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Innovative technologies for energy production
from low temperature heat sources: critical
literature review and thermodynamic analysis.

Doriano Brogioli and Fabio La Mantia

Universitat Bremen, Energiespeicher— und Energiewandlersysteme,
Bibliothekstrafle 1, 28359 Bremen, Germany

Abstract

The scientific community has taken on the challenge to develop innova-
tive methods to exploit low-temperature (<100°C) heat sources, having
a large potential to decrease the carbon footprint. In this review, we
first summarise the novel proposed techniques, then we propose a frame-
work for comparing the performances reported in literature based on two
indices, which are currently critical for the technical and economical fea-
sibility: energy efficiency and power density. Two techniques show the
best performances; both use distillation to regenerate the working solu-
tion of a flow battery. In many papers, schemes based on additional heat
exchangers are proposed with the aim of improving the efficiency. Such
techniques are also discussed here; first, the power per unit surface of heat
exchangers is discussed as a performance index; then, a method for inher-
ently ranking the techniques, independently on the use of additional heat
exchangers, is provided. The analysis shows that the application of such
schemes does not significantly change the ranking of the techniques, while
having a detrimental effect on the complexity of the whole system. Finally,
we discuss the performances of the various techniques based on general
thermodynamic principles and methods; in particular, the meaning of the
temperature versus entropy graph in this context is considered.

Broader context

A large amount of heat is available from low-temperature (<100°C) heat
sources, which include renewable and easily accessible sources such as low-
concentration solar collector and shallow-well geothermal plants. The exploita-
tion of such sources could be easily decentralised and performed at small scale,
with advantages for the flexibility of the power grid. Household heat-and-power



generation (co-generation) and recovery of industrial waste heat would also ben-
efit from the exploitation of low-temperature heat sources. Traditional technolo-
gies for the exploitation of low-temperature heat sources are thermal engines and
thermoelectric solid-state modules, which are however still not widespread in the
market. Thus the scientific community has taken on the challenge to develop
innovative methods to exploit the low-temperature heat sources alternative to
the traditional technologies. In this review, the innovative methods are dis-
cussed. The aim is to provide a uniform framework for a proper comparison
of the innovative techniques, based on the performance indices that are most
critical for the technical and economical feasibility, and to highlighting the most
promising research lines.
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Mathematical symbols

Symbol Description unit

ch cost per unit power of collected heat €/W

Che cost per unit surface of heat exchangers €/m?

Che,x single-effect equivalent of ¢ €/W

Cs cost per unit surface of cell €/m?

n number of effects

P power density W /m?

P power W%

Qa Heat captured in step (A) of a cycle J

QB Heat captured in step (B) of a cycle J

Qu Heat captured from the heat source J

QL Heat released to the heat sink J

Qhne Heat crossing the heat exchangers J

S Surface of heat exchangers m?

T Temperature K

Ty Temperature of the heat source K

Tr Temperature of the heat sink K

Toroc, H Upper temperature of a single process of a MEHRS K

Toroc, L. Lower temperature of a single process of a MEHRS K

U Heat transfer coefficient W/(m?K)

W Produced work J

AG Produced free energy J

AT, Temperature difference across a single process of a K
MEHRS

ATy Temperature difference across the heat exchanger in K
contact with the heat source

AT, Temperature difference across a heat exchanger K

o Thermoelectric coefficient V/K

n Energy efficiency

M Energy efficiency of a single process of a MEHRS

Lo Energy efficiency of the Carnot cycle

N2nd—law 2nd-law efficiency 7n/nc

Mond—law,« 2nd-law efficiency of a single process in a MEHRS

NEP Energy efficiency of electrochemical process

nsap Energy efficiency of SGP process

nrp Energy efficiency of a thermal process

NTP,* Energy efficiency of a single thermal process in a
MEHRS

nrs Energy efficiency of thermal separation

TS, Energy efficiency of a single thermal separation pro-
cess in a MEHRS

p Heat exchanger specific power, i.e. the power per W/m?

unit heat exchanger surface



1 Introduction

Developing engines for producing work from heat was the practical applica-
tion that stimulated the development of thermodynamics in the nineteenth cen-
tury [1]. Currently the technological level of heat engines is high [2] and complex
systems are built for reaching high efficiency [3]. Heat engines are massively used
for the production of electrical current from heat generated by burning fuels [4].
In order to decrease the carbon footprint, heat engines have been also applied
to the exploitation of renewable heat sources such as solar collectors [5].

The performances of heat engines, often based on Rankine or Brayton cycle,
are excellent in large-scale applications but, up to now, they failed to pene-
trate the market of small-scale applications, at the level of household [6]. The
availability of devices for the exploitation of low-temperature heat at small scale
would enable a more widespread exploitation of renewable and clean sources and
decrease the land footprint; decentralising the energy production is encouraged
in general [7] and requires the down-scaling of the energy production technol-
ogy. Thus, developing small-scale technologies able to work at low-temperature
(below 100°C) is a challenge with a great potential. Some specific applications
are the following.

Low-concentration solar heat collectors Industrial-scale solar thermo-electric
plants work at high temperature, with optical concentrators tracking the
sun [§]. This technology is competitive with photovoltaics, but it can
hardly be down-scaled to household application due to the need of bulky
and cumbersome moveable mirrors. Rather, stationary non-imaging op-
tics [9] coupled with vacuum tubes and selective adsorbers [10] could be
used to collect heat at lower temperature. Such collectors are stationary
and have an overall flat profile, similar to the ones normally used for do-
mestic hot water production. Their efficiency is very high when working at
a temperature of 100°C or lower, e.g., with a concentration factor of 2 and
CERMET-based selective absorbers [11], 95% of sun power is collected.

Household co-generation Simultaneous room heating and production of elec-
trical current by using fossil fuels is called “co-generation” or “combined
heat and power”; the whole process has an increased efficiency with respect
to the single processes. On industrial scale, a high-temperature heat en-
gine exploits the heat of combustion and sends the low-temperature waste
heat to the district heating network [12]. Household-scale plants have
been studied [I3]. Household applications would profit on devices able to
handle heat released at low temperature. Condensing boilers are used to
increase the fuel efficiency of heating, since they recover the latent heat of
vaporisation of steam in the exhaust gases by condensation; in this case,
co-generation would work at even lower temperature.

Low-temperature geothermal heat Classical geothermal power plants ex-
ploit high temperature geological heat sources. The global installed power
is about 10 GW [I4], mostly limited by the availability of the geological



sources. Geothermal sources below 100°C are widespread all over the
world [I5] but are currently not exploited mainly due to the lack of eco-
nomically feasible technologies. Moreover, a geothermal gradient of ap-
proximately 25 K /km is available worldwide; it could be tapped by drilling
relatively shallow wells.

Besides the small-scale applications, low-temperature heat is widely avail-
able as industrial waste heat. Various industrial processes consume energy for
heating materials that must be then cooled down. It has been evaluated that
72% of the global primary energy consumption is lost after conversion [16]. As
a rough estimate, up to 30% of the waste heat could be recovered [I7]. In
Europe, 23.7 TWh/year of electrical energy could be produced by recovery of
waste heat [I8]. A significant part of this heat is released at a temperature
below 100°C. It has been argued that this heat could represent an alternative
target of the low-temperature heat-to-current conversion techniques, although
this idea is questionable, see ESI, Sect.

The ability to exploit low-temperature heat sources, at small and household
scale, to produce electrical current would have a more general consequence. In
the field of electrical current, the importance of suitably networking different
sources, storage devices, distribution power lines and final users has been em-
phasised (the so-called “smart grids”) [19], in particular at small and household
scale. A concept of heat network also exists: thermoelectric and incineration
plants are connected to district heating distribution networks; geothermal and
solar heat are exploited for electrical power generation; seasonal heating and ge-
ological heat storage are used for household room heating. The electric and heat
networks are already connected to each other by heat pumps. The possibility
of connecting them in the reverse direction (convert heat into electrical current)
locally, at small scale, would enable a fully integrated heat-current management
system, aimed at optimising the available resources.

The traditional technologies that have been proposed so far for exploiting the
low-temperature heat sources include heat engines [3] based on Stirling cycle [20]
or organic Rankine cycle [2I]. Although various attempts have been made to
commercialise such devices, the cost is still too high (Capex 3-5 €/W) and they
need too much maintenance (Opex 0.5 €/W /year) for enabling a widespread
use. Moreover, the heavy maintenance that is needed makes them not suited
for household applications, which are the most interesting for decreasing the
environmental footprint of the energy production the various above-mentioned
sources. Solid-state thermoelectric converters [22], based on Seebeck effect, have
been tested: they require almost no maintenance but are even more expensive
than the above-mentioned heat engines.

The challenge of developing innovative techniques has been taken on by the
scientific community. In recent years, several papers were published on the
subject. A large fraction is based on electrochemistry; some of the proposed
techniques involve two stages, the first being a thermal treatment of a solution
and the second the exploitation of such solutions for producing work, either
mechanical or electrical. An authoritative review was recently published on such



techniques, giving an excellent overview of the various proposed methods [23].
At variance, the present review aims at presenting a critical comparison of the
performances, with uniform metrics. The chosen performance indices are critical
for the assessment of the technical and economical feasibility; indeed, some of
the techniques fall below the feasibilty limit by decades. We discuss the physical
limitation of the performance indices for various techniques, when known, and
the possible improvements. The scope includes the techniques able to handle
heat sources at temperature less than 100°C; closely related techniques working
at higher temperatures are also considered. The scope is similar to Ref. [23], with
the addition of some more recent advancements. As in Ref. [23], thermal engines
and solid-state thermoelectric converters are out of the scope; for literature on
these topics, the reader is referred to the citations above.

Section [2| reports a short account of the working principles of the various re-
viewed techniques. We noticed that the various papers report the performances
based on different criteria and working conditions; moreover, theoretical rea-
sonings are often used to extrapolate the performances from experimental re-
sults. We introduce a uniform framework for the comparison of the results. The
framework is described in Sect. [3] together with the comparison of the literature
results. Care has been taken to ensure that the reported results are supported
by experiments and are not only theoretical calculations. In some cases, we also
report theoretical evaluations or hypothetical extrapolations from experimental
results, but we mark them as such.

In various published works, it is suggested that an improvement of the per-
formances can be obtained by combining several replicas of the same device,
connected sequentially, in order to exploit multiple times the same amount of
heat, at decreasing temperatures, or by using additional heat exchangers. This
is what happens in some traditional technologies, such as in combined heat en-
gines [24] and in multi-effect vacuum distillation [25]. The use of such techniques
in the context of the exploitation of low-temperature heat sources is thoroughly
discussed in Sect. [l

Section 5| discusses the technological readiness level (TRL) and gives ele-
ments elements which are relevant for the evaluation of the technical and eco-
nomical feasibility. The TRL is typically very low, so a complete evaluation is
not feasible; rather we show that the performance indices enable a partial cost
evaluation, which rules out some of the techniques (failing to reach the economi-
cal feasibility limit by decades) and identifies the most promising. For the latter,
further theoretical and laboratory work is envisaged, in order to improve the
performances, before their feasibility can be evaluated and judged competitive
with the traditional techniques.

