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Abstract

We aim at exploiting the heat sources at very low temperature,
below 150° (e.g. low-concentration solar and industrial waste heat)
for production of electrical energy, in particular for small power ap-
plications. In this case, traditional techniques, such as organic Rank-
ine cycle, Stirling engines and solid-state devices based on Seebeck
effect, are not economically viable. We explore a low-cost, easily down-
scalable electrochemical method working with a closed cycle: a salinity-
gradient-power device produces electrical current by consuming the
concentration difference between two solutions; the mixed solutions it
produces are sent to a distiller which restores the concentration differ-
ence, in turn exploiting the low-temperature heat source. The “bat-
tery mixing”, a newly introduced salinity-gradient-power technique,
enables the exploitation of a wide range of solutes and solvents. In
this manuscript, we theoretically analyse the whole cycle, in order to
enable an educated choice of solutes and solvents with respect to the
efficiency in the conversion of heat into electrical power. We find that
the main requirement is a high boiling point elevation; minor advan-
tages are obtained by solutions with a high latent heat of vaporisation
and low specific heat capacity. The first two requirements could appear
counter-intuitive, since they are detrimental in the case of distillation
processes per se. Quite surprisingly, the electrochemical parameters
play a minor role in determining the efficiency. Our results allow to
devise solutions for single-effect processes that give a high efficiency,
close to the Carnot limit, for very low temperature heat sources (e.g.
11% for a temperature difference of 40 K), competitive with the more
traditional techniques but much cheaper and easily down-scalable.
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1 Introduction

The free energy contained in solutions with different concentrations can be
tapped and converted into electrical energy by means of the so-called “salin-
ity gradient power” (SGP) techniques, e.g. by means of a concentration-
difference electrochemical cell [7].

Various SGP techniques have been proposed for the conversion of the
concentration differences into current. They were often conceived as a mean
for the production of completely clean and renewable energy by exploiting
the naturally occurring solutions with different concentrations [24, 21, 15].
Such solutions include river and sea waters, and brines from salt lakes
(e.g. Dead Sea) [14], from coal-mines (produced by dissolving geological
deposits) [34], and from salterns [6].

Recently, various researchers proposed to apply instead these techniques
in situation in which the difference in concentration is produced by means
of distillation [13, 18]. In other terms, these authors proposed to use the
following thermodynamical cycle: the solutions with different concentrations
enter into the SGP cell, which exploits part of the available mixing free
energy. The outgoing solutions are then completely mixed and are sent to a
distiller, where the concentration difference is restored so that a new cycle
can take place. The whole device, which operates in closed-cycle with respect
to the involved masses, can be considered as a heat-to-current converter
(HTCC), conceived for exploiting low-temperature heat sources.

In the literature, a thermodynamical analysis of such a cycle is appar-
ently lacking. The present work aims at finding how the efficiency of the
HTCC depends on the thermo-physical parameters of the solutions, allow-
ing for a selection of the solutions that gives a high efficiency n, namely the
ratio between the produced electrical work and the heat adsorbed from the
heat source.

It will be shown in Sect. “Thermodynamical efficiency of the distiller
stage” that the efficiency improves as the boiling point of the more con-
centrated solution increases. A weaker improvement is obtained by using a
solvent with a high latent heat of vaporisation and with a low specific heat
capacity. Such parameters will constitute clues for the selection of candidate
solutions to be used in our HTCC. Using solutions of a strong electrolyte in
water an efficiency can be reached close to that of a Carnot cycle working
between the boiling point of the more concentrated solution and the boiling
point of the pure solvent.

It is worth noting that the role of the first two parameters (i.e. boiling
point elevation and latent heat of vaporisation) could be counter-intuitive,



since they have a detrimental effect in distillation. The question can be
settled by remarking that our aim of increasing the free energy content of
the solution is different from that of distillation, that aims at the maximum
production of concentrated solution or distillate.

