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S1 Choice of η as performance index

In this review, we compare the energy efficiency η of the various techniques,
rather than η2nd−law. This choice is justified by the following reasons.

In practical realisations, the relevant performance index is the amount of
work (representing the revenue in terms of electrical current cost savings) that
can be produced from a given amount of installed heat collectors; this is well
characterised by η. If the heat source is at a too low temperature, the efficiency
is eventually small and the exploitation of the heat becomes economically un-
feasible, notwithstanding a good 2nd-law efficiency η2nd−law.

In the context of the present review, we must remark that low-temperature
heat is never completely “for free”. In the small-scale applications mentioned in
Sect. 1, the heat collection plant has an Opex which is almost proportional to
the delivered heat power. Following the example given for thermal solar plants,
a household solar collector of 20 m2 installed on the roof delivers a maximum
of 19 kW of heat around 100◦C, under normal illumination. The relevant per-
formance figure of the heat-to-current conversion is how much electrical power
is produced by that plant; with a high value of η, e.g. η=5-10%, the electri-
cal power production is 0.95-1.9 kW, with η2nd−law=30-60%. Having a device
which works with an even higher η2nd−law but a lower temperature, such that
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the power production is lower, would be of no use, e.g. decreasing the temper-
ature to TH=35◦C, with η2nd−law=70%, would lead to a power production of
only 0.38 kW and η=2%. This confirms that the relevant performance index is
the energy efficiency η rather than η2nd−law, although it must be accompanied
by the minimum accepted temperature of the heat source.

As already remarked, an important element of discussion is the size and
the economic cost of the heat collectors and heat exchangers. As shown in
Fig. 7, all the techniques reviewed here require at least two heat exchanges:
one from the heat source to the system, and a second from the system to the
heat sink (the environment). Due to the temperature drop across the heat
exchangers, the actual heat source temperature available to the process is lower
than TH ; we call it Tproc,H , with Tproc,H < TH ; analogously, we define the actual
heat sink temperature available to the process Tproc,L, with Tproc,L > TL. The
surface of heat exchangers is proportional to the heat flux, but it is also inversely
proportional of the temperature drop ∆The across the heat exchanger. Roughly
assuming ∆The as a constant, Tproc,H = TH − ∆The and Tproc,L = TL + ∆The.
We call ∆T∗ = Tproc,H − Tproc,L the actual temperature difference available
for the process. The presence of ∆The represents an irreversible process which
degrades the available heat. This effect can be quantified in terms of decrease
of the Carnot cycle efficiency:

η <
∆T∗
Tproc,H

≈ ηC − 2
∆The
TH

< ηC , (S1)

where the approximation is at first order in ∆The/TH and (TH − TL)/TH .
We thus see that, in order to tap a relevant fraction of the ideal Carnot cycle,

∆The must be much smaller than the available temperature difference TH −TL,
which is less than 75 K in the present context: ∆The �75 K. In industrial
plants working at high temperature, the temperature drop ∆The is often much
higher, up to hundreds K. Much smaller ∆The is needed. For example, having
a heat source at TH=100◦C, with ∆The=30 K, the actual temperature differ-
ence available to the process is only ∆T∗=15 K corresponding to a maximum
efficiency η <4%. Decreasing ∆The is possible but expensive, as the surface
and the price is roughly inversely proportional to ∆The. The trade-off between
decreasing ∆The (and thus increasing the efficiency) and decreasing the heat
exchanger surface is particularly relevant in the case discussed in this review,
because TH − TL is quite small compared to usual values of ∆The. For the
same reason, the heat exchangers represent a relevant part of a plant [1]. As
an example, the production of 3 kW of power (as in a household application)
requires to handle 60 kW of heat when η=5%. Assuming e.g. a heat transfer
coefficient U=1 kW/(m2K) (it depends on the involved physical process) and
∆The=10 K, the needed surface of heat exchangers is 12 m2; going down to
∆The=1 K would require 120 m2, a very large surface.

Since the two heat exchangers are needed by all the techniques analysed
here, they represent a fixed cost for any technique. On one hand, the cost is
fixed, so it is not necessary to discuss it separately for each technique. On the
other hand, it is a cost, that can be seen as a contribution to the Capex of the
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plant proportional to the incoming heat power: this discussion emphasises even
more the relevance of using the energy efficiency η as one of the performance
indices, rather than the 2nd-law efficiency η2nd−law.