The results are discussed in Sect. [6} For some of the techniques, it has been
shown that fundamental phisical laws can be used to derive upper limits of the
performances. Such limits can be used a guideline for the comparison of the
various techniques; in some cases, they are roughly approached by experimen-
tal realisations. Moreover, general thermodynamic methods have been used for
interpreting the results of the experiments and for the design of improved tech-
niques. An important example of such a general thermodynamic approach is



Short Description Figure References

name

TEC Thermoelectrochemical cell, Thermogalvanic cell, electro- E] See text
chemical cell with two electrodes kept at different temperatures;
equivalent to Seebeck effect.

TREC Thermally regenerative electrochemical cycle, Electro- [2] 26, 27, 28
chemical heat engine, electrochemical cell that is charged at 29, B30, BI]
a temperature and discharged at a different temperature. [32, 33] 34]*

CuACN The CuT - ACN complex is destabilized by distilling off ACN, B [351 [36]
leading to disproportionation of Cu™ into Cu and Cut™, which,
in turn, are used by an electrochemical cell to produce current.

TRAB Thermally regenerative ammonia battery, an electrochemi- E] 37, 138, 139,
cal cell in which a voltage between two metallic electrodes is gener- 40, 41 42
ated by the complexation of the cation in solution with ammonia 13, [44)
or ammine, having different concentrations in the two compart-
ments.

TO Thermo-osmosis, based on a porous membrane separating two E] [45, [46l 47,
liquids at different temperature. The vapour pressure difference 48, 491 50,
generates a pressure between the two sides of the membranes. LY

It drives a flux of liquid, which is sent to a turbine in order to
generate work.

TS-SGP Thermal separation - salinity gradient power, the associa-
tion of a device which generates two solutions at different concen-
trations, by exploiting heat, and a device which consumes the free
energy of the solutions for producing work.

See Table

Table 1: List of the innovative techniques that are discussed in this paper.
The first column reports the acronym, the second the definition and a short
description, the third the number of the figure in this paper showing the scheme
of the technique, and the last the bibliographic references. References marked
with “*” refer to the supercapacitor-based TREC technique.

the analysis of the process in the temperature versus entropy graph, which is
typical of the analysis of heat engines; it has been also applied to the techniques
discussed in this review. When possible, the discussion of the techniques in
Sect. [6] is based on such fundamental laws and general analysis methods.

2 Description of the techniques presented in lit-
erature

Table [1| reports the list of the techniques discussed in this review, together with
the citations of the works discussing them. The focus is on techniques which
are able to produce electrical or mechanical work by exploiting a heat source at
Ty <100°C and releasing the heat to a heat sink at room temperature T7,.



Heat source
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Figure 1: Sketch of a thermogalvanic cell. The two electrodes of an electrochem-
ical cell are kept at different temperature. This condition generates a voltage
across the electrodes, that is used to power a load.

Several of the schemes proposed up to now fall in the definition of “ther-
mally rechargeable battery” (TRB). This is an electrochemical cell that produce
electrical current, by consuming solutions that can be regenerated by a ther-
mal process (either a chemical reaction or a thermal separation). The cell itself
works isothermally, usually at room temperature. The reverse of this process is
known as the “electrochemical cooling” [53]. Various TRBs, with good perfor-
mances, have been described; unfortunately, many of them require a tempera-
ture much higher than the limit of 100°C [54] and are thus outside our scope.
The techniques working at less than 100°C, falling in the definition of TRB, are
the method based on Cu-acetonitrile complexation and Cu disproportionation
(CuACN), the “thermally rechargeable ammonia battery” (TRAB), and a large
number of variants of the thermal separation-salinity gradient power method
(TS-SGP). The latter are so numerous that the references are reported in the
separated Table 2]

Among the other reported techniques, there are the thermogalvanic cells, also
called “thermo-electrochemical cells” (TEC), the “electrochemical heat engine”
based on the so-called “Thermally regenerative electrochemical cycle” (TREC),
and the thermo-osmosis (TO).

All these techniques are discussed in the following sections.

2.1 Thermogalvanic cells (TEC)

Thermogalvanic cells [55] or thermoelectrochemical cells (TECs) are an elec-
trochemical equivalent of solid-state thermoelectric modules based on Seebeck
effect. They are composed by a cell filled with an electrolyte, with two elec-
trodes kept at different temperatures, as shown in Fig. The two electrodes
are usually made of the same electrocatalytic material. The electrochemical
reaction taking place on the two electrodes is the same, however, thanks to the
different temperature, a voltage arises between the electrodes. The voltage is
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Figure 2: Sketch of the cycle of the electrochemical heat engine (a) and repre-
sentation of the process in the voltage versus charge graph (b). An accumulator
(either a battery or a supercapacitor) is sequentially heated (A), charged (B),
cooled (C) and discharged (D).

roughly linear with the temperature difference between the two sides of the cell;
the linearity coefficient « is an analogous of the Seebeck coefficient for thermo-
galvanic cells. In thermogalvanic cells, « is often 1-2 mV /K, competitive with
typical solid-state thermoelectric elements.

This technique is relatively old and has been discussed in several reviews.
We thus do not discuss it in detail and we refer the readers to the reviews cited
above and to Refs. [56, [57].

2.2 Electrochemical heat engine (TREC)

The electrochemical heat engine is also called “thermally regenerative electro-

chemical cycle” (TREC). In this technique, an electrical accumulator (either a

battery or a supercapacitor) is charged at a temperature and discharged at a dif-

ferent temperature. A review on this technique has been recently published [58].
The steps of the process, shown in Fig. 2h, are the following:

A heating The battery is heated to Ty using the heat source.

B charging The battery is electrically charged by an external source.

C cooling The battery is cooled down to T}, by releasing heat to the heat sink.
D discharging The battery is electrically discharged through the load.

As in TECs, the electrode potentials changes almost linearly with the tempera-
ture, with linearity coefficient a; two electrodes, with different «, are chosen, so
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that the temperature variation of the whole cell results in a variation of the cell
voltage. Thus, due to the temperature variation, the voltage during discharging
(D) is higher than during charging (B), while the charge flowing during charging
and discharging steps is almost the same: this leads to a net power production.
Figure reports voltage versus charge graph; it can be noticed that the cycle
is performed counter-clockwise, so that the area enclosed in the cycle represents
the net delivered energy. It is worth noting that, in some of the reported TREC,
the heating and cooling steps are reversed, i.e. the accumulator is charged after
cooling: this depends on the sign of the value of «. This technique bears an
analogy with the so-called “capacitive mixing” [59] and “battery mixing” [60],
in which, at variance, the variation of voltage is induced by changing the salinity
of the solution.

Several battery-like cells have been proposed, with various combinations
of electrodes and electrolytes: 1) copper wversus copper hexacyanoferrate in
Cu(NOg), solution [26]; ii) nickel hexacyanoferrate versus Ag/AgCl in KCl
solution [27]; iii) Prussian blue KFe,(CN)4 electrode in ferrocyanate solutions
separated by a perm-selective membrane [28]. Schemes similar to a redox-flow
battery have been studied, with Fe(CN)g®  / Fe(CN)s*  as one of the redox
couples, the other being Cu(NH,),?" / Cu(NH;)," in Ref. [61] and VT /
VT in Ref. [31]. In these devices, a is the order of a few mV /K.

In the case of supercapacitors, the electrodes are made of activated car-
bon [32] [34] or assemblies of activated carbons with polymeric membranes [33],
dipped in salt solutions; the charge storage is obtained by the formation of elec-
tric double layers [62]. The variation of the voltage is due to the variation of
the physical properties of the materials, in particular the relative dielectric con-
stant of water. The temperature coefficient « is quite small, 0.6 and 0.3 mV/K
in Refs [34] and [32], respectively. A hybrid method, with a capacitive and a
battery-like electrode, has also been proposed [30].

Alternative schemes are partially related to TRECs: they are based on de-
vices, other than batteries, able to accumulate energy. As TRECs, they are
thermally cycled while charging and discharging. The proposed alternative
devices are regenerative hydrogen fuel cells [63] or pressure-retarded osmosis
devices [64]. Their performances have not been yet deeply studied up to now.

2.3 Method based on copper-acetonitrile complexation and
disproportionation

Ref. [35] proposed a TRB in which the regeneration consists in distilling off
acetonitrile from a water solution. The solution contains Cu™ cations, stabilised
by the formation of the complex [Cu(ACN),]" (ACN=acetonitrile). During the
distillation, the cation Cu™ gradually undergoes disproportionation:

2[Cu(ACN),]" == Cu+ Cut™ + 8ACN (1)
These physical processes have been exploited in the following cycle, schemati-

cally shown in Fig.

11
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“ (C) condensation
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Figure 3: Sketch of the cycle of the method based on copper-acetonitrile com-
plexation and disproportionation. The steps are: (A) heating, acetonitrile strip-
ping and Cu™ disproportionation; (B) separation of Cu particles by filtration;
(C) condensation of acetonitrile by cooling; (D) exploitation of the solution and
the slurry in the electrochemical cell.

A vaporization Heat from the heat source is used to vaporize off acetoni-
trile from a solution containing [Cu(ACN),]*. Cu™ disproportionates into
metallic Cu particles and Cu™™ in solution.

B separation The particles are separated by filtration, obtaining a dense slurry
with Cu particles and a pure Cu™™ solution.

C condensation acetonitrile vapour is condensed by cooling and added back
to the pure solution and to the dense slurry.

D electrochemical cell operation The electrochemical cell is fed with the
Cu slurry and the Cu™ ™ solution. It powers the electrical load and outputs
the initial solution.

Mixing the liquids produced in step B, i.e. the slurry with Cu particles and the
Cut™ solution, would eventually result in the irreversible comproportionation
of Cu and Cu™™" into the Cut-ACN complex. By contrast, in the proposed
process, the comproportionation is performed reversibly by the electrochemical
cell, which thus extracts the available free energy. The electrochemical cell is
composed by two compartments, separated by an anion-exchange membrane.
The first compartment is fed with the Cu®™ solution; the following reaction
takes place on an inert electrode:

Cu™ +4ACN + e~ — [Cu(ACN),]*. (2)

12



The second compartment is fed with the Cu particles, which are brought into
contact with a current collector and constitute the electrode. They dissolve
according to the reaction:

Cu+4ACN — [Cu(ACN), |t +e. (3)

The cell converts (ideally all) the free energy of the solutions into electrical
work. At the end of the electrochemical process, the solutions are ready to be
regenerated, starting again the cycle from step (A).

In preliminary experiments [35] water solutions were used; the cell voltage
was 0.62 V. Acetonitrile forms an azeotrope with water, and the distillation
results in the removal of both water and acetonitrile. For this reason, in sub-
sequent experiments [36], water was replaced by propylene carbonate, having a
much higher boiling point. This increased both the efficiency of the regeneration
step and the open-circuit cell voltage, which reached 1.3 V, the highest reported
in this review.

Acetonitrile can be removed from the used acetonitrile - propylene carbonate
mixture at around 80°C at 1 atm; however, in the presence of Cut, distilling
off part of acetonitrile requires a higher temperature, around 160°C: this tem-
perature is required for destabilising the complex.