Now, as a matter of fact, the overall efficiency n is the product of the
efficiencies of the distiller stage and of the SGP cell:

1 = Ndist"SG P, (1)

where 74,5 is the efficiency of the distiller in converting heat into the mixing
free energy of the solutions and nggp is the efficiency of the SGP device in
converting the free energy into electrical energy. At any rate, the overall heat
to current conversion performance is dependent essentially on the thermo-
physical properties of the solutions, relevant for the operation of the distiller
stage. The analysis performed in Sect. “Thermodynamical efficiency of the
distiller stage” will show that it is possible to give a rough evaluation of the
efficiency of the HTCC only in terms on the thermo-physical parameters of
the solutions, relevant for the distiller stage, because such thermo-physical
parameters also determine the power output and the voltage (or voltage
rise) of the SGP cell.

In this paper, we will consider an SGP device based on electrochemical
principles of operation, so that the HTCC we study falls in the broader cat-
egory of the “thermally regenerated electrochemical cells” [28], in which the
regeneration takes place by means of a thermal effect (either physical, such as
distillation, or chemical) and the electrochemical cell exploits a composition
difference between solutions. Some examples are given by copper redox flow
battery [25] or cells based on complexation of copper ions by ammonia [36].
In various patents (e.g. WO 2012012767 and US 4292378), the electrochem-
ical SGP devices is based on reverse electrodialysis (RED) [35, 26, 27], in
which the feed solutions are sent through a stack of ion-exchange membranes;
the ion diffusion which takes place across the membranes constitutes a cur-
rent that can be extracted from the cell. Although all the cited techniques
allow, at least in principle, to reach a high efficiency nggp of the electro-
chemical SGP device (50%-80%), the overall efficiency 7 is much lower, due
to the low efficiency of the distiller stage; up to now, this obstacle has not
been recognised in literature as the most limiting element of the technique.

A novel family of SGP techniques has been recently introduced for the
exploitation of naturally occurring salinity differences: it includes the “ca-
pacitive mixing” (CapMix) [2, 31, 3, 5, 1, 29, 4] and “mixing entropy battery”
or “battery mixing” (BattMix) [13, 10]. The latter technique can be effi-
ciently applied also to the artificially produced solutions used in the HTCC;



indeed, BattMix devices specifically designed for lithium chloride and zinc
chloride solutions have been studied [2, 13, 17, 16].

The BattMix technology allows to reach higher overall efficiencies. The
reason resides in the possibility of exploiting unusual and much more con-
centrated solutions with respect to the membrane-based RED technique;
this allows to reach a higher efficiency ny;s+ of the distiller stage. For ex-
ample, we will show that a HTCC cycle working with a BattMix cell using
aqueous zinc chloride solutions can theoretically reach an efficiency of 8%
with the very small temperature difference of 40 K [17] (see Sect. “Nominal
power and efficiency”). The performances of the SGP cells, with RED and
BattMix technologies, are described in Sect. “Power output and efficiency
of the electrochemical cell”. There, it will be shown that various SGP tech-
nologies could attain a good efficiency nggp (up to 80%) in the conversion
of the free energy of the feed solutions into electrical energy, making our
approach feasible.

We now make a comparison between our approach for the heat-to-current
conversion and the more traditional ones. We recall that the conversion of
heat to mechanical work is traditionally obtained by means of heat engines
(see for example [33]), and in the cases of low temperature sources the
Stirling motors or organic Rankine cycle devices are proposed. However, the
quest for alternative methods, less relying on moving parts, is an important
research field.

The HTCC we propose has several advantages over the traditional so-
lutions. First of all, thanks to the limited presence of moving parts, the
devices need a very limited amount of maintenance, making them suited
for domestic and small-scale applications. Another remarkable advantage of
this scheme is that it can produce electric power on demand, because the
solutions produced by the distiller during a few hours (e.g., around noon
for solar energy) can be stored and used later, when needed, by the SGP
cell. For example, the SGP cell can work at a lower power rate and provide
a continuous supply of electric power. The decoupling of the source from
the load is usually a big problem with the actual use of renewable energy,
and it is usually implemented by means of batteries or redox flow batteries,
which vice versa, in our scheme, are the main supplies of electric power (and
not an additional accessory). So, with our HTCC scheme, this important
feature is easily obtained by the inexpensive storage of liquids.