S2 Detailed discussion of the literature for
Sect. 3

S2.1 Thermogalvanic cells (TEC)

The literature on thermogalvanic cells is too wide to be fully accounted for in
this review. Rather, we focus on the citations reported in two reviews, Refs. [2]
and [3].

Reference [2] highlights the results of two studies, Refs. [4] and [5], reporting
the highest power density and relative efficiency, respectively.

In Ref. [4], a highly concentrated ferri/ferrocyanide electrolyte was used. A
power density up to 12 W/m2 was obtained, with temperatures of 21 and 80◦C.
At the maximum power output, the efficiency relative to the Carnot cycle was
0.4%, corresponding to an energy efficiency η=0.07%.

Reference [5] reports the study of cell with aqueous ferri/ferrocyanide elec-
trolyte and a carbon nanotube aerogel as electrode material. The highest effi-
ciency relative to the Carnot cycle was 3.95%, with a temperature difference of
51.4 K. This value corresponds to an energy efficiency of 0.56%; it must be no-
ticed that this is not an experimentally measured value, but rather a calculated
result. The cell reached a power density of 6 W/m2. The reported efficiency is
much higher than usual for this technique; this is due to the unusually low resis-
tance of the electrolyte, while the Seebeck coefficient, the thermal conductivity
and the other performances are in line with literature. From Supplementary
Table 3 of Ref. [5], we see that the “effective ion conductivity”, used for the
calculations, is 1210 mS/cm, with an electrolyte concentration of 0.4 M. By
comparison, Fig. 3d of Ref. [6], black line, reports a conductivity of 200 mS/cm,
at the same concentration. A similar value is obtained from the ionic conduc-
tivity reported in literature [7]. The discrepancy between the literature results
and the conductivity reported in Ref. [5] is not explained by the Authors. For
this reason we decided not to include the results of Ref. [5] in the literature
comparison graph, Fig. 8.

Ref. [3] cites in particular two works in which a high power density was
attained, Refs. [8] and [9].

Ref. [8] reports a power density p=1.8 W/m2 and an exergy efficiency
η2nd−law=1.4%. The temperatures are TH=65◦C and TL=5◦C, so the heat sink
temperature is below room temperature (this is an unrealistic assumption). The
energy efficiency is η=0.24%.

Ref. [9] reports a TEC based on cobalt redox couple in ionic liquid-solvent
mixtures. The temperatures are TH=130◦C and TL=60◦C, so the heat source
temperature is above the maximum considered in this review (100◦C). The
power density is p=0.88 W/m2. The efficiency is not discussed.
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S2.2 Electrochemical heat engine (TREC)

We first discuss the works based on battery-like devices.
Ref. [10] reports several experiments. Some of them are performed using

TL=10◦C, which is not relevant in practical cases. We rely on the results re-
ported in the Sect. “Long-term cycling” of Ref. [10], which refer to a realistic
case, with TH=50◦C and TL=20◦C. The power density p is not reported in
terms of power per cell surface, thus we calculated it from the available data.
The energy production was 1.26 J/g. The duration of the cycles is not declared,
but it can be easily calculated from the current, 17.9 mA/g, and the specific
charge of the whole cell, 32.43 mAh/g (Table 1 of supplemental information
of Ref. [10]): charging and discharging steps last for 1.8 h each, giving a cycle
period of 3.6 h. This gives a power density of 97 µW/g. It must be noticed that
a much larger value of 1.2 mW/g is given in Sect. “Discussion” of Ref. [10]; how-
ever, it refers to a faster cycling time, a larger current, and a larger temperature
difference than the conditions used in Sect. “Long-term cycling” of Ref. [10] for
representing a real case.