2.4 Method based on ammonia complexation

The first proposed “thermally regenerative ammonia battery” (TRAB) [37] was
based on complexation of Cu™™ ions by ammonia. The cycle is schematically
shown in Fig. The electrochemical cell is composed by two compartments,
L and H, separated by a perm-selective membrane, filled with solutions con-
taining Cu™™" ions, with copper electrodes. The compartment H also contain
ammonia, which complexes Cu™™" ions. The electrochemical equilibria of the
two compartments are reached at different potentials. The resulting cell voltage
of 0.44 V generates a current that is used to power a load, through the following
reactions in the two compartments L and H:

L Cutt +2e¢” — Cu (4)
H Cu+4NH; — Cu(NH,), "t +2e” (5)

According to the reactions, the copper electrode in H dissolves, the one in L is
plated and the Cu™™ concentrations change accordingly. As Cut™ is depleted
in L, the cell voltage decreases, until the discharge is stopped. Then the solution
in H is sent to a distillation column, driven by the heat source at around 70°C,
for stripping ammonia and sending it to the opposite compartment, so that the
cycle can start again.

During the full cycle, the role of the compartments L and H are cyclically
exchanged. Focusing on one of the compartments of the cell, the steps of the
cycle are the following, starting with a high concentration of ammonia in the
compartment:

13
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Figure 4: Sketch of the method based on complexation of Cu™™ by ammonia.
The two compartments of the cell contain a solution with Cu*™ ions; one also
contains ammonia. Focusing on one of the compartments, the cycle steps are
(A) corrosion, (B) ammonia stripping, (C) plating, and (D) ammonia addition
(black labels). The opposite compartment makes the cycle (C), (D), (A), and

(B) (grey labels).
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Figure 5: Sketch of the thermo-osmosis method. Water at different tempera-
tures is put into contact with the two sides of the membrane. This condition
generates a water flux across the membrane, also resulting in the development
of a pressure, which represents a mechanical work.

A corrosion A current flows through the cell and the load, so that the copper
electrode is corroded, releasing Cu(NH;),*™ ions.

B stripping The solution in the compartment is treated in the distillation
column in order to remove ammonia, which is sent to the opposite com-
partment.

C plating A current flows through the cell in the opposite direction; copper is
plated on electrode.

D ammonia addition Ammonia stripped from the solution in the opposite
compartment is added to the solution.

From the point of view of the other (opposite) compartment, the sequence of
steps would be (C), (D), (A), and (B).

The same concept was further developed with practical realizations [38] [39)
and numerical calculations [40]. Alternative chemistries were also studied.
Among them, Ag" ions and complexation with ammonia [42] and Cu*™ ions
complexed with ethylenediamine [41]; in the second case, the cell voltage in-
creased to 0.6 V. The use of two different metals in the two compartments,
Cu and Zn, has also been suggested [43] 44]. In this case, a non-vanishing cell
voltage is always present; by means of ammonia complexation and ammonia
stripping, the cell voltage is changed between cell discharge and charge, so that
the two operations are performed at different voltages, 0.98 V and 0.76 V for
discharge and charge, respectively. A net energy is gained, corresponding to a
voltage rise of 0.22 V, much less than in the other cases reported above.

2.5 Thermo-osmosis

This method is also called “pressure-retarded membrane distillation” [45] [46].
A porous, hydrophobic membrane separates two fluxes of pure water. One of
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Figure 6: Sketch of the thermal separation - salinity gradient power technique.
A solution is separated into concentrated and diluted solutions by exploiting
a low-temperature heat source. The solutions feed a salinity gradient power
device. The consumed (mixed) solution is sent back to the thermal separation
to close the cycle. Various techniques can be used to implement the thermal
separation and the salinity gradient power units; they are listed in Table [2| and
described in detail in Sect. 2.6

the fluxes is put into contact with the heat source, so it enters in the membrane
module at a higher temperature than the other. Thanks to the different tem-
perature, the vapour pressures of the fluids at the two sides of the membrane
are different, so that water tends to evaporate from the hot liquid and condense
in the cold liquid. This flux can withstand an opposite pressure of the order
of 10 bar, thus it makes work that can be tapped by means of a turbine. The
whole device also requires a pressure exchangers, as usual in PRO [65].

Theoretical [47] and experimental [50] works showed that the limit of the
pressure is due the membrane deformation which takes place at high pressure,
which is detrimental for the vapour flux. This phenomenon practically limits
the pressure to around 10 bar. Performances of highly technological carbon
nanotube membranes have also been discusses [49] [51].

Thermo-osmosis can also be exploited in membrane distillation desalination
plants, possibly powered by low-temperature heat sources, in order to produce
electrical energy together with desalinated water. Theoretical analysis [52] and
experimental investigations of the physical principles [48] of the coupled pro-
cesses have been carried on.

2.6 Thermal separation - salinity gradient power

The general concept behind the thermal separation - salinity gradient power
technique (T'S-SGP) is sketched in Fig. @ The process is cyclical and the steps
are the following:

A thermal separation A solution is separated into concentrated and diluted
solutions by exploiting a low-temperature heat source.
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PRO RED BattMix Redox- Generic
flow
Vacuum dist. (VD) | [66] [67 68, 60, [3,04] [m5,6] [77 78,
70, 171 I72] 79]
Membr. dist. (MD) | [80, 81, [83 [’4]
82]
Thermolysis (TL) [85] [86, 87, 88, [96]
89, 00, 1]
92, 03] [94,
95]*
Other [97] [98]
Generic [99] [100, 101] [60]

Table 2: List of the techniques based on thermal separation - salinity gradient
power closed cycle. Each cell contains the bibliographic references for the com-
bination of SGP (columns) and TS (rows) techniques. The references marked
with “*” refer to microbial RED cells. The columns and rows labelled “Generic”
refer to papers that only focus either on the thermal separation or on the salinity
gradient power technique.

B salinity gradient power The solutions at different concentration feed the
SGP device, i.e. a device that produces work by consuming a concentra-
tion difference, thus producing work.

The output of the SGP device, step (B), is constituted by the mixed solutions;
it is sent back to the thermal regeneration stage, step (A). In literature, this
scheme is sometimes referred to as “closed loop SGP”.

A remarkable advantage of the TS-SGP technique is its intrinsic ability to
store energy, in the form of solutions at different concentrations. The energy
is temporarily stored in the form of mixing free energy of the solutions, while
other TRBs exploit different forms of chemical free energy [54].

Several different thermal separation processes have been proposed in litera-
ture. They are shortly accounted in the following list. The literature references
are reported in Table

Vacuum distillation (VD) The heat is used for distilling off the solvent from
a solution. The device is composed by two chambers: in the “boiler”, the
heat from the heat source is used to vaporise the solvent of the solution;
the vapour is then condensed in the “condenser” [102]. In order to boil
solvents at low temperature (e.g. water below 100°C), air is evacuated
from the whole system, so that it operates under vacuum. It is worth
noting that rigorously no additional mechanical work is needed for keeping
the vacuum, because the system is a closed loop and no air is admitted,
while a small mechanical work is usually needed for open systems.

Membrane distillation (MD) Several methods fall under this definition [103].
The feed solution and the distilled solvent are kept separated by a hy-
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drophobic porous membrane, which ensures the separation of the liquids
while allowing the passage of the vapour. The heat exchange surface is
large, so it is possible to operate the system at a pressure above the boiling
point of the solution, exploiting the solvent evaporation rather than boil-
ing it. Such systems are typically more compact than vacuum distillation.

Thermolysis (TL) When a solution of ammonium carbonate is heated, the
salt dissociates and is evolved from the solution in the form of ammonia
and carbon dioxide gases; this phenomenon is called “thermolysis”. In
TS-SGP, a distillation column is used [I04]. The spent solution coming
from the SGP device is sent to the column inlet. A dilute salt solution is
extracted from the reboiler, while a concentrated salt solution is produced
by the condenser.

Other methods It has been proposed to use ionic liquids which undergo a
phase separation below a critical temperature [97], so that they separate
into two solutions at different concentrations by cooling. A patent [98]
covers a process in which the concentration difference is generated by the
crystallisation of a solute induced by temperature decrease.

Various technologies have been developed for producing electrical work by
exploiting concentration differences, i.e. for SGP; the production of current
takes place at the expense of the mixing free energy of the solutions, which
become eventually mixed. The study of the SGP technology has initially aimed
at tapping the mixing free energy of naturally occurring solutions, such as sea
water versus river water [105], as a clean source of energy. With this aim,
several techniques have been developed, among them: pressure-retarded osmo-
sis [106] (PRO), reverse electrodialysis [107], capacitive mixing (CapMix) [59]
and battery mixing [60].

Some of such techniques have been applied to the context of TS-SGP, op-
erating in closed loop with one of the TS methods discussed above; moreover,
specific techniques have been developed on purpose. The following list reports
a short description of them. The literature references are reported in Table

Pressure-retarded osmosis (PRO) The two solutions flow on the two sides
of a semipermeable membrane, i.e. a membrane which allows the passage
of the solvent but not of the solute. An osmotic flux of solvent develops
across the membrane, which is able to flow against a quite large hydraulic
pressure. The liquid flux represents a mechanical work done by the solu-
tions [106]. Usually, it is assumed that the liquid flux is fed to a turbine
in order to generate electrical current.

Reverse electrodialysis (RED) Two solutions, containing different concen-
trations of ions, flow on the two sides of a perm-selective membrane. The
membrane allows the diffusion of charges with a given sign, which con-
stitutes an electrical current [I07]. Anionic and cationic membranes are
usually assembled to form a stack.
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Capacitive and Battery mixing (CapMix and BattMix) An electrochem-
ical cell is sequentially filled with the two solutions with different con-
centrations. The cell is electrically charged and discharged at different
concentration of solution. Due to the concentration variation, the cell is
charged at a voltage less than the voltage present during the discharge,
thus giving a net energy production at the expense of the mixing free
energy of the solutions [59)].

Concentration redox-flow batteries (CRFB) These devices bear analogies
with the redox-flow batteries [I08]. The overall effect of the discharge is
that the concentration difference between the two compartments of the cell
decreases, at variance with the traditional redox-flow batteries, in which
the overall effect is the variation of the oxidation state of the electrolytes.
The design includes an unconventional device that performs a liquid-liquid
exchange; moreover, the electrochemical cell makes use of solid-state perm-
selective membranes, which enables operation at very high concentrations.

Various combinations of TS and SGP techniques have been studied; the
literature references are reported in Table [2}

3 Comparison of the performances

In this section we discuss the performances of the techniques comparing them on
a uniform basis. The framework for the comparison is chosen based on the target
applications, i.e. small-scale exploitation of low-temperature heat sources, with
Ty <100°C.

3.1 Efficiency

The energy efficiency 7 is the ratio between the produced work (either electrical
or mechanical), W, and the heat from the heat source, Qg:
4
Qu’

Working with a heat source at temperature Ty and a heat sink at Ty, (typically,
room temperature), the energy efficiency is limited by the Carnot law, n < n¢,
where 7¢ is the efficiency of the Carnot cycle:
Ty T
=7

n (6)

(7)

nc
In the reviewd papers, the efficiency 12y,4—1qw, defined as follows, is also used:
Mond—law = l (8)
Nc

It is the ratio between the actual energy efficiency and its maximum 7¢, accord-
ing to the second law of thermodynamics, hence the name “2nd-law efficiency”.
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Figure 7: The processes discussed in this review require two heat exchangers,
one from the heat source and one to the heat sink.