The required heat can be easily obtained by a renewable source as the
solar energy. In Sect. “Example of realization of the process” we present a
practical scheme of a single-effect device, working in a continuous regime.
Due to the small needed temperature difference (of the order of 40 K for



zinc chloride solutions), the device can be put in operation by using the heat
from solar radiation, without the need for concentration. By using solutions
with a higher boiling point elevation, such as sulfuric acid in water, we can
exploit a larger temperature difference, leading to a better efficiency. Such a
larger temperature differece can be provided by low levels of solar concentra-
tion, wich can be inexpensively achieved [11] by means of the concentrators
working with the so-called non-imaging optics [20, 32]. Such solar concen-
trators, not requiring tracking, are suited for domestic applications, and, by
using selective absorbers, the heat collectors can work with good efficiency
also at a not so low temperature, for example 50% at 180°C. Our HTCC
can be efficiently used also in other applications besides the solar energy
field, which include co-generation [22, 30, 23] and recovery of waste heat
from industrial processes, contributing to the renewable and clean energy
production.

Finally, we want to stress that our overall analysis of the HTCC can be
applied not only to distillation, but to any method based on the coexistence
of a liquid phase (solution) and a vapour phase in equilibrium, such that the
composition of the liquid phase depends on temperature.

2 Power output and efficiency of the electrochem-
ical cell

2.1 Nominal power and efficiency

The parameters of the SGP devices that are often reported are the power
(per electrode surface or volume) and the efficiency, namely the ratio be-
tween the produced energy and the available mixing free energy AG of the
incoming solutions. Both quantities usually represent the “nominal” val-
ues, Prom and Mpom, obtained in somehow optimal conditions. For example,
the power P, is evaluated at the optimal impedance coupling, while the
efficiency mpom is obtained at low current. The two nominal performances
cannot be obtained together with the same operational parameters; a trade-
off between the optimisation of them must be found (see next section).
The RED technique is often applied to sea-river water feed solutions;
in this case, the cell nominal power P, if of the order of 0.1-1 W/m?,
mainly depending on the membrane performances [26], while a few W per
square meter can be reached with NaCl brines. The CapMix technique
currently reaches 30 mW /m? with activated carbon electrodes in sea-river
water, and does not increase its performances when brines are used. The



BattMix technique reaches a power of approximately 100 mW /m?, which
can be increased with the use of brines. The use of solutions, other than
NaCl, allow to increase the power output of BattMix techniques. With zinc
chloride and zinc electrodes, the power of 3 W/m? has been reached in proof-
of-principle cells [17, 16]. An interesting thermally regenerative battery [25],
based on Cu™ ions, reaches a power that can be evaluated around 20 W /m?.

For what concerns the nominal efficiency n,om, notwithstanding it does
not include the detrimental effects of the overvoltage (being measured to
very low output power), however, one has always 7,0, < 1, because the
cell voltage does not match the difference of the chemical potential of the
solute between the concentrated and diluted solution. This happens for
many reasons, including parasitic reactions involving ions other than the
solute, unwanted mixing in the cell, leakage currents.

In the case of sea-river water, an efficiency more than 80% can be
achieved with RED [26]. Instead, the membranes used in RED do not
perform that well at the high concentrations needed in order to have a good
thermodynamicall efficiency of the distillation stage (see below). In fact the
actual voltage AV.s; of the RED cell will be decreased with respect to its
“ideal” behaviour, by increasing the concentration above a certain thresh-
old. The voltage AV,s; depends actually by the mean mole fraction ¢ of the
active groups of the ion exchange membranes, as shown in [27]. Under the
simplifying hypothesis of ideal solutions, for cy > ¢, the voltage AV, is
given by

9K 5T CHyfdc + )\ og,T c
AVepp = Zf log 50 < 22857 jog <c + 1) (2)
L zZe Cr,

The membranes have usually ¢ of the order of 3 M, far less than cy we aim
to use, so that this result can be roughly interpreted by saying that a RED
device would exploit a concentration difference between ¢y, and ¢, instead of
the much higher difference between c;, and cg.