In order to translate the result into a power density per surface, it is nec-
essary to evaluate the surface of the cell. We normalize with respect to the
CuHCF electrode surface, which is an overestimation with respect to the mem-
brane surface. The CuHCF loading is 2.5 mg per 0.25 cm2 of carbon cloth, i.e.
40 g/m2. Using the specific charge of CuHCF, 60 mAh/g (Table 1 of supple-
mental information of Ref. [10]), the specific capacity is 2400 mAh/m2. Such a
capacity corresponds to 74 g/m2 of total active material, according to the spe-
cific charge of the whole cell, 32.43 mAh/g (Table 1 of supplemental information
of Ref. [10]). The value of 74 g/m2 allows us to translate the power density of
97 µW/g into p=7 mW/m2. Ref. [2] reports a much higher power density for
TRECs, probably based on hypothetically larger mass loadings.

According to Table 1 of supplemental information of Ref. [10], the heat ca-
pacity of the whole cell is 2.048 J/(K g); the sensible heat needed for heating
the cell from TL=20◦C to TH=50◦C is thus QHX=60 J/g (see Eq. 36 of sup-
plemental information of Ref. [10]). The heat QH is instead evaluated accord-
ing to Eq. 37 of supplemental information of Ref. [10], with αC=1.19 mV/K,
Qc ch=32.43 mAh/g (Table 1 of supplemental information of Ref. [10]) and
TH=50◦C. We obtain QH=45 J/g. We thus confirm the energy efficiency of
1.7% at 50% of heat recovery. Extrapolated to ∆The=5 K (see Eq. S8), we get
η=2.2%. These values (the reported ones and the calculated here) are however
theoretical limits, since they are not measured on a real cell and only take into
account the sensible heat of active materials.

It is worth remarking this text [10]: “A slight shift of the loop is observed, but
there is no significant change in the overall shape. Since the voltage variation
with the temperature is small compared with the average voltage, a very slight
shift can lead to a complete loss of energy production [11]. It is thus questionable
whether the paper reports a real power production.

In Ref. [12] the studied temperatures are TL=20◦C and TH=60◦C. The effi-
ciency reported in the abstract, 2%, refers to the limit of no overpotential, which
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means vanishing power production. The energy efficiency η=1.4% is found in
Fig. 4 of Ref. [12], for 10 mV overvoltage and heat recuperation efficiency of
70%, which could roughly represent the heat exchanger temperature difference
∆The=5 K (see Eq. S8). The efficiency reported in Ref. [12] actually represent
an upper limit, obtained assuming that the heat capacity of the cell is only
due to the active materials: exchanged heats are not experimentally measured
on a real cell. Ref. [12] does not report the obtained surface power density p.
However, in page 17015, left column, the power is declared to be 1 mW per g of
cell material. This is the value reported in Ref. [10] for quite ideal conditions.
Thus it seems that Ref. [12] assumes that the power density of the described
device is similar to Ref. [10]. Hence, we decide to report the same power density,
p=7 mW/m2, in the literature comparison graph, Fig. 8.

In Ref. [13] the studied temperatures are TL=15◦C and TH=50◦C, so TL
was below the room temperature. The efficiencies are reported for two values of
current, 1C and C/2 (as usual in battery literature, C is the current needed to
fully charge the cell in one hour). As in the previous papers, the efficiencies are
calculated based on a theoretical evaluation of the needed heat, which only takes
into account the active materials of the cell, thus neglecting the passive elements.
The values are given Table 1 of Ref. [13]. We consider a heat recuperation of
70%, roughly consistent with ∆The=5 K. The energy efficiencies η are 2.8% and
3.5% for 1C and C/2, respectively. The power density p is not reported, however
it can be calculated. In page 6581, right column, the specific energy production
per cycle is reported; it is 0.5 and 0.65 mWh/g for 1C and C/2, respectively.
The nominal cycle durations are 2 and 4 hours for 1C and C/2, respectively.
From these two values, the average specific powers are 0.25 and 0.16 mW/g.

The reported power is normalised by the active material mass; we must
translate this into a surface; we decide to normalise by the surface of the NiHCF
electrode. This is an overestimation of the power density with respect to the
normalisation by membrane surface; this notwithstanding, the resulting power
density is very small. In supplemental information of Ref. [13], first page, last
line, it is stated that the mass loading of NiHCF is 3 mg/cm2. Assuming a
capacity of 60 mAh/g for CuHCF, from the mass loading we calculate a capacity
of 1800 mAh/m2. In page 6581, left column, last lines of Ref. [13], it is stated
that the capacity is 35.4 mAh/g, where the normalisation is with respect to the
total active material mass. Using this value, we get the active material mass of
50 g/m2. This value translates the above-reported power densities of 0.25 and
0.16 mW/g into values of p of 12 and 8 mW/m2 for 1C and C/2, respectively.