The scope of this paper includes thermal machines having a heat input from the
heat source, a heat output to the heat sink (environment), and a work output.
For such machines, 72,4—1q4w actually corresponds to the exergy efficiency.

The efficiency is one of the performance indices that we use in this review,
since it is relevant for the target applications stated above. It must be noticed
that, in some applications outside the scope of this review, the efficiency is
not a particularly relevant parameter: it is for example the case of the energy
scavenging for powering wireless electronic devices, of energy harvesting for
Internet-of-things, or of wearable devices [109].

We decided to compare the energy efficiency 7, rather than 79,4_j4w. The
detailed discussion choice, with examples, is reported in ESI, Sect. Sum-
marising, the heat collection device must be seen as a capital cost, while the
revenues are represented by the produced work. The low-temperature heat is
never completely “for free”, due to the cost of the heat collection system. When
evaluating the various techniques, it is thus interesting to know how much work
is produced by a given heat collection system, which is well represented by 7.
Instead, having a large 72,4—1aw, Operating on a small temperature range, thus
corresponding to a small 7, is not necessarily economic.

The idea that the low-temperature heat sources are not “for free” is also
clarified in Fig. [} which shows that at least two heat exchangers are always
present in the techniques reviewed here: one connecting the process to the heat
source and one to the heat sink. Due to these heat exchangers, the upper
and lower temperature seen by the process, Tproc,ir and Tproc, 1, Tespectively,
are different from Ty and T, by ATj., the temperature drop across the heat
exchanger. The temperature difference available to the process, AT, = Tproc,5—
Toroc, 1, is thus smaller than Ty — T}, giving a smaller Carnot limit efficiency.
In the application to low temperatures, it is thus critical to keep ATy, small,
which means that large and expensive heat exchangers are needed per unit of
heat transferred from the heat source.
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3.2 Assumptions on the performances of additional heat
exchangers

Various methods have been proposed to increase the efficiency by means of
“multi-effect” combination of devices or “heat recuperation”; we call them col-
lectively “multi-effect combination and heat recuperation schemes” (MEHRS).
They are thoroughly discussed in Sect. 4] The term “heat recuperation” must
not be confused with the “heat recovery”, which is instead the name often given
to the general idea of exploiting waste heat. The MEHRSs are based on the
use of additional heat exchangers with respect to the two shown in Fig. [7| (see
Figs. |§| and ; they significantly increase the complexity, the size and the cost
of the plant. In principle, such schemes are actually able to improve the ef-
ficiency of the various techniques, however, the improvement depends on the
performances of the heat exchangers. In the reviewed works, no MEHRS has
been studied experimentally; instead, hypothesis on the possible performances
of the heat exchangers are made. In several cases, the reported efficiency of
the technique is calculated based on the assumption of “infinite-sized heat ex-
changers”, see e.g. Ref. [46]: “Our analysis reveals that an optimized system can
achieve heat-to-electricity energy conversion efficiencies up to 4.1% |[...]. Lower
energy efficiencies, however, will occur [...] with finite-sized heat exchangers.”
This approach is quite naive, as any technique has to deal with finite-sized heat
exchangers: even a Carnot cycle does not approach the Carnot efficiency unless
infinite-sized heat exchangers are “used”. It is often found that the different
performances reported in papers on similar techniques depend mostly on the
different assumptions on the heat exchangers, rather than on real improvements
of the technology.

In order to give a fair comparison, in this section the performances of the
techniques that use MEHRS are reported on a uniform basis assuming a tem-
perature difference across heat exchangers ATy, of 5 K; extrapolations are
made when the information found in papers is insufficient. The chosen value,
ATh.=5 K, is larger than the value used in most of the papers, however, it is
still so small that it is hardly feasible in practical plants. Since the MEHRS
are often considered in literature, in Sect. 4] we thoroughly discuss them and
the effect they have as a function of ATy.. Here, we anticipate the result: the
MEHRS mostly improve the performances of the least performing techniques
but does not make them competitive with the most performing one; changing
AT}, does not change the overall ranking of the techniques given here (i.e. with
ATy.=5 K), unless impractically small values of AT}, are assumed.

3.3 Power density

The second performance index that we analyse is the power density p. The
geometry of the devices suggests to express it as power per unit surface. In
order to give a fair comparison of the various techniques, care has been taken
to use a uniform definition of the involved surface. Most of the discussed tech-
niques are based on membranes, which often represent a significant cost of the
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system; in such cases, the surface used in the calculation is the surface of the
membranes [40]; care is taken to convert the values that are given per membrane
couple. In the other cases, we consider the section of the cell. Moreover, in the
case of batch processes, we decided to report the average power density rather
than the peak power density.

3.4 Comparison of literature results

For each technique, we calculated the energy efficiency n and the power den-
sity p from the data reported in the references cited in Tables [I] and Only
a few works are completely experimental; in the majority, at least one part of
the system is simulated numerically. In the analysis reported here, we only
report results that are at least mostly experimental. Works partially making
use of numerical calculations are also taken into consideration, only if the part
of the process evaluated theoretically belongs to a well assessed field, having
a high TRL. In some cases, different parts of the process are discussed in dif-
ferent papers; we pay attention to evaluate the overall performances relative
to compatible working conditions. Some results are reported as open symbols;
they represent overestimations, coming from partially theoretical calculations
or from evaluation of n and p in different conditions.

The detailed discussion of all the papers, based on the above-described
framework, is reported in ESI, Sect.[S2] The results are summarised in Fig. [8]
Each point corresponds to a result reported in a paper; the correspondence
between points and literature reference numbers are shown in ESI, Fig.

4 Multi-effect combination and heat recupera-
tion schemes

Many of the reviewed papers propose the use of a MEHRS, i.e. scheme involving
additional heat exchangers in order to improve the performances of the tech-
nique. In order to be effective, the temperature drop across the heat exchangers,
ATje, must be small. While the decrease of ATy, increases the efficiency, it is
obtained by increasing the surface of heat exchangers, which is expensive, as
noticed in Ref. [68]: “ the amount of heat exchanger area [...] [represents] an
important share of the total capital costs of the unit. ”. For this reason, it is
necessary to add a performance index to the techniques which use a MEHRS,
namely the power production per unit surface of heat exchangers.

4.1 Multi-effect combination and heat recuperation schemes
(MEHRS)

Figure [0 schematically shows the combination of processes in series, as in the
“multi-effect distillation”. Two heat exchangers connect the heat source and
sink to the system and further heat exchangers connect multiple processes in
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Figure 8: Comparison of literature results. When MEHRS (multi-effect or heat
recuperation) are used, the performances are reported for AT,.=5 K (extrapo-
lations are done when necessary). The horizontal axis is broken in order to show
the power density of TRECs. Open symbols and dotted lines represent either
theoretical limits or overestimations. Squares refer to electrochemical methods,
triangles refer to mechanical methods (requiring a turbine).
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Figure 9: Scheme of the combination of multiple processes in series. The consec-
utive processes work at decreasing temperatures, and the heat that exits from

an effect feeds the following.
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Figure 10: Scheme of the “heat recuperation”. The heat source and sink are in
thermal contact with the fluids in two circuits. The exchange of heat between the
fluids takes place in counter-current, on the bottom side through the processes,
and on the top side through the counter-current heat exchanger.

sequence, so that the heat released by a process is sent to the following. Com-
bining in series various processes is aimed at exploiting the available heat more
than one time. It has been proposed for the distillation-based techniques (VD-
PRO, VD-RED, VD-BattMix and VD-CRFB) and for thermolysis-based tech-
niques [87]. The aim is to utilise the same heat in a sequence of processes,
each taking place across a temperature difference AT, that is smaller than the
available temperature difference Ty — Tp,. It must be noticed that Fig. [9]is a
generalisation of the concept: when multi-effect vacuum distillation is used, the
output of each effect is not directly a work W, but rather the mixing free energy
of the produced solutions.

A different scheme has been proposed for membrane distillation, called “heat
recovery” [I10]. It is shown in Fig. It is based on two hydraulic circuits in
which two fluids fluxes in counter-current. In the top part of the scheme, we see
a heat exchanger between the two fluids; on the bottom, there is still a counter-
current heat exchange, but it takes place through the processes (segments of
the membrane distiller). The heat source and sink at Ty and Ty, are thermally
connected to the two fluxes. Thanks to the counter-current heat exchange, part
of the heat can be recovered and utilised again by the processes. This scheme
has been proposed for the techniques based on membrane distillation (MD-PRO
and MD-RED) and for TO. Also in this case, the figure is a generalisation of
the concept, e.g. it does not show the SGP device connected to the membrane
distillation module.

A third scheme, also called “heat recuperation”, has been used for TRECs.
In this technique, the heat source provides the reaction heat during the electrical
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discharge, but it must also provide the sensible heat for bringing the temperature
of the cell to Ty. In the proposed MEHRS, part of this heat is provided by the
sensible heat of another cell, which is undergoing the cooling step of the process.
Although this scheme bears similarities with the “heat recuperation” of Fig. [I0]
in this case the heat involved in the MEHRS is only a fraction of the heat
provided by the source (the sensible heat and not the reaction heat).

4.2 Power density per heat exchanger surface

The performance index introduced in this section is the power per unit surface
of heat exchangers:

P:§ (9)

where P is the produced (electrical or mechanical) power and S is the surface
of heat exchangers.

This performance index is connected to the energy efficiency and to the
temperature drop across the heat exchangers, AT}.. In order to generate a
work W, an amount Qg = W/n of heat is needed from the heat source, but a
larger amount Qp. will cross the heat exchangers. As an example, in the case
of a n effects (see Fig. E[), almost the same amount of heat Qg crosses all the
effects, thus Qne =~ @Qgn. In order to keep the temperature difference across the
heat exchangers as low as AT}, the needed surface S is:

Qhe

S:AThe-U

(10)
where U is the heat transfer coefficient, a parameter that depends on the heat
exchanger nature and technology. The power density per heat exchanger surface,
p, is thus:
P-ATy.-U
pP=—F—"—
Qhe

The value of U is typically assumed to be 1000 W/(m? K), for both vacuum
distillers [69] and for heat exchangers between solutions [T10]. In a few papers,
slightly different values of U are used. The heat exchanger technology is not
discussed in detail, nor experiments with practical realisations of heat exchang-
ers are reported, thus the different values are not significant and should be not
attributed to differences in the performances of the discussed techniques.

In order to provide a uniform evaluation of p, independent on the perfor-
mances that are assumed in the various papers, we decide to evaluate p with
the uniform value Up=1000 W/(m? K) for all the techniques. In the few pa-
pers in which slightly different values of U are used, we recalculate p based on
Up=1000 W/(m?K). Calculated in this way, the performance index p is gen-
uinely connected to the heat-exploiting technique, independently on the its pos-
sible implementations with different heat exchanger techniques. If a specific
heat exchanger technique is utilised, with a given U, the actual power per unit
surface of heat exchangers can be calculated as pU/U.

(11)
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Figure 11: Dependence of p on the energy efficiency n for various techniques
which make use of MEHRS. The efficiency of the techniques which do not make
use of a MEHRS is reported above the graph; the vertical position is not related
to any value of p.

Heat exchangers between the heat source and the process and between the
process and the heat sink are needed by all the discussed techniques (see Fig. @
For this reason, these two heat exchangers are not taken into consideration in the
calculation of p and do not participate to the MEHRS heat exchanger surface
S.