Limitation of such a type do not apply to other techniques. For example
with the CapMix technique, good efficiency was obtained in the case of zinc
chloride solutions [17] and lithium chloride solutions [13]. Also batteries
batteries have a relatively high energy efficiency: the nominal efficiency
Nnom 18 of the order of 70-90% in the case of the above-mentioned thermally
regenerative battery [25], while for other type one has from literature 80%
for zinc-bromide , 66-72% for Fe-Cr, 72% for all-vanadium, and 70-74% for
lead-acid batteries [8].
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Figure 1: Sequence of cells that work at different concentrations, consuming
the concentration difference.

In the next section we’ll examine the behaviour of 77 as a function of the
actual output power of a cell.

2.2 Operation for complete consumption of the mixing free
energy

The parameters Pyom and 7,om defined in the previous section refer to par-
ticular operating conditions, in particular, to a particular (optimal) value
of the concentrations and of the currents. In real operations, the solution
concentration will change, because the solution concentration difference is
slowly exploited for producing energy; moreover, the current must be se-
lected with a trade-off between power production and efficiency. In this
section, we evaluate the average power output and the efficiency over the
whole process, starting with given solutions and ending with the solutions
completely mixed, provided that the process is performed under optimal
conditions. The goal is to exploit, as much as possible, the available mixing
free energy of the solutions; for an example of this in the case of RED, see
Ref. [12].

We parametrise the process with a “mixing parameter” x, which takes
a value 0 when the initial solutions are not mixed and 1 when the solutions
are completely mixed by the action of the SGP device. We assume that
the SGP operation starts at zg > 0, i.e. with partially mixed solutions,
for avoiding the high resistance of the pure solvent, and it ends at 1 < 1,
i.e. with not completely mixed solutions, since the cell voltage vanishes for
x — 1. The parameter x can be interpreted as representing the time in a
batch process, or as a spatial coordinate, as in Fig. 1.
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Figure 2:

Dependence of the maximum produced power P on the energy
efficiency nsgp of the electrochemical cell. The points have been obtained

for an AccMix cell working with ZnCl, solutions [17] at molar fractions
of ¢;=0.01 and cg=0.1 and a cell working with NaOH solutions at molar

fractions ¢;,=0.03 and cy=0.3 (see Supporting Information, Sect. 2 for the
details of the calculation). The dotted line represents an ideal situation in
which the voltage does not depend on the concentration.

The parameters that we choose to optimise are xg, z1 and the current
I (z) (this last parameter is a function of ). In order to discuss the trade-off
between P and nsgp, we find the maximum of P as a function of zg, x;

and [ (x), with a fixed value of nggp in the range between 0 and 1. The
calculation is reported in SI Sect. 1 and 2.

Figure 2 shows the dependence of P on nggp, calculated for various
solutions. We assume that the overvoltage is linear in the current, so that
the “nominal power” of the cell is Pyom = 1/4V2/Rg, where Vy and Ry are
the cell voltage and resistance in the conditions under which the nominal
power is evaluated. In the graph, the power is normalised with respect to

the nominal power. The graph also reports the particular case of constant



voltage, in which the optimisation can be easily done analitically. In that
case, we can recover the traditional result that, at the optimal impedance
matching, at which P, is evaluated, the energy efficiency is 1/2.

From Fig. 2 we conclude that a quite high efficiency nsgp can be ob-
tained, with a trade-off with the power. For example, if a given device, with
a given volume, has a nominal power P,,,,, for obtaining an efficiency of
80% and a power P = Py, the volume of the device must be multiplied
by a factor approximately 4.5.