In Ref. [14], only charging and discharging steps were studied and a perfect
heat recuperation was assumed. Under this ideal condition, a high 2nd-law
efficiency η2nd−law was calculated, between 50% and 75%. The reported power
density was p=6.4 W/m2. The result is only speculative, since it relies on the
assumption of ideal heat exchangers, thus we do not report these performance
indices in the literature comparison graph, Fig. 8.

Ref. [15] discusses an alternative scheme, in which the charging step takes
place spontaneously (does not consume external work) and is obtained by means
of an electrochemical short-circuit carried on by a redox couple. The efficiency
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is theoretically calculated (note 10 of supplementary information of Ref. [15]).
The power density under real operation is of the order of 1000 W/m3 (Fig. 13
of supplementary information of Ref. [15]). Although the paper reports the
volumetric power density, it does not give enough information to evaluate the
power per unit surface of electrode, thus we do not report the data in the
literature comparison graph, Fig. 8.

In Ref. [16], a redox-flow battery scheme is used. Rather than performing the
thermal cycle on the whole cell, only the electrolyte is thermally cycled. A device
with two electrochemical cells connected by a counter-current heat exchanger
have been shown. The efficiency versus power curve is reported in Fig. S8 of
supporting information of Ref. [16]. It is however a “simulation”, according to
the caption, and not an experimental measurement. The simulation is done
for various values of heat exchanger power, which correspond to a ∆The much
smaller than 5 K, as required here; it is not possible to extrapolate the result
to ∆The=5 K. For these reasons, we do not report the data in the literature
comparison graph, Fig. 8.

The efficiencies reported in the papers cited above are only calculated values;
the needed heat is calculated only based on the sensible heat of active materials,
neglecting the passive components needed to build a real cell. The actual heat
capacity of the experimental cell was much higher. The calculations are reliable,
but they refer to idealised systems, i.e. they do not take into account the
cycling of a real cell but only of some of the components. Moreover, in some
of the papers, the charge leakage during a real charge/discharge cycle is not
taken into account. For these reasons, the performance indices are reported as
“theoretical” in the literature comparison graph, Fig. 8.

The power densities are very small. It must be emphasised that the power
densities reported above are based on the cell that was experimentally realised;
since the mass loading was typically small, the resulting power density per unit
of surface was also small. Although, in principle, much larger mass loading
can be used, it is questionable how the increase of mass loading can affect
the performances. In particular, it is known that the increase of mass loading
is detrimental for the overvoltage. This particular application is particularly
sensitive to this problem, since the voltage rise (variation of voltage induced by
the temperature) is very small, thus the overvoltage must be kept much smaller
than usual, e.g. in batteries.

We discuss now the works based on supercapacitor-like devices.
Reference [17] discusses the energy production from concentration variations

(here defined as CDLE) and from temperature variation (here defined as DLPE).
The focus of this work is to study the improvement of power production of
CDLE adding a thermal cycling, i.e. DLPE, thus most of the result refer to the
simultaneous application of CDLE and DLPE. However, some results are given
also for the DLPE alone.

From Fig. 8 of Ref. [17], the voltage rise of DLPE alone is of the order
of 7 mV, approximately 1/10 of the voltage rise of CDLE+DLPE shown in
Fig. 10 of Ref. [17]. Since the cell and load resistances are similar in the two
cases, we expect that the power density of DLPE is 1/100 of the power density
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of CDLE+DLPE. For the CDLE+DLPE cycle, the reported power density is
40 mW/m2 (see page 12384, right column, row 5), hence we evaluate a power
density p of 0.4 mW/m2.