4.3 Trade-off between p and 7

Some of the reviewed papers report 1 and p for various values of ATp.. The
resulting p versus n curves are shown in Fig. The techniques which do not
make use of a MEHRS are reported above the graph; for them, only the hori-
zontal position, 7 is relevant. The detailed discussion of each paper is reported
in ESI, Sect. [S3]

In Fig. it can be clearly noticed that there is a trade-off between n and
p: the efficiency 7 can be increased at the expense of a larger amount of heat
exchangers per unit produced power. For example, the TO device discussed in
Ref. [45] can in principle reach an efficiency of more than 4%, larger than the
efficiency of the VD-CRFB system discussed in Ref. [75], but the required heat
exchangers are almost three decades larger. The trade-off between n and p has
been already noticed and discussed in literature, e.g. the graph in Fig. 6f of
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Ref. [68] shows that the efficiency increases together with the heat exchanger
area, as the temperature difference across the heat exchangers decreases.

It has been shown that the shape of the p versus n curves, such as the ones
reported in Fig. can be easily calculated based on the applied MEHRS [111].
An approximated calculation is straightforward for the multi-effect combination.
The energy efficiency 7 is:

nN="mn«n (12)
where n is the number of effects and 7, is the energy efficiency of a single effect.
In order to calculate p from Eq. [} we first notice that the heat flowing through
each heat exchanger is almost the same, Q (approximating Q@ = Qg (1—1n) ~
Qu, all effects are crossed by Qp, see Fig. [9), thus:

Qe = (n—1)- Q= <n—1>§; (13)

here we remind that the heat flux considered in Q ne €xcludes the heat exchangers
with the heat source and the heat sink, hence the considered heat exchangers
are n — 1 (see Fig.[J). Using Eq. [0 we get:

U- AT,

p— (14)

p=n
In turn, n can be approximately evaluated by dividing the available temperature
range by the temperature drop across each effect:

Ty —Tp - ATy

1
Aj_vhe + AT* ( 5)

where AT is the temperature drop across the heat exchanger from the heat
source. Here, we assume that AT, is equal for all the processes and AT},
is uniform across the heat exchangers and equal for all the heat exchangers.
When the multi-effect system is a multi-effect vacuum distiller, AT, is actually
the boiling point elevation of the solution. Calculating:

Ty —T,— ATy
Ty — 1T — AT
p o= 1 UAThe n-_-L ! (17)

— T — ATy — ATy, — AT,

These two last expressions give n and p parametrically in AT}, for a given tem-
perature range defined by Ty and 77, once the technique has been characterised
by n. and AT,. This means that, even after making use of a MEHRS, the rel-
ative performances of the techniques are dependent on the performances of the
single stages, i.e. a technique with a more efficient single stage will outperform
a less efficient technique when a MEHRS is applied to both.
An analogous procedure has been applied to the “heat recuperation” MEHRS [111].

Quite surprisingly, the result is that the performance indices 17 and p are formally
equal to the expressions for the multi-effect, Eqs. [12] and Ref. [T11] reports
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Figure 12: Comparison of the techniques in the 7, versus AT, graph. Open
symbols represent theoretically evaluated maximal values rather than experi-
mental results. The diagonal line represents the Carnot limit.

small differences between the two schemes, which are however not relevant for
the analysis carried out here.

The validity of the approximated Eqgs. [I6]and[I7]is discussed in ESI, Sect.[S4]
by showing that they fit the results of several papers. These approximations
have been discussed in the context of vacuum distillation [78] [79].

4.4 Intrinsic performance indices AT, and 7,.

It can be noticed that Egs.[I6and [I7] give n and p as a function of T, Tr, AThe,
ATy, and 7. Only the last two, AT, and n,, are characteristic parameters of
the technique: they represent the temperature difference across a single effect
and its energy efficiency, respectively; by contrast, Ty, 11, ATy are parameters
describing the MEHRS. This suggests us to use AT, and 7, as intrinsic param-
eters of the technique, net of the possible improvements that can be obtained
by using a MEHRS.

Fig. shows the placing of the various techniques in the 7, versus AT,
graph. The calculation of each value from the corresponding paper is reported
in ESI, Sect. The identification of each point appearing in Fig.[12]is reported
in ESI, Fig. [S6l It can be noticed that the various techniques operate on a
large range of AT, covering almost three decades. The best techniques have an
efficiency 3-10 times smaller than the Carnot cycle.
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Figure 13: Energy efficiency n obtained using a multi-effect MEHRS, repre-
sented in false colours as a function of 7, and AT,. Typ=100°C and Ty=25°C.
The black diagonal line represents the Carnot limit. The ellipses represent the
distribution of performances of the various techniques; dashed ellipses repre-
sent theoretical maximum performances rather than experimentally measured
values. The numbers on the top part of the graph are the number of effects,
separated by vertical dashed lines. Two values of AT}y, are reported.
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Following Ref. [IT1], based on the values of 1, versus AT, it is possible
to theoretically calculate n and p attained by using a MEHRS, with a given
ATy, operating on a temperature range from T, to Ty. Results are shown
in Fig. [I3] in false colours superposed on the 7, versus AT, graph, where the
various techniques are also represented.

In Fig. the energy efficiency is calculated for multi-effect MEHRS [111],
for two values of AT}y.. The number of effects is shown on the top of the area
of the graph; n = 1 actually means that no MEHRS is used.

For techniques for which AT, <« AT}, decreasing AT, allows us to increase
the number of effects, but this does not increase the efficiency n at same n,
which is obtained with the MEHRS. In order to reach a large efficiency 7, it
is thus not useful to have a large 2nd-law efficiency at low AT,, but rather a
high efficiency 7., which, in turn, requires a large AT,. The best efficiencies
n are obtained by techniques with large 7,; techniques with small AT}, and
thus small 7., get the largest advantages from the MEHRS, but do not become
competitive with techniques with larger 7,, in particular for AT, < ATpe.

The necessity for a large 7. is even more evident when the heat exchanger
surface is taken into account. The techniques with AT, around 10 K and a
large 2nd-law efficiency have an efficiency n up to 4%, with a single effect (i.e.
no MEHRS is actually applied). By contrast, techniques with AT, of the order
of 1 K require 10 or more effects in order to reach an efficiency lower than 1%:
this increases the complexity of the system and requires large surfaces of heat
exchangers.

The discussion does not qualitatively change in the case of the “heat recuper-
ation” scheme [I11]. This analysis shows that n, plays the role of performance
index relevant for both the energy efficiency 1 and the heat exchanger power
density p of the techniques using a MEHRS. The techniques which reach the
highest n, are MD-CRFB and CuACN, which do not require any MEHRS and
which were already recognised as the most promising techniques in Fig.

Summarising, the techniques with a high 7, yield the best performances,
also with MEHRS; techniques with a small 7, profit on the MERHS, but do not
become competitive with techniques with high n,. This result can be surprising,
since it is different from what happens with high-temperature heat sources,
and is specific to the case of low-temperature heat sources, where Ty — T, is
comparable with ATj,.

4.5 Approximate expressions for n and p

Following Ref. [IT1], the concepts discussed in the previous sections can be
expressed alternatively by performing an approximation of Egs. |16|and The
approximation of 1 and p is obtained for ATy, + AT, < Ty — Tp, i.e. for a
large number of effect n:

B Ty — T},
" "™ AT, + AT, (18)
p = nUAT (19)
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Here we notice that 7, directly fixes p, once AT} has been chosen: this remarks
once again the importance of 7.
It is useful to calculate 72nq—iaw from Eq. [I6}

Ty

nd—law — "lx "+ A~ 2

where we approximated AT; = 0. Defining the 2nd-law efficiency of a single
process:

AT,
nd—law,x = T]x 3 21
2 T (21)
we can further approximate this expression as:
AT,
(22)

2nd—law = Uan—law,*m

This equation can be used as a rule of thumb for selecting AT},.: given a process
with 2nd-law efficiency n2pd—iqaw,«, the overall 2nd-law efficiency of the MEHRS
will be close to Mapd—iqw,« if AThe < ATy, but will vanish for ATy > AT,.

5 Technical and economical feasibility

5.1 Technology readiness level

The TRL of all the technologies discussed in this paper is very low. The tech-
niques reported in Table [I] are between TRL 2 and 3, i.e. the fundamental
principles have been observed and the technology concept has been formulated,
however, a complete realization of the whole process has not been performed
yet, not even at laboratory scale. Thanks to the relatively smaller experimental
complexity, TECs are the most close to the laboratory validation of the whole
device. On the opposite side, the evaluation of TO has mostly been performed
theoretically. Details of the specific techniques are given in Sect. [6}

The same TRL range is reached by TS-SGP techniques, listed in Table
usually, only one of the two parts, TS or SGP, is tested in the experiments and
the overall performances of the TS-SGP combination are only theoretically cal-
culated. The only exception is Ref. [88], in which a TL-RED device is presents;
unfortunately, the performances are not satisfactory and worse than expected
and shown in Fig.

Since TS-SGP is composed by the combination of two technologies, it is
useful to first give a separate evaluation of the TS and the SGP stages. Distil-
lation (VD and MD) are at fully commercial stage. TL has been tested in small
laboratory scale, but the underlying technology (column distillation) is also at
fully commercial stage. The other separation technologies are at TRL 2. None
of the SGP techniques is at commercial stage, however, pilot plants based on
PRO and RED have been built for exploitation of naturally occurring salinity
gradients. CapMix and CRFB are at TRL 3.
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This notwithstanding, it must be noticed that the association of TS and
SGP require more scientific effort than simply combining the techniques: as
explained in previous sections, the design requires to develop the understanding
of the underlying thermodynamics of the system. An example is VD-RED,
where distillers with 20 or more effects (seldom used in practice) have been
studied. For this reason, we evaluated a TRL between 2 and 3 for the TS-SGP
techniques. Details of the specific techniques are given in Sect. [f]

Due to the low TRL, a complete and reliable technical and economical as-
sessment is not yet feasible. Rather, we aim at showing how the selected per-
formance indices are critical for determining the technical and economical fea-
sibility: they enable at least a partial partial technical and economical analysis,
which allows us to rule out some of the techniques and to direct the research
towards the most promising.

5.2 Partial evaluation of costs based on p and 7

The heat exploited by the various techniques cannot be considered as available
“for free”. At least, heat exchangers are needed to collect the heat, and heat
exchangers contribute to the cost of the whole device. Since the power output
of the system is proportional to 7, the cost per unit installed power contains a
term which is inversely proportional to 7. The heat collection cost depends on
the collection technique; as an example, in ESI, Sect. [S6] we discuss the case
of solar heat collection by means of stationary, household-scale collectors. The
evaluated cost per installed unit heat power is ¢,=0.2 €/W. This quantity must
be divided by 7 to give the contribution of heat collection to the overall cost,
Ch/n.

We expressed the power density p as the power per unit surface, because all
the discussed techniques are based on thin foil-like elements, either membranes
or relatively thin electrodes, characterised by a surface. Such elements have
a cost per unit surface c¢s. The discussion of ¢ is reported in ESI, Sect.
the cost is optimistically evaluated in the range cs=50-150 €/m?, depending on
the technique, although much more expensive elements could be needed. This
quantity must be divided by p to give the contribution related to surface area
to the overall cost, ¢s/p.