3 Thermodynamical efficiency of the distiller stage

In this section we discuss the efficiency 74 of the distiller stage:

AG
ist — N 3
Ndist On (3)

where AG is the available mixing free energy of the solutions produced by
the distiller and Qf is the heat that the system adsorbs from the heat source.
In turn:

AG = G (ng,ny) + G (0,nL,) — G (ng, 4 +nl,) (4)

where G (ns,ny) is the Gibbs free energy of a solution with ns moles of
solute and n,, moles of solvent. In this section, we also assume that the
electrochemical cell is ideal, i.e. that it produces a work W = AG.

We focus on a batch operation performed by the cycle described in Fig. 3.
All the process takes place at a constant pressure P. We assume that the
every phase of the cycle is long enough for reaching a complete temperature
equilibration. The cycle starts with the compartments of the concentration
difference cell filled with a solution Sy at concentration ¢y and with an
amount of distilled solvent W respectively. The boiling point of the solution
Sy and of the pure solvent W are respectively Ty and T7. The cycle is
composed of the following five phases:

I. The electrochemical cell operates at temperature 77, reversibly, until
it is completely discharged, i.e. the solutions in the two compartments
reach the same concentration c;.

II. The total amount of solution S; at concentration c¢; is heated from 717,
to 17, the boiling point of the solution.

ITI. An amount of solvent equal to Wy is evaporated from the solution Si;
the temperature increases from 77 to Ty.
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Figure 3: Ideal implementation of the HTCC with batch operation with
complete equilibration at the end of each phase. In phases II and IV the
system adsorbs heat from the heat source at Ty while in the other phases
it is in contact with the heat sink at 77. A partial heat recovery, without

heat exchages with the source and sink, takes place between phases II and
1V.
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IV. Both the evaporated solvent and the remaining solution S}, are cooled
from Ty to Tr. The solution S| goes into the high-concentration
compartment of the cell.

V. The solvent vapor is condensed at temperature T77. The resulting
solvent W/ goes into the low-concentration compartment of the cell.

The heat is exchanged between the system and the heat source and
sink, respectively at temperature Ty and T7,. We immediately see that the
efficiency 74;s¢ is less than ne:

Ty Ty

" )

i.e. the efficiency of a Carnot cycle operating between Ty and Tp. Irre-
versible heat exchanges take place in phases II, IIT and IV, because of an
abrupt contact between the cell with the heat source and sink at a different
temperature, and thus the efficiency ng;s is strictly less than 7ng; however,
we will see that it is indeed possible to get close to this limit, i.e. to operate
the HTCC not too far from reversibility. It is worth noting that n¢ is of the
order of 10%, e.g. for ZnCl, solutions, for a temperature difference of 40 K,
but could be of the order of 20-25%, e.g. with sulfuric acid solutions.

Under the very rough assumption that the main heat consumption is
needed for the evaporation of water, Qepqp, and that the cycle has an effi-
ciency nc, we get W ~ Qevapnc. We thus see the importance of having a
high boiling point elevation and a high latent heat of vaporisation: the more
heat we need in vaporisation the more work we produce. This is somewhat
counterintuiteve, since both features are retrimental in distillation.

It can be noticed that the heat released by the system in phase IV is at
higher themperature than the heat provided to the system in phase II. Thus
we consider the possibility of providing a fraction « of heat needed in phase
II by recoverying heat pf phase IV. This will help to increase the efficiency.
It is worth noting that this heat recovery does not involve the latent heat.

The discussion above highlights the importance of the boiling point el-
evation. In Fig. 4 we show the boiling temperature at pressure P=1 atm
of solutions of various solutes, as a function of the concentration. We can
see that the various solutes give a different boiling point elevation, which
increases with the concentration; the maximum boiling point elevation that
can be achieved with a given solute is limited by its maximum concentra-
tion. For NaCl and NaOH the maximum concentration is chosen in order
to avoid crystallisation at room temperature; for ZnCl,, the concentration
is limited by the increase of viscosity.

yle;
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Figure 4: Boiling temperature at atmospheric pressure of aqueous solutions
of NaOH, ZnCl, and NaCl. The data for the NaCl stop at the molar fraction
corresponding to the solubility of the salt.
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Figure 5: Cycle in the T vs. S plane. The red and pink areas represent the
produced work and consumed heat in the case of the Carnot cycle.