Reference [17] does not focus on the optimisation of the performances, thus
the efficiency is not reported at all. We evaluated it based on the following
reasoning. The power density, expressed as power per mass of electrode material,
is 130 mW/kg for CDLE+DLPE (see page 12384, right column, row 5); for
DLPE alone, we evaluate 1.3 mW/kg. From Figs. 8-10 of Ref. [17], the cycle
time is around 2 minutes. We evaluate that the energy production per cycle is
0.158 J/kg. The thermal cycle is performed between 25◦C and 50◦C; in order
to perform such thermal cycle, the sensible heat of the electrode materials must
be provided; we approximate the heat capacitance of the activated carbon with
the one of graphite, 0.79 J/g/K; we obtain 19750 J/kg. We thus find that
the produced work is 8 × 10−6 times less than the heat needed to perform the
thermal cycle, only considering the electrodes. The energy efficiency η is thus
much smaller than 8 × 10−6.

Reference [18] reports an energy density of 2 mJ/m2, with a cycle period
of 1 min (Fig. 2 of Ref. [18]). From this information we evaluate a power
density p of 33 µW/m2. The efficiency was not experimentally evaluated, but
the Authors report that, according to their theoretical evaluation, the 2nd-law
efficiency η2nd−law should be is 0.002×10−3 (page 359, left column, row 7). Since
the cycle exploits a temperature variation of 30 K, we evaluate η = 2 × 10−7.

In Ref. [19], the efficiency is expressed in terms of a “figure of merit” of
the supercapacitor, ξ. It is connected to the energy efficiency through Eq. 3 of
Ref. [19]:

η =
ηC

1 + ηC · ξ−1
(S2)

where ηC is the efficiency of the Carnot cycle. For the temperature range con-
sidered in this paper, 0-60◦C, ηC=18%. The experimentally found value of ξexp
is 0.0039. From this value, an energy efficiency of 0.38% is found. However, this
value is almost purely theoretical, since no real cycle has been performed. For
the same reason, it is not possible to evaluate the power density p.

The efficiency and the power density of the supercapacitor-based techniques
are small, or are not even reported in papers; we thus decide not to report them
in the literature comparison graph, Fig. 8.

S2.3 Method based on copper-acetonitrile complexation
and disproportionation (CuACN)

No evaluation of performances was reported in Ref. [20].
The experimental setup was improved in Ref. [21]. The experimental work

concerns only the electrochemical part, while the thermal process is only calcu-
lated theoretically. The calculation is however reliable, because the system is
quite simple and the calculation is based on well known physical phenomena.
The energy efficiency η is 2% and the average power density is 90 W/m2 (data
reported in the abstract).
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It must be noticed that this technique requires a heat source at tempera-
ture above 160◦C, which is above the maximum temperature considered in this
review.

S2.4 Method based on copper-ammonia complexation
(TRAB)

Ref. [22] reports a peak power density of 126 W/m2; it is clearly stated that this
figure refers to the power per unit “projected electrode area” [23], while the most
relevant figure is the power per unit membrane area [23]. In Ref. [22], page 347,
right column, at the beginning of the “Design, construction, and operation”
section, it is stated that the membrane surface is 7 cm2, while the projected
surface area is 1.6 cm2. This leads to the evaluation of peak power density
per membrane surface of 28 W/m2. From Fig. S2 of supporting information
of Ref. [22], curve labelled “with acid”, the power density averaged over the
full discharge is approximately 65% of the peak power density, thus we evaluate
the power density p as 18 W/m2. The reported energy efficiency η is 0.86%
(page 347, right column, last paragraph before the “Experimental” section of
Ref. [22]).

Ref. [24] reports a slightly modified setup and analysed the operation of the
electrochemical cell at various temperatures. Several working temperatures are
tested; here we report the results obtained for 56◦C and 72◦C; we put the values
referring to the latter temperature in parenthesis. From Fig. 6B of Ref. [24] and
from text in page 1046, right column, we see that the maximum energy efficiency
is 0.5% (0.29%). According to Fig. 2A of Ref. [24] and text in page 1045, left
column, the peak power density is 190 W/m2 (236 W/m2), but also in this case,
it is normalized with respect to the “projected electrode area”. In page 1047,
right column, rows 2 and 8, it is stated that the membrane surface is 7 cm2,
while the projected surface area is 1.6 cm2. This leads to the evaluation of peak
power density per membrane surface of 43 W/m2 (54 W/m2). From Fig. 4 of
Ref. [24], we evaluate the average power density p, 28 W/m2 (35 W/m2)