It must be emphasized once again that the two mentioned costs, i.e. ¢, /7,
the cost of heat collection and ¢;/p, the cost related to surface area, are only
a part of the whole cost. This evaluation is not aimed at an overall evaluation
of the feasibility of the techniques, but it can rather prove that some of them
are very far from feasibility, simply considering one of the various aspects, i.e.
based on p or n alone. This shows that the chosen performance parameters are
critical for the evaluation of the economic feasibility.

By using the costs c¢;, and ¢, reported above, the heat collection cost is of
the order of ¢;/n=5 €/W at the highest n, i.e. 4%, and the cost related to
surface area is of the order of c,/p=1 €/W at the highest p, i.e. 100 W/m?.
As a comparison, photovoltaic cells have a cost per unit peak power less than
0.5 €/W, likely with a longer duration than electrodes and membranes, and a
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whole household-scale installed plant costs less than 2 €/W. The various re-
ported techniques span decades in p and 1 below the best performance indices;
it can be clearly seen that some of them are definitely not economically feasible,
although further research will likely improve the performances. The analysis
shows the relevance of the performance indices p and 7 for a preliminary screen-
ing of the techniques, useful also in the absence of a complete technical and
economical feasibility analysis. It is worth noticing that the costs per installed
heat power collection, ¢j, and the cost proportional to the surface area, c, are
within a relatively small range, while the values of n and p span decades. The
values of p and 7 reported in the previous sections, together with the discussion
about the possible improvements and physical limitations given in the followins
section, can be used to rule out some of the techniques and focus on the most
promising ones. Moreover, this discussion highlights that the performance in-
dices p and n are currently the most critical for the feasibility of the techniques.

5.3 Cost of heat exchangers

We introduced the performance index p, describing the power per unit surface
of heat exchangers, in order to characterise the performances of a MEHRS. Its
relevance is emphasised by observing that heat exchangers have a cost per unit
surface, cpe, which significantly contributes to the total cost of the device [68].

In Ref. [T12], the cost of heat exchangers used in VD is in the range cp.=200-
400 €/m?. This high cost is in agreement with the claim found in Ref. [68] that
the amount of heat exchanger area represents an important share of the total
capital costs of the VD-RED units. In the following, we use this value range,
although it can be different for different types of heat exchangers [113].

The contribution of the heat exchangers used in MEHRS on the total cost
per unit installed power is ¢pe/p; it vanishes for techniques which do not use
MEHRS. The values of p are shown in Fig. for various techniques. As an
example, a value of p=1 W/m? corresponds to a very high cost of 200-400 €/W.

A further insight can be gained by considering the partial cost cpe/p + cn /7,
i.e. the sum of the cost of heat collection and of heat exchangers in the MEHRS.
As ATy, decreases, n increases but p decreases: the partial cost can be thus op-
timised by suitably choosing AT},.. The optimal value of AT}, can be theoreti-
cally evaluated using the expressions of 7 and p as a function of the intrinsic per-
formance indices 7, and AT, expressed by Eqgs.[16|and We already showed
that such expressions are accurate. The resulting partial cost cpe/p + cp/n is
thus expressed as a function of ATy, and can be minimized [IT1].

Here we report the results obtained with the simplified Eqs. [[§ and [IT9] We
first use the simplified equations to express the partial cost cpe/p + ¢i /7, then
we calculate value of AT}, which minimises it. The result is:

che Ty —T1,

ATy =
h Ch U

(23)
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Using again Eq. [T9%

Che Che,x
= Chex (24)
p UE
where:
CheCh
ek = 4| T 25
Ch 3 U (TH _ TL) ( )

The term cpe «, with the assumptions and approximations discussed above, is of
the order of 1 €/W. Although this value can change, depending on the specific
technique, this result highlights the importance of the performance index 7,:
while the partial cost ¢, /n can be reduced by using a MEHRS, the cost cpe /7
only depends on the intrinsic performance index 7,, which cannot be increased
by the MEHRS. The values of 7., reported in Fig. say that the partial cost
Che/Msx 1s of the order of 1 €/W for the best performing techniques, while it
goes to more than 1000 €/W for the lowest 7.. This analysis confirms that the
MEHRS do not change the ranking of the techniques, i.e. techniques with large
1« are needed and, for such techniques, MEHRS are not needed, and highlights
that the performance index p is one of the most critical for the feasibility of the
techniques.

5.4 Occupation of space and complexity of the system

The size of a device working with a given technique is an important parameter,
particularly when dealing with devices that are meant for household application.
The performance index p can be quite directly related to a volume, although
this volume is only a part of the whole system. As remarked above, all the
discussed techniques are based on thin foil-like elements, either membranes or
relatively thin electrodes. The performance index p represents the ratio between
the produced power and the surface of such elements. On the other hand, the
thickness of a single cell composed by such elements is of the order of magnitude
of 1 mm, although the geometry of the devices depend on the specific technique.
In some of the techniques, TEC and some TREC, the electrolyte does not flow
between the electrodes; this enables the use of thin spacers, of the order of 100 p,
which adds up to the electrode thickness and to the current collectors, giving a
total cell thickness not much smaller than 1 mm. In all the other cases, a liquid
flow is needed, thus the minimum cell thickness is limited by the necessity of
keeping the hydraulic resistance low.

If we assume that this thickness is 1 mm, as a rough approximation for all
the techniques, we see that the cells of a device able to produce a peak power of
5 kW with p=10 W/m? has a volume of 500 L; it must be emphasised once again
that this is only a part of the total volume. Although bulky, such a volume could
fit into a room of a private house. However, it must be noticed that the values
of p span decades, so it is apparent that some of the techniques require a too
large volume, just considering the cells; some of them also require cumbersome
additional parts, e.g. the techniques based on PRO require a turbine.

A similar reasoning can be applied to p; in this case, the characteristic thick-
ness to be evaluated concerns the heat exchangers. This thickness is limited by
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the necessity of keeping the hydraulic resistance small. If the thickness is below
1 mm, the device is considered a “micro heat exchanger”, while much larger
sizes are typically seen in industrial applications. We thus see that the situa-
tion is similar to the case of the performance index p: with p=10 W/m? the
heat exchangers occupy 500 L, under the optimistic assumption of thickness of
1 mm. This additional volume could be much larger, since, in some of the tech-
niques, a suitable efficiency (in turn connected with the cost of heat collection,
as discussed above) is only obtained with very small p, as shown in Fig.

It is worth noting that a small value of p does not only affect the size of
the system but also its complexity. For example, in the case of VD, a small
value of p is connected with a large number of effects (up to 20 or more in some
evaluations) and a small temperature difference across the heat exchangers,
ATp. (even below 1 K in some evaluations). Both requirements are technically
hard to fulfil and significantly contribute to the complexity of the system.

6 Discussion of the techniques based on funda-
mental physical principles

The various reviewed techniques cover a wide range in the n - p and 7, - AT,
graphs, Figs. 8 and respectively. As clarified in the previous sections, the
most performing techniques are in the top-left corner of both graphs. In this
section we discuss the performances of the various techniques, aiming at ex-
plaining the placing in the n - p and 7, - AT, graphs based on fundamental
physical principles.

6.1 Thermogalvanic cells (TEC)

The performances of the cell are mostly determined by three parameters: the
thermoelectric coefficient « (see Sect. |2|for the definition), the heat conductivity
and the heat cell resistance (in turn, depending on electrolyte resistivity and
electrode properties). Roughly, a and resistance determine the power at a given
temperature difference. The cell voltage is of the order of tens of mV, and
the power density is small, compared to other electrochemical devices such as
batteries.

The TECs are inherently in non-equilibrium: the two sides of the cell are
kept at different temperatures. The energy efficiency is the ratio between the
produced power and the heat flux, mostly due to heat conduction. Heat con-
vection can be decreased by using gels or porous matrices [109], however, the
conduction cannot be eliminated and is an intrinsic property of the chosen ma-
terials. Although no physical limitation to the efficiency has been evidenced in
literature, besides the Carnot limit, from the results reported in literature, it
appears that the efficiency of TECs is actually much less than the Carnot effi-
ciency; this is eventually due to the properties of the currently used materials.
Quoting Ref. [58]: As a result, the typical efficiency is limited to an equivalent
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ZT of <0.1 (e.g., efficiency is 0.7% of Carnot efficiency (nc) at AT=5 K).
This translates into n=0.01%.

Efficiency 7 depends on the properties of the materials; it is typically very
small, the best results being of the order of 0.1%.

Temperatures AT, can be adapted to any available temperature difference.
However Ty is limited by parasitic reactions.

MEHRS No MEHRS is required.

Power p is usually very low, due to the small cell voltage. Optimised systems
reach power densities of the order of 1 W/m?. Power densities up to
10 W/m? have been obtained at the expense of an even smaller efficiency
than other TECs.

Level of development Thanks to the relatively simple design, the laboratory-
scale devices are relatively similar to real-world realisations.

Overall remarks The technique has the remarkable advantage of being sim-
ple and compact. It is probably well suited for very-small-scale energy
scavenging, in which high efficiency is not as important as compactness.

6.2 Electrochemical heat engine (TREC)

As in the case of TECs, the power is defined by the overall thermoelectric coeffi-
cient « (difference between the thermoelectric coefficients of the two electrodes)
and the cell resistance. In the experiments reported in the reviewed papers, the
power is even smaller than in TECs.

At variance with TECs, no direct heat conduction takes place; rather, heat
is parasitically transported from the heat source to the heat sink by the sensible
heat of the cell. The process can be ideally carried on close to reversibility. It
has been argued that this different mechanism of heat transfer would increase
the energy efficiency with respect to TECs.

A sketch of the temperature T' versus entropy S graph is shown in Fig.
The charging (B) and discharging (D) phases are isothermal; in order to follow
the cycle clockwise (produce energy), the chemistry of the battery is chosen so
that the charging (B) and discharging (D) phases are exothermic and endother-
mic respectively. The slope of the heating (A) and cooling (C) steps is due to
the heat capacity of the battery.

We notice that the cycle in the T versus S graph covers a diagonal band,
rather than approaching the Carnot cycle (cyan rectangle), due to the exchange
of sensible heat in steps (A) and (C). In the reviewd papers, the sensible heat
exchange Q4 and the reaction heat (Qp are calculated based on an ideal cell
composition, and the appear to be of the same order of magnitude, e.g. in
Ref. [26] they are Q@ 4=60 J/g and Q=45 J/g per unit mass of active material
(see ESI). In the experimental realisations reported in the reviewed papers, Q4
is however much bigger than @) g, thus the area covered by the cycle, represented
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Figure 14: Sketch of the temperature versus entropy diagram of the cycle of
the electrochemical heat engine. An accumulator (either a battery or a super-
capacitor) is sequentially heated (A), charged (B), cooled (C) and discharged
(D). The yellow area represents the produced electrical work, while the cyan
area is the Carnot cycle. The temperature approximately correspond to the
experiment presented in Ref. [26] while the entropy scale is arbitrary.
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in yellow in Fig. is a diagonal band, covering much less than the Carnot cycle
(cyan rectangle).

It must be emphasised that the reported efficiencies refer to theoretical cal-
culations, in which @) 4 only takes into consideration only the sensible heat of the
active materials; no real cell, approaching that value, has been demonstrated
and the passive elements of the cell have not been discussed.