The distiller will work at a pressure well below P=1 atm, in order to
roughly match the condensation temperature of the solvent with the room
temperature, assumed to be the heat sink. The precise dependence of the
efficiency n4;s¢ on the working pressure P will not be discussed here; how-
ever, it is worth mentioning that the calculations show that 74 is largely
independent on P; a strict independence could be deduced from the so-called
“Diihring’s rule” [19], which roughly holds in the cases under study.

Now we perform the calculation of the efficiency. Let M be the number
of moles of the solution Sy — defined as the sum of the numbers of moles
of solvent and of solute — and m the number of moles of the pure solvent
Wo. We define Ty, (c) the boiling point of the solution at concentration c
and we remind that 17, = pr (0), T = pr (Cl) and Ty = pr (Co). The
concentrations ¢y and c¢; are expressed as molar fractions, i.e. the ratio
between the moles of the solute on the one hand and the sum of the moles
of the solute and the solvent on the other.

We define Qj, ..., Qy as the heat absorbed by the cell in phases I, ...,

13



V; as usual, we attribute a positive sign to the heat absorbed by the system.
We can calculate four of them from the thermo-physical parameters, namely:

Qu = C(a)M+m)(Ty —Ti)
Qi = /O {Aic) + [C(C)—FCS <?M+m —1)} apr(C)}M?dc

M oc
Q[V = — [C (CO) M + C’Sm] (TH — TL)
Qv = —A (0) m, (6)

where C'(¢) is the molar specific heat at constant pressure of the solution
at concentration ¢, Cs is the molar specific heat at constant pressure of
the solvent vapour (steam), A(c) is the molar latent heat of evaporation
of the solution at concentration c at its boiling point. Here we neglect the
dependence of the specific heats on temperature. It’s worth noting that A (¢)
can be calculated based on the boiling point elevation, see SI Sect. 4.

Then we define ASy, ..., ASy as the entropy changes underwent by the
cell in phases I, ..., V; we calculate four of them from the thermo-physical
parameters:
Ty
ASrr = C(a)(M+m)ln—
Ty,
“ (X(c) coM+m ITyy, () co
A = s — —1 P M d
St o { c * {C () +C ( c M >} Jdc cTyp () ¢
T
ASjy = —[C(co) M + Cym]In =2
Ty,
A(0
Asy = - AMOm (7)
17,

Finally we calculate W = AG as:

W =AG =Qrr+ Qrir + Qrv + Qv — Tr, (ASr1 + ASrrr + ASpy + ASy) ,

(8)
which relies on the hypothesis that phase I is performed isothermally and
that the whole cycle is isobaric (see SI Sect. 3).

We define Qp and @, as the heat exchanged respectively with the heat
source and the heat sink at Ty and T7,. We assume that a fraction « of the
heat released by the system in phase IV is recovered and used for heating
the solution in phase II (it must be noted that, in the situations under
consideration, Qrr < Qrv).

Qr = (1-a)Qrr+Qrr
QL = Qr+aQu+Qrv+Qy (9)

14



This allows us to calculate the efficiency as:

n:E:QHJrQL
Qu Qu

We see that the produced work (or better the produced free energy of
the solutions) and the efficiency can be calculated from the boiling point,
the molar specific heat of the solution and the latent heat of vaporisation.
It could be surprising that the calculation of the produced work and of
the efficiency does not involve the electrochemical parameters of the cell,
but this is simply a consequence of the first and the second principles of
thermodynamics.

The result of the calculation of the efficiency as a function of temperature
Ty of the heat source is shown in Fig. 6. For each point of the graph, the
concentration cg is chosen so that its boiling point is Tp; if this boiling
temperature cannot be reached by that given solution, the concentration cg
is fixed at the maximum value (see dotted lines in the graph). We see that,
with the parameters used in this calculation, the efficiency 74 increases in
the same way of n¢; however, when the maximum concentration is reached,
the efficiency does not increase any more. This is due to the irreversibility
introduced by the fact of having the heat source at a temperature Ty, in
contact with the solution at a temperature Ty, (¢maxr) < Tr. This highlights
again the importance of solutions with a high boiling point elevation and a
high concentration.

