J/(mol-K)
1008 R, External resistance (load), Q
1009 sA Specific heat transfer area, m?/(kg/s)
1010  sE Specific thermal energy, KWh/m®gist
1011 5 Molar entropy, J/(mol-K)
1012 s¢ Spacer shadow factor, -
1013 T,t Temperature, °C (or K)
1014 U Overall heat transfer coefficient, W/(m?-K)
1015 v Velocity of the solutions, cm/s
1016 X Salinity, ppm
1017  «x Molar fraction (-) or distance (m)
1018
1019  Acronyms and abbreviations
1020 AEM Anion Exchange Membrane
1021 BPE Boiling Point Elevation
1022 CEM Cation Exchange Membrane
1023 EES Engineering Equation Solver
1024 HC High Concentration
1025 HE Heat Engine
1026 IEM lon Exchange Membrane
1027 LC Low Concentration
1028 MD Membrane Distillation
1029 MED Multi-Effect Distillation
1030 OCV Open Circuit Voltage
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1031 ORC Organic Rankine Cycle

1032 RDS Restricted Dead State

1033 RED Reverse Electrodialysis

1034 SGE Salinity Gradient Engine
1035

1036  Greek

1037 « Permselectivity, -, or mass fraction, -
1038 vy Activity coefficient, -

1039 & Thickness, m

1040 € Relative volume, -, or tolerance, -
1041 7 Efficiency, %

1042 6 Polarization coefficient, -
1043 A Equivalent conductivity, S-cm?/mol
1044 2 Enthalpy of vaporization, J/kg
1045 pu Chemical potential, J/mol
1046 v Number of ions

1047 p Density, kg/m?

1048 ¢ Osmotic coefficient, -

1049

1050  Subscripts

1051 O Dead state

1052 av Average

1053 B Brine

1054 ¢ Condensate

1055 ch Chemical

1056  coul Coulombic

1057 cp Cell pair

1058 cw Cooling water

1059 d Density

1060 D Destroyed

1061  diff Diffusive

1062  dist Distillate

1063  eosm Electro-osmotic

1064 F Feedwater or Fuel

1065 FB Flash in flashing box

1066 FE Flash in the effect

1067 g Global

1068 H Height

1069 HC High concentration

1070 in Inlet or internal

1071 L Loss or Load
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1072 LC Low concentration

1073 M Mixer

1074 m Membrane

1075  net Net value

1076  osm Osmotic

1077 P Product or Power
1078 p Pumping or pressure
1079  ph Physical

1080  preh Preheater

1081  pump Related to pumping
1082 Q heat

1083 s Salt

1084  sat Saturated

1085 T Total

1086 th Thermal

1087 V Vapor

1088 w Water

1089 wh Waste heat

1090 X Related to exergy
1091

1092  Superscripts

1093 Conditions after the demister
1094 " Conditions in the flash box
1095 O Dead state

1096 * Restricted dead state
1097

1098
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Appendix A
A.1l  Osmotic and activity coefficients

The model from Pitzer et al. [49] has been selected for the calculation of the mean activity
coefficient y (-) and the osmotic coefficient ¢ (-) of the NaCl aqueous solution, determined by
Egs. (A.1) and (A.2), respectively:

l = | IA > + 2] (1 + bIO.S) +2 VmVx
ny = —lzyzx|Ag 1+b195 ' b n m ” (A 1)
(1) 2 22 '
2 a“l Vv
a-l 2 y
0.5 2vyVy
= © 4 g 05
p—1= —|ZMZX|A¢ WAL +m . [ oy + Braexp(—al )] .

VsV 3/2
+2m2—(Mj) co.

where z),, and zy are the charge of the cation and anion, respectively, A (kg/mol)®® is the
Debye-Hiickel parameter for the osmotic coefficient, I (mol/kg) is the ionic strengh, m (mol/kg)
is the molality, v,, and vy are the number of cations and anions of the salt, v is the number of
ions, 31540;)( 15/11;)( and C,, are adjustable parameters (with values of 0.07525, 0.2769 and 0.0014,

respectively), a is a constant (2 for univalent ions), and b is a universal parameter (1.2 kg*?mol-
1/2)_

A.2  Thermodynamic properties of NaCl-water solution
Density

The density p (kg/m®) of the aqueous NaCl solution has been determined using Eq. (A.3),
obtained from the work of Rogers & Pitzer [59], as a function of the molarity ¢ (mol/m?) and

temperature T (°C) of the solution.
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p=A+B (A.3)

A=1.003-10% —1.373-107%2-T —6.671-1073-T%2 +3.840-107°-T3 —1.616

. 10—7 . T4- (A4)

B=3905-10'-C —7903-1072-C-T+1.171-1073-C-T? —8.444-1077-C

A5
.T3 —9374-107%.-C%-T? (A5)

Conductivity

In order to determine the equivalent conductivity Ag,,; (S-cm?-mol™?) of the solutions, Eq.

(A.6) has been used, dependent on the molar concentration [29]:

AA vV Csol
1+ By +/Csor

where A, is the equivalent conductivity of the salt (infinite dilution), and A,, B, and C, are

Asor = A — — Cp Cso (A.6)

specific parameters obtained for a temperature of 25 °C.