Heat recuperation of the sensible heat could improve the situation, however,
it would be based on solid-solid heat exchange (heat exchange between cells),
thus its feasibility is questionable in practice.

The works on TREC report the power production per unit mass of active
material, which translates into a very small power per surface, of the order of
10 mW /m?, due to small electrode mass loading (a few mg per cm?). It has been
argued that a larger power could be hypothetically achieved with larger mass
loading of active materials (see e.g. Ref. [23], reporting larger power density).
However, the extrapolation to larger mass loading is questionable and has never
been tested in experimental cells. Based on literature on batteries, increasing
the mass loading is detrimental for the performances, in particular it increases
the overvoltages; TRECs are even more sensitive than batteries to this effect,
because they work with a voltage rise much smaller than cell voltage of typical
batteries.

It is worth noting that some of the experiments [34] [26] 27] were performed
with a heat sink temperature 7, lower than room temperature, namely 0°C,
10°C, and 15°C, in Refs. [34], [26, B1], and [27], respectively. This low tem-
perature heat sink is not always naturally available. In the case of battery-like
cells [26, 27], the use of the low temperature was necessary in order to have
a large temperature difference Ty — T, while keeping Ty low enough to avoid
parasitic reactions (see e.g. Fig. 4 of supplementary information of Ref. [26]).
The choice of refrigeration in the case of supercapacitors [34] is likely due to a
similar reason, i.e. to avoid charge leakage.

Efficiency 7 is limited by the ratio between the reaction heat (steps (B) and
(D)) and the exchanged sensible heat (steps (A) and (C)). Only theoretical
maximum values have been discussed in literature.

Temperatures In principle AT, can be adapted to any available temperature
difference. However T}y is limited by parasitic reactions to less than 60-
70°C.

MEHRS No MEHRS is required.

Power p is very low, of the order of 10 mW /m?, due to the small cell voltage and
small active material loading. It could be probably increased by optimising
the working conditions but experiments are missing up to now.

Level of development The physical principles have been demonstrated. Most
of the performance evaluations are theoretical.
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Overall remarks The technique has the theoretical potential exploit the whole
temperature range from the heat source at Ty=60-70°C down to room
temperature. The theoretical maximum value of n is interesting, however,
it has not been demonstrated in practical operation; it is questionable if
this theoretical limit can be practically approached. In the experimental
works, the power density p is impractically small. The technique still
requires laboratory experimental work.

6.3 Method based on copper - acetonitrile complexation
(CuACN)

Experiments on this technique were performed using a temperature Ty=160°C,
i.e. above the temperature that is in the scope of this review, Ty=100°C. This
is partially the reason of the high energy efficiency n with respect to the other
techniques.

Since two different processes are involved, namely the thermal and the elec-
trochemical processes, it is worth separating the efficiency 7 into the product
nrp -nep of the thermal process efficiency nrp and the electrochemical process
nep. The former is defined as the ratio between the free energy AG of the
produced solution and the consumed heat Qg:

AG
nrp = @ (26)

while the latter is defined as the ratio between the produced electrical work W
and the available free energy AG:

w

- 2
nep AC ( 7)

The most limiting term is nyp. Its value can be usefully discussed based
on the temperature versus entropy graph [114] shown in Fig. The area
highlighted in yellow represents the free energy of the solutions that are fed into
the electrochemical cell (see the discussion of the temperature versus entropy
graph in Ref. [T7], which also applies to this case; rigorously, the operation of
the electrochemical cell should be excluded from the calculation). The graph
can thus be used to graphically discuss the efficiency of the thermal process,
nrp, which is the ratio between the area highlighted in yellow and the area of
the Carnot cycle, the cyan rectangle.

The heat consumption takes place at two different plateaus, marked as “va-
porisation” and “reaction”, which correspond to the vaporization of acetonitrile
and to the dissociation of the Cu-ACN complex, respectively. It can be roughly
assumed that the area below the “vaporisation” segment corresponds to the in-
crease of mixing free energy of the solutions, while the area below the “reaction”
is the free energy associated with the complexation. Both are available to the
electrochemical cell.
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Figure 15: Example of temperature versus entropy of the CuACN process [114],
with 1.5 M Cu™™" solution and 30% acetonitrile in propylene carbonate. The
yellow area represents the produced electrical work, while the cyan area is the
Carnot cycle.
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From the temperature versus entropy graph, it can be clearly seen that the
cycle covers a relevant part of the ideally rectangular Carnot cycle. The signif-
icant advantage of this technique is that the cycle covers a high temperature
difference of around 80 K; this intrinsically give a large Carnot efficiency, and
does not require the use of MEHRS.

Efficiency 7 is one of the largest reported in the reviewed papers, approxi-
mately 2%.

Temperatures AT, is around 90 K, the largest reported in this review. A
single stage can thus cover the available temperature range between Ty
and T;,. No MEHRS is required. It must be noticed that Tx=160°C,
higher than the maximum temperature of heat sources considered in the
other reviewed papers.

MEHRS No MEHRS is required.
Power p is very high, around 100 W/m?, thanks to the high cell voltage.

Level of development The whole process has been realised in laboratory.
The single parts of the process have not been integrated into a automatic
process.

Overall remarks The technique has a very good potential and the experimen-
tal demonstration is sound. The main challenge for increasing the TRL
will likely be the handling of the copper nanoparticle slurry.

6.4 Thermally regenerative ammonia battery (TRAB)

These techniques show a relatively small energy efficiency below 1% with a quite
high power density.

The process has been studied thoroughly, however, no clear explanation for
the observed performances has been given, nor fundamental principles have been
shown to limit them. More in general, the energy efficiency of column distilla-
tion, defined as ratio between produced free energy of solutions and consumed
heat, has not been widely studied; Ref. [I15] tackles the problem but is not
focused on energy production from heat sources, nor considers the presence of
complexes in the solutions.

Efficiency The values of 7 fall in the centre of the range of n of the various
techniques, slightly below 1%. The reviewed papers do not report ideas
to improve it.

Temperatures AT, is quite large, from Ty =70-80°C to room temperature.
MEHRS No MEHRS is required.

Power p is interesting, of the order of 10 W/m?2.
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Level of development The whole process has been realized in laboratory.
The single parts of the process have not been integrated into a automatic
process.

Overall remarks The technique has a quite high power density but the effi-
ciency is small, compared with other techniques. It is not clear if and how
the efficiency can be improved, in order to enable practical applications.

6.5 TO

Ref. [45] discusses the theoretical maximum of the energy efficiency. Given
a temperature difference AT, across the membrane, the maximum generated
hydraulic pressure is calculated based on Antoine and Kelvin equations. The
heat flux from the heat source is calculated taking into account only the latent
heat of evaporation. From such assumptions, the maximum energy efficiency is
found to be the Carnot efficiency.

It is worth noting that this calculation neglects the large contribution of the
membrane heat conduction, which is usually relevant [I10, [8T].

It has been noticed that the vapour flux strongly decreases at hydraulic
pressures of more than 10 bar [45, @7, (0]. Since AT, is a function of the
pressure, this pressure limitation represents a limit to the temperature difference
across the membrane, AT, <0.12 K. In turn, this limits the efficiency of the
process (without MEHRS) to 7, <0.043%. These values of AT, and 7, allow us
to calculate the energy efficiency n with the MEHRS, following the discussion
reported in Sect. [} the results are consistent with the performances reported in
Ref. [45] when the MEHRS is applied (see ESI, Sect. . We thus see that this
pressure limit is the reason for the poor placing of this technique in Fig. it
limits AT, which in turn limits 7,. In turn, 7, limits n to very small values,
hence the poor placing of TO in Figs.

The pressure limit has been attributed to a mechanical deformation of the
membrane [47] [50], however, experimental confirmations of the deformation have
not been provided.

The power production has been experimentally evaluated and reaches the
order of magnitude of 1 W/m?2. However, the experiments proving such a power
production were conducted in conditions under which the efficiency was pre-
dicted to be even smaller than reported above.

Efficiency 7, is limited by the maximum pressure, 7, <0.043%. This strongly
limits the practical applicability of the technique with real (finite-sized)
heat exchangers. Real efficiencies are even smaller, due to heat conduction
across the membrane, which have not been characterised.

Temperatures AT, is limited to 0.12 K by the pressure limitation.

MEHRS High efficiencies are only feasible with extremely large surfaces of
heat exchangers, even theoretically. For example, producing 1 kW with
an efficiency n=1% would require a heat exchanger of around 1000 m?2,
assuming ideal conditions.
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Power p of the order of 1 W/m? has been evaluated experimentally, but under
working conditions under which 7 vanishes (i.e.n. is even much smaller
than 0.043%). Experiments are still needed to evaluate the power produc-
tion under non-vanishing efficiency.

Level of development The physical principles have been observed. Most of
the evaluations are based on theoretical extrapolations.

Overall remarks Increasing 10-100 times the pressure limit of the membranes
would be necessary to make this technique competitive with the others.

6.6 Distillation-salinity gradient power (TS-SGP)

In this technique, two different processes are involved, namely TS and SGP. It
is thus worth separating the efficiency 7 into the product nrgs - nsgp of the TS
efficiency nrs and the SGP efficiency nggp. The former is defined as the ratio
between the mixing free energy AG of the produced solution and the consumed

heat Qg: AG
nrs = On (28)

while the latter is defined as the ratio between the produced electrical work W
and the available mixing free energy AG:

w
NsGP = N (29)

The same separation can be done for 7., which can be written as the product
Nrs,« - NsGp, where nrg . is the energy efficiency of a single TS stage of a
MEHRS.

The efficiency nrs,« is usefully discussed based on the temperature versus
entropy graph. It is easy to show [77] that the area covered by the cycle (yellow
area in Fig. represents the produced mixing free energy; thus the ratio
between the area covered by the cycle (yellow area) and the area of the Carnot
cycle (cyan area) represents the 2nd-law efficiency n2nd—iaw-

6.6.1 Vacuum distillation (VD)

The temperature wversus entropy graph for vacuum distillation is shown in
Fig. The process consists in the following steps:

A Heating The mixed solution is heated up to the boiling point
B Boiling Part of the solvent is vaporised
C Cooling The solution and the vapour are cooled down

D Condensing The vapour is condensed
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Figure 16: Distillation process represented in the temperature versus entropy
graph. The distilled solution is NaOH in water, having a high boiling point
elevation. The yellow area represents the produced electrical work, while the
cyan area is the Carnot cycle. The data are taken from Ref. [79].
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The temperature difference between steps (B) boiling and (D) condensing is the
boiling point elevation of the solution, corresponding to AT, ; in the example of
Fig. [16] it is high because of the use of an extremely concentrated solution of
NaOH; AT, of a few K are typical of more dilute solutions often used with RED.
The increase of temperature during step (B) boiling is due to the increase of
concentration of solution during solvent vaporisation, which leads to the increase
of boiling point elevation. The slope of steps (A) heating and (C) cooling are
due to the sensible heat provided or captured from the solution.