We start now an analysis aimed at understanding the influence of the
various parameters on the efficiency. We notice that a rough approximated
expression for 74 can be obtained by assuming that: i) the only heat
exchanges are the ones for vaporisation and condensation; ii) C' and A are
constant; iii) Ty, (¢) is linear in ¢; iv) Ty — T, < Tp. In this approximation,
Qrr + Qrir + Qrv + Qy = 0, so that the whole mixing free energy has
entropic origin; moreover, the recovery ratio a has no effect. We obtain the
approximate value ng:

(10)

(11)

where fg (x) = zxlog (1 + 1/x) is a function which increases monotonically
from 0 to 1; for Ty /Ty, = 1 and M = m, fg (2)=69%.

The approximation ng is also shown in Fig. 6 as a dotted black line. We
see that it is a better approximation than n¢: indeed, ng takes into account
the irreversible heat exchange taking place at the beginning of the phase III,
when the concentration is ¢; < ¢y and thus the temperature of the solution
is less than Ty, and is brought into contact with the heat source at T'y.

(MTH>
ns =ncfs| — |,

mTL
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Figure 6: Efficiency of the distiller stage as a function of the temperature Ty
of the heat source. The heat sink is at 77, =30°C. The pressure and the molar
fraction of the concentrated solutions Sy (see Fig. 3) are chosen so that the
boiling temperature of the pure water and of the concentrated solution are
respectively 17, and Ty, with the limit of ¢4j0.34 for the solutions of NaOH
and ZnCl,, and ¢pj0.1 for NaCl. The two sets of curves have been obtained
with a recovery factor «=80%. The ratio between the moles of produced

solution and distilled water is M/m=5.
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The expression of ng of Eq. 11 suggests that it is possible to bring the
efficiency ng;s: closer to no by increasing M; actually this decreases the irre-
versible heat exchange of phase III by decreasing the difference between ¢q
and cg. This is confirmed by the graph in Fig. 7, which shows the dependence
of Ngist on the ratio M/m.

However, as one can see from the graph, at high values of M/m, the
values of 714 start decreasing. This can be understood considering that the
produced work is roughly proportional to m, and thus an increase of M/m
leads to an increase of the total mass of solution per unit energy production;
increasing the mass also increases the loss of heat due to the heat capacity
in phase II, III and IV, that is not accounted for in ng. Indeed, from Fig. 7,
we can notice that increasing the recovery ratio « improves the efficiency.

The effect of the heat exchanges not accounted for by ng, i.e. not con-
nected to the vaporisation and condensation, can be easily written down in
analytic form for @« = 1 and in the limit M/m — +o0, i.e. for ng = ne,
although this condition is not physically feasible. By also considering A and
C' as constant, we get:

T

1 1
RS [1— (%—1) In 1—nc] )
n=rnc 1te
where T = (C' — C,) /) is a characteristic temperature, of the order of

1500 K for the water solutions we consider here, and € = C'cy/\IT/Oc. Since
Ty << T, the main contribution comes from e: we see that the efficiency
loss decreases as A increases or C' decreases.

The effect of the latent heat A (c) and of the specific heat C (c) on the
efficiency ng;s: is shown in Fig. 8, where, for each value of the parameters,
M /m is chosen at the maximum of 74;5;. We see that the decrease of the spe-
cific heat C (c) increases the efficiency; indeed it decreases the heat needed
in phases II and IV. Its effect is similar to an increase of the heat recovery.
We can also see an advantage in the increase of \: since the produced work
is roughly proportional to Am, an increase of A leads to a decrease of the
total mass processed per cycle, decreasing also the heat losses.