Diffusivity

The diffusion coefficient or diffusivity D (m?/s) for NaCl aqueous solution is obtained using

Eq. (A.8), obtained from [60] as a function of the solution concentration:
—Cso
Dyyy = 14710724 0.13-10% ¢ /70 (Cyp; < 400) (A7)

Dsoy = —2.87262-10721C3, + 2.03219 - 1077C2,, — 8.44113 - 107 15C,,; + 1.4705

1079 (Cyp > 400) (A-8)

Viscosity

The viscosity u (mPa-s) of the NaCl aqueous solution has been determined by means of the
correlation (A.9) proposed by Ozbek et al. [61], dependent on the temperature T (°C) and
molality m (mol/kg) of the solution (valid for temperatures up to 150 °C and concentrations up

to saturation).

Usop = €1 +Cp - enT 4 cs - ed2m 4 Cy e3(0.01T+m) 4 Cs - e@4(0.01T—-m) (A_g)

¢, = 0.1256735; ¢, = 1.265347; c3 = —1.105369; ¢, = 0.2044679;
¢s = 1.308779; a; = —0.04296718; a, = 0.3710073; a5 = 0.4230889;
a, = —0.3259828;
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A.3  Membrane properties
Electrical resistance

The areal electrical resistance R (Q-cm?) of the IEMs has been determined using quadratic
empirical correlations (Egs. (A.10) and (A.11)) obtained for FujiFilm Type 10 membranes [27],

as a function of the molar concentration of the solutions:

Ragy = 0.487 C2, — 2.81 Cye + 7.21 — 0.14 Cy ¢ (A.10)

Regy = 0.487 C7p — 2.81 Cye + 7.22 — 0.27 Cy (A.11)
Permselectivity

The membrane permselectivity a (-) was determined by means of empirical correlations
((A.12) and (A.13)) dependent on the molar concentration of the solutions, obtained for
FujiFilm Type 10 membranes [27]:

gy = 0.987 — 0.0441 Cpy — 0.183C,, (A.12)
acgy = 0.991 — 0.0441Cye — 0.253C,, (A.13)

Polarisation coefficients

The polarisation coefficients 8 (-) were calculated implementing suitable correlations
obtained with data from CFD simulations for the case of Deukum GmbH spacers [62]. They
are defined as the solution concentration ratio between the membrane interface and bulk plane,
which can be approximated by the correlations (A.14) and (A.15):

-1
Cm LC 2]5 5LC
9= =M (g 4 (—) A4

M G ( Shic Dic Cic (A1)

(A.15)

Cm,He 2 Js 8uc
O1Emuc = = a1 (S—)

Cb,HC ShHC DHC CHC

where C,,, (mol/m?) and C,, (mol/ m?) are the concentration in the membrane-solution interfaces
and within the bulk plane (at the middle of the channel), respectively, § (m) is the thickness of
the spacer used in each channel (HC or LC); D (m?%s) is the salt diffusivity value in the
respective channel; Sh (-) is the Sherwood number, relevant to each solution, and calculated as
a function of the Reynolds number Re (-) and the Schmidt number Sc (-) according to (A.16).
Sh=(—1.481-10"7 Re® +3.739 - 1075 Re* — 3.253 - 1073Re® + 1.117 - 10~ ! Re?
0.5
c ) (A.16)

Cre f

+ 1.348 - 1071 Re + 6.954) - (
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1332 where Sc, is the Schmidt number of the reference solution (NaCl aqueous solution at 1 atm,
1333  25°C and 0.017 M).

1334

1335  High-performing IEMs properties

1336 The electric resistance and permselectivity of the assumed standard reference and high-
1337  performing IEMs are compared to those of the commercial membranes found in the literature

1338 [63]in Fig. A.1, measured at the defined conditions (0.5 M for the resistance and 0.5 - 0.05 M
1339  for the permselectivity).
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1342 S
1343 Fig. A.1 Electric membrane resistance (up) and permselectivity (down) for various
1344 commercial IEMs, measured at 0.5 M for the resistance and 0.5 — 0.05 M for the

1345  permselectivity [63]. The values for the reference and high-performing membranes properties
1346 are also represented, the latter defined as ¥ of the value measured at 0.5 M for the resistance
1347 (Egs. (A.10) and (A.11)) and 95% for the permselectivity. It is worth noting that the

1348  permselectivity of high-performing membranes is lower than current ones at 0.5 — 0.05 M, but
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it stays constant at higher concentration, while in current membranes permselectivity

significantly decreases with HC concentration.

Appendix B
B.1  Pressure drop in the RED stack

The pressure drop Ap (Pa) of the solutions within the RED concentrate and dilute channels

have been calculated using Eq. (B.1):

Ap dj
f=71
2

7,01.7

(B.1)

where d,, (m) is the hydraulic diameter (=268 spqnner), L (M) the length of the channel, p (kg/m®)
the density of the solution, v (m/s) the velocity of the solution, and f (-) the Fanning friction

factor, calculated as a function of the Reynolds number [64].

B.2  Pumping requirements in the MED unit

For the determination of the pumping requirements within the MED, three factors have been
considered, namely, the total height to be overcome (Apygpy), the restoration of the
atmospheric pressure at the exit of the HC and distillate solutions (Apmep mcous and
APmED,aist,out), @nd the pressure drop in the cooling process (Apyep,cooting) [65]- They have
been calculated by means of Egs. (B.2), (B.3) and (B.4):

Apmepr =P -9 - H - Negy (B.2)
ApmeD He,out = DPMED dist,out = Patm — PN (B.3)
. L 1
APmED cooling = (4’ Jre (d_l) Ny +4- Np) 'Epvz (B.4)

where H (m) is assumed to be 1 m per effect, N, (-) is the number of effects, py (Pa) is the
pressure in the last effect, j; (-) is the friction factor of the tube side, d; (m) is the internal

diameter of the tubes, and N,, (-) is the number of tube passes of the shell & tube condenser.
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