A different chemistry was studied in Ref. [25]. The reported peak power
density is 23 W/m2 in batch tests, normalized with respect to the “projected
electrode area”. In Sect. 2.2 of Ref. [25], it is stated that the cell section is
4×3 cm2, while in page 97, left column, it is stated that the “projected electrode
area” is 7 cm2. We thus evaluate the peak power density per membrane surface
of 13 W/m2. From Fig. 6 of Ref. [25] we evaluate the average power density p
of 8.7 W/m2. The energy efficiency η is 0.41% (page 99, last paragraph before
section 3.2.4).

Ref. [26] reports a peak power density of 45 W/m2 (page 874, right column,
last line). At the beginning of section “Results”, the paper states: “[...] the
projected electrode area [...] is also the membrane area since they are the same
in the AFB system)”. From Fig. 4 of Ref. [26] we evaluate the average power
density p, 22 W/m2. The energy efficiency η is 0.7%.

Ref. [27] reports a peak power density of 119 W/m2 (see Sect. 3.1. “Electrical
power production” of Ref. [27]). It is not declared that the power is normalized
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by the “projected electrode area”, however, we think that this is the case, for
two reasons: i) comparisons are made with the results of Refs. [22] and [22];
ii) the cell seems to be exactly equal to the cell reported by the same Authors
in Ref. [25]; it must be noticed that the group of Authors of these papers is
the same. In Sect. 2.1 “TRB construction and operation” of Ref. [27], it is
stated that the cell section is 4×3 cm2, while the “projected electrode area”
is 7 cm2. We thus calculate a peak power density per membrane surface of
69 W/m2. From Fig. 3 of Ref. [27], we calculate the power density over the
whole discharge, lasting for 220 minutes; it is approximately p=26 W/m2. The
reported energy efficiency is 0.52%.

Ref. [23] reports a theoretical work. The claimed peak power density is
45 W/m2. Since the work is only theoretical, we do not report the performances
in the literature comparison graph, Fig. 8.

In Ref. [28], two different metals (copper and zinc) are used in the two com-
partments of the cell. The cell always produces a voltage; during the discharge,
it is 0.96 V; thanks to the thermal process, which modifies the concentration of
NH3, the charge is performed at 0.76 V. A net energy is thus gained. The energy
efficiency η is 0.34%. The reported discharge peak power density is 280 W/m2,
per membrane surface; it must be noticed that it refers to the discharge, not to
the net production of energy. From Fig. 2 of Ref. [28], we evaluate the discharge
average power density as 150 W/m2. A rough evaluation of the net power pro-
duction can be done, based on the voltages: since the discharge and charge
voltages are 0.96 and 0.76 V, respectively, the net energy production should
be roughly (0.98-0.76)/0.98 times the discharge energy production. Moreover,
we assume that the total cycle duration is twice the discharge duration. These
assumptions give an average power density p=17 W/m2.

Ref. [29] reports a system similar to Ref. [28]. The energy efficiency η is
0.45%. The reported peak power density is 26 W/m2 per membrane. Repeating
the calculations above, with discharge and charge voltages of 1.42 and 0.82 V,
we find an average power density p=5 W/m2. It is worth noting that the η
and p are likely not evaluated in the same conditions; indeed it is stated that
“The power and energy densities can’t be promoted at the same time, so the cell
performance was analysed under different conditions.”.

S2.5 Thermo-osmosis (TO)