We have already shown that the main thermo-physical parameter deter-
mining the efficiency is the boiling point elevation. Now we also found a
minor effect given by the increase of the latent heat of vaporisation and by
a decrease of the specific heat capacity. The first two features (high boil-
ing point elevation and latent heat of vaporisation) could appear surprising,
since they are usually detrimental in distillation, the first because it imposes
the use of higher temperatures for the evaporation, the second because it
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Figure 8: Efficiency of the distiller stage, as a function of the molar specific
heat and of latent heat of vaporisation. The parameters are expressed as the
ration with respect to the values they have for the NaOH solution with a
concentration 0.34 (molar fraction). The various curves have been obtained
with different values of the recovery factor a. The value of M/m is chosen
in order to maximise the efficiency, i.e. at the peak shown in Fig. 7.
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Figure 9: Mass per energy. Solution of NaOH with a concentration 0.34
(molar fraction). The various curves have been obtained with different values
of the ratio M/m.

increases the required heat; however, this is due to the different goal of our
HTCC, i.e. the production of energy rather than of distilled water.

The graph of Fig. 9 reports the mass of solution processed per cycle, at
unit produced energy, as a function of the temperature Ty and as a function
of A, for various values of M/m. We see that the quantity of processed
solution indeed decreases with the increase of temperature and with the
increase of A: this is the same that happens in distillation. However, this
happens at fixed energy production: this means that the produced liquids
have a higher density of mixing free energy when the temperature is higher
or the latent heat of evaporation is larger

Indeed, a higher boiling point elevation is associated to a higher chemical
potential of the solute. This is shown in Fig. 10, where the chemical potential
(expressed in elettron-volts) is reported as a function of concentration. We
see that the solutes with a higher boiling point elevation also have a higher
chemical potential.
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Figure 10: Chemical potentials of solute for aqueous solutions of NaOH,
ZnCly and NaCl at T" = 30°C. The data stop at the molar fraction corre-
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Figure 11: Practical realization of the HTCC with a continuous process.

It is worth noting that the calculation of the chemical potential can be
easily performed from the value of AG, that, in turn, has been evaluated
from teh thermo-physical parameters C (c), A (c¢) and Ty, (c), see SI Sect. 5.

4 Example of realization of the process

In Fig. 11, we show a practical scheme of the HTCC, with a single evaporator
(“single effect”). At the working pressure, that is constant in all parts of
the device, the concentrated solution and the pure solvent have respectively
boiling temperatures Ty and Tp, with Ty > T, [9].

The SGP cell is fed with the concentrated solution Sy and the distilled
solvent Wy. The SGP cell generates a voltage, that is used for powering a
load. The flow of current through the SGP cell induces the migration of the
solute from the more concentrated to the less concentrated solution. The
SGP cell is designed so that it consumes nearly completely the available
concentration difference, while working in a continuous regime (see [12] for
an example applied to RED technology), and gives as an output a completely
mixed solution Sj.

The SGP cell works at a temperature slightly lower than 77, in order to
avoid that the pure solvent W boils. The output solution S1, at temperature
Ty, is first sent to the countercurrent heat exchanger, where it receives
heat; then it is sent to the evaporator, where additional heat is supplied,
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until the temperature Ty is reached and part of the solvent evaporates.
The concentrated solution Sy, at temperature T, is sent back through the
countercurrent heat exchanger. If necessary, it is still further cooled, until
the temperature Tp, is reached, and finally comes back into the SGP cell.

The steam is condensed at temperature T, and the obtained distilled
solvent is sent to the SGP cell. In principle, it is also possible to send also
the steam through the countercurrent heat exchanger.

We assume that the flow of distilled solvent Wy, that is sent to the
cell, is much smaller than the flow of the incoming solution Sy, so that the
concentration of the outgoing solution S is close to the concentration of Sy,
and their boiling point is nearly the same.

Multiple effects are often used in order to increase the efficiency of dis-
tillation. They can be used also in our case. For example, a temperature
difference of 100 K can be used for powering two effects for the distillation of
ZnCl, solutions, each with 40 K of temperature difference; the evaporation
in the second effect is obtained by the heat coming from the condensation
of the vapour of the first effect. We can thus exploit with higher efficiency
the available temperature difference. However, losses for the heat transfer
also will increase.
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