The efficiency of vacuum distillation has been discussed in Refs. [78] and
[79]. Some of the results can be easily interpreted by discussing the temperature
versus entropy graph: i) the area enclosed by the cycle increases with increasing
boiling point elevation, which is the height of the cycle AT,; ii) In order to
increase the efficiency nrg ., the segments (A) heating and (C) cooling should be
as much vertical as possible, compared to the width of the cycle; this corresponds
to decreasing the heat capacity of the solutions with respect to the latent heat
of vaporisation; iii) the slope of the segment (B) boiling should be as horizontal
as possible. From these points, we conclude that the used solutions must have
a high boiling point elevation, a large latent heat of vaporisation and a small
heat capacity [78, [79].

The first two design rules (high boiling point elevation and large latent heat
of vaporisation) could appear as counter-intuitive for researchers working in
the field of distillation, since they are detrimental for the produced volume of
distillate and concentrate. However, in the context of TS-SGP, the aim is to
produce the largest amount of mixing free energy rather than the largest volume
of distillate or concentrate, hence the different design rules. On the other hand,
the requirements are not surprising in the field of heat engines, e.g. in Rankine
cycle, it is well known that a large latent heat of vaporisation has a positive
effect.

The increase of efficiency nrg ., and in turn of nrg, with increasing boiling
point elevation has been highlighted in several papers, e.g. Refs. [77 78| [79] [67]
69] and has been experimentally observed in others. For example, in Ref. [82],
higher efficiency is obtained with methanol solutions than with aqueous solutions
of LiCl, likely because of the higher ebullioscopic constant. Fig. 11a of Ref. [67]
shows the increase of efficiency with increasing concentration; in the case of
multi-effect distillation (panel b of the same figure), the data are reported for
ATh.=2 K, a very small value, but the effect would be much more visible taking
a larger and more realistic ATy.. Other papers identify highly soluble salts as
more promising [69], since they provide a higher boiling point elevation.

The discussion above refers to nrs . and nrg; now we discuss the SGP
techniques that have been coupled with vacuum distillation. In the case of
RED, nsgp drops at high concentration [116], due to loss of perm-selectivity
occurring when the membrane charge density becomes comparable with the
ionic strength of the solution; a dramatic increase of resistivity also occurs at
high concentration, due to the osmotic removal of solvent from the membrane.
For VD-RED techniques, there are thus competing requirements: 77g increases
with increasing boiling point elevation, and thus with increasing concentration,
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but nsap decreases with increasing concentration. This concentration limitation
also leads to a limited power density, of the order of a few W/m?. A similar
limitation is found for PRO, in which concentration polarisation pose a limit to
the concentration; according to the results of Figs. [§ and [I2] the advantage of
PRO seems to be a larger power density p compared with RED.

This situation has been emphasized in several papers, where the improve-
ment of performances is eventually connected to the development of future
“high-performing membranes” [68], “high performing TEMs” [69], or “ideal
IEMs” [70], able to work at higher concentration. For example, Ref. [69] clearly
identifies this problem as the bottleneck of VD-RED technique, showing that
the limitation comes from the poor ability of current RED membranes to handle
high concentrations.

An alternative approach has been proposed based on CRFBs [75], [76]. The
innovative design of such redox-flow batteries includes an unconventional liquid-
liquid extraction device and a solid-state ion-conducting membrane, which eas-
ily withstands concentrated solutions and overcomes the above-discussed bottle-
neck. The result is impressive, as it can be seen in Figs.[§land[I2} the VD-CRFB
technique outperforms all the VD, MD, and TL - RED and PRO techniques,
simply because it is able to work with extremely concentrated solutions of Nal
or LiBr. By comparison, RED is limited to solutions with a boiling point eleva-
tion of 2-4 K, while the CRFB discussed in Ref. [76] works with solutions with
a boiling point elevation of 45 K.

Efficiency nrgs increases with increasing solution concentration. CRFBs are
needed to exploit highly concentrated solutions with a high nsgp. The
efficiency, up to 4%, is the highest reported in this paper.

Temperatures AT, corresponds to the boiling point elevation of the solutions.
A single effect distiller working with a large boiling point elevation, e.g.
45 K for LiBr aqueous solutions, works better than a multi-effect distiller
working with small boiling point elevations, e.g. 2 K with NaCl.

MEHRS The higher is the boiling point elevation, the smaller is the size of
the needed heat exchangers. High concentration solutions, handled by
CRFBs, require a single-effect distiller (no MEHRS).

Power p of the order of 1 W/m? are obtained with RED; p of the order of
10 W/m? are achieved with PRO and CRFB. The latter have the pos-
sibility of further improvements, by development of suitable solid-state
membranes.

Level of development The SGP processes have been realised in laboratory.
VD and MD are industrially well developed. The integration of SGP with
the TS has not been studied experimentally.

Overall remarks VD-CRFB appears as the most promising technique among
the reviewed papers.
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6.6.2 Membrane distillation (MD)

MD has the advantage of being compact, compared to VD. The efficiency is
typically smaller than in VD, due to the heat conduction through the mem-
brane [I10, 8I]. On the other hand, the physical process, vaporisation, is the
same in VD and MD. The boiling point elevation, which plays a relevant role
in VD, corresponds to the “threshold temperature” in MD, and the heat trans-
ferred as vaporisation latent heat is the same. It is thus expected that the
performances of MD are rigorously lower than the performances of VD, due to
the additional heat conduction which contributes to entropy production. Also in
the case of MD, it has been noticed that a concentration increase has a positive
effect on TS efficiency nrg, although, with RED, such solutions would require
“highly-performing membranes” [84] which are not yet available.

However, the studies of MD in the context of MD-SGP applications did not
cover the very high concentrations that are the most promising for the TS-SGP
techniques, such as the solutions used in VD-CRFBs. At this stage, it is thus
impossible to conclude if MD is viable in a TS-SGP system: an evaluation of
MD-SGP with high concentration solutions is needed.

6.6.3 Thermolysis (TL)

From Figs.[§land[12] the TL-SGP techniques do not appear promising. However,
as in the case of TRAB, the analysis of nrg should rely on the evaluation
of the column distillation techniques in the context of TS-SGP, which is still
missing. The papers highlight that “future IEMs” [87], i.e. hypothetical future
membranes with improved properties, could improve the performances.

Efficiency is quite small, of the order of 0.1%.
Temperatures Ty is around 70-80°C.

MEHRS Heat exchangers are used in the distillation column. Association in
series of distillation columns has been proposed.

Power p is quite small, up to 1 W/m?.

Level of development The SGP techniques have been experimentally tested
in laboratory. TL is based on column distillation, which is well developed
at industrial level. The experimental integration of TL with RED has
been tested resulting in unsatisfactory results.

Overall remarks The current results do not appear promising, however, a fun-
damental understanding of the limitation of the technique is still missing,
S0 it is not clear if significant improvements are still possible.

7 Conclusion

In this review we proposed a uniform framework for comparing the performances
reported in literature for different innovative techniques for the exploitation of
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low-temperature heat sources. The main parameters identified as performance
indices are the energy efficiency n and the power density p. In the top-left corner
of the 7 - p graph, Fig.[§] we find two techniques, VD-CRFB and CuACN.

The performance index 7 is however dependent on the use of MEHRS, which
require heat exchangers. We thus introduced a third performance index, p,
which quantifies how much power can be produced with a fixed surface of heat
exchangers in the MEHRS. The discussion of the results reported in literature
and the theoretical work done on this topic showed that there is a trade-off
between n and p, depending on the parameters of the used MEHRS; however,
large values of both 77 and p can be obtained only with a large 7., which is the
energy efficiency of the bare process (i.e. the process without any MEHRS). In
turn, large n, also require large AT, i.e. a large temperature difference driving
the bare process (i.e. the process without any MEHS), which should be larger
than the temperature difference across the heat exchangers, so, practically, of
the order of 10 K.

The placing of the various techniques in the 7, - AT, graph is shown in
Fig. Also in this case, two techniques are close to the top-right corner: VD-
CRFB and CuACN. Actually, the use of the MEHRS enhances the performances
of the techniques but it does not change the ranking, indeed techniques with
large 1. (the top part of Fig. also have a large n (top part of Fig. [§).
Moreover, such techniques do not only yield a large 7, but also require less
heat exchangers in MEHRS: CuACN and VD-CRFB do not require MEHRS,
and have larger efficiency than VD-RED techniques requiring 10 or 20 distiller
effects.

Two key requirements are identified, in order to get a large n.:

1. AT, must be large, compatibly with Ty < 100°C. The (single, no MEHRS)
process must capture heat at high temperature from the heat source and
releases it at much lower temperature to the heat sink.

2. The sensible heat exchanged during the cycle must be small (possibly,
negligible) with respect to the heat reaction/latent heat captured from
the heat source.

These two requirements can be graphically expressed by the temperature versus
entropy graph. This tool is well known in the field of heat engines but can be
applied also in our context. The former requirement says that the graph must
show an almost horizontal upper segment, representing the capture from the
heat source, and an almost horizontal lower segment, representing the release
of heat to the heat source, spaced by a large AT,. The latter requirement says
that the conjunction between the two almost horizontal segments must be as
vertical as possible, compared to the overall width of the graph, i.e. the cycle
must approach a rectangle, the Carnot cycle.

The two requirements explain the placing of the various techniques. In
CuACN and VD-SGP, the sensible heat exchange is negligible with respect to
the reaction and vaporisation heat, hence they show good performances. In
distillation-based techniques, AT, is the boiling point elevation of the solution.
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When RED is used, the concentration is at most a few molar, the boiling point
elevation is limited to a few K, and thus the efficiency is small. Instead, the
VD-CRFB work at much higher concentrations, thus the much larger overall
efficiency 7 that is reached.

In TREC, the reaction heat is much smaller than in CuACN and VD-SGP.
For this reason, the sensible heat exchange comes significantly into play. Cur-
rently, the experiments did not yet demonstrate the feasibility of cells with a
large ratio between reaction and sensible heat, so the efficiency reported in Fig.
is only theoretical.

Our analysis identifies two promising research lines:

1. CuACN technique uses a heat-driven chemical reaction as regeneration
stage. The reaction heat is large and the reaction takes place at a large
AT, . Besides research for increasing the TRL of the technique, alternative
chemistries could be studied. Regeneration by means of chemical reactions
typically take place at high temperature (> 100°C) [54]; the challenge is
to find reactions taking place at lower temperature.

2. VD-RFB exploits the vaporisation to capture heat from the heat source.
The vaporisation latent heat is larger than the sensible heat, in the con-
sidered temperature range. Alternative SGP techniques working at very
high concentrations could be studied in order to improve even more the
performances and reach higher TRL.

In order to unify future research in this field, we suggest that a paper should
report the following data:

1. Placing of the technique in the 7 - p graph and comparison with competing
techniques;

2. Placing of the technique in the 7, - AT, graph and comparison with
competing techniques;

3. Discussion of the limits of the technique: what are the theoretical limits?
Why they are not reached in the experiments? What can be done in order
to increase the performances?

4. When possible, the energy efficiency should be discussed showing a tem-
perature versus entropy graph.

All the parameters should be given homogeneously, e.g. the power densities
should be compared with literature results using the same normalisation (for
example, power per unit membrane area). The performance indices should be
evaluated at the same working conditions, giving (a set of) n with the corre-
sponding p; it is of little use to report the maximum power density p if it is
obtained at a vanishingly small 7. If MEHRS are used, 7 must be compared
with literature results at same AT}p.. In order to compare the results with
Fig. [[2] the performance indices must be reported with ATj.=5 K.
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