In Ref. [30], a maximum of 10.3 bar of pressure has been tested; as discussed be-
low, much larger pressures are not feasible. The efficiency of the whole system is
reported in the supplementary information of Ref. [30]. In Fig. 5b of the supple-
mentary information of Ref. [30], the efficiency is reported as a function of the
heat exchanger temperature difference ∆The. For the 10 bar curve, the value for
∆The=5 K is approximately η=0.34%. It is worth noting that this value refers
to “no excess temperature difference” (see caption of the figure). According to
Fig. 2g of the main paper of Ref. [30], the power density strongly decreases with
decreasing excess temperature difference. We take the value of power density p
of 1.5 W/m2, corresponding to the smallest temperature difference. Likely, the
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two values of η=0.34% and p=1.5 W/m2 cannot be obtained simultaneously and
they represent a large overestimation of the real (simultaneous) performances;
on one hand, η=0.34% is obtained under “no excess temperature difference”,
and rising the temperature difference to a finite value strongly decrease η (see
Fig. 6a of the supplementary information of Ref. [30]); on the other hand, de-
creasing the temperature difference strongly decreases p (see Fig. 2g of the main
paper of Ref. [30]). However, we decided to report the overestimated values of
η and p in the literature comparison graph, Fig. 8, because, although they are
likely overestimated, they are however small compared to many of the other
reported techniques.

Ref. [31] reports an almost completely theoretical work. The reported en-
ergy efficiency is up to 4.1%. However, this value represents an ideal thought
experiment. The abstract of Ref.[31] indeed states: “heat-to-electricity energy
conversion efficiencies up to 4.1% [can be obtained]. Lower energy efficiencies,
however, will occur in systems operating with high power densities (> 5W/m2)
and with finite-sized heat exchangers.” Indeed, we see that the efficiency of
4.1% is only obtained with an ideal heat recuperation, requiring infinite heat
exchangers. It is thus not an experimental value. A practically relevant value
can be extracted from Fig. 5 of Ref.[31]. At 80% of heat recuperation, still a
practically hardly feasible value, the energy efficiency is 0.6%. Also the evalua-
tion of power density is performed theoretically. The value of 1 W/m2 is stated
in page 12934, right column, line 6 of second paragraph of section “Implica-
tions”. All the calculations reported in Ref. [31] refer to a working pressure of
50 bar, which are not feasible (see the discussion below). For this reason, we do
not report data from this bibliographic reference in the literature comparison
graph, Fig. 8.

Increasing the working pressure improves the performances, however, it has
been shown that the pressure is limited to approximately 10 bar with the mem-
branes that have been studied. Theoretical [32] and experimental [33] 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.

Thermo-osmosis can 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 [34] and
experimental investigations of the physical principles [35] of the coupled pro-
cesses have been carried on.

Ref. [34] is only theoretical, thus we do not report the performances in the
literature comparison graph, Fig. 8. In this paper, the heat recuperation is
called “ERD” and it is set to 95% heat recuperation. The paper states that the
PRMD process (the membrane distillation integrated with the thermo-osmosis)
can save about 0.1738 kWh/m3 with about only 3% sacrifice of fresh water
production compared to the DCMD process at the same basis. Assuming that
the heat required by the whole desalination process is 7.7 kWh/m3, with 100%
heat recuperation, the efficiency of the energy production process alone would
be 2.2%. The theoretically calculated power density is 2 W/m2.

Ref. [35] reports experiments and calculations on membrane distillation with
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additional heat used to generate pressure (pressure-retarded thermal osmosis).
The power density is 0.6 W/m2 at 4 bar. (Fig. 2b of Ref. [35]). Since two
processes are considered together, the energy efficiency of the energy production
alone is not reported separately and it is difficult to estimate. From Fig. 1b of
Ref. [35], at 4 bar, the energy production is 0.1 kWh/m3 (per cubic meter
of fresh water). Assuming that the heat required by the whole desalination
process is 7.7 kWh/m3, with 100% heat recuperation, the efficiency of the energy
production process alone would be η=1.3%. This value however is not obtained
by an experiment but it is rather a calculated value. We remark that a heat
recuperation of 100% (unrealistic) is assumed. Due to the difficulty of evaluating
the efficiency of the energy production process alone, and for the assumption of
heat recuperation of 100%, we decided not to report the results in the literature
comparison graph, Fig. 8.

Performances of highly technological carbon nanotube membranes have been
discussed [36, 37]. Ref. [36] reports a theoretical model of gap-filled vertically
aligned carbon nanotube membranes. The focus is on the flow. No explicit
application to thermo-osmosis method is discussed. Ref. [37] is also a theoretical
work, which discusses membranes based on carbon nanotubes. No performance
evaluation is reported.

S2.6 Thermal separation - salinity gradient power (TS-
SGP)

In this large family of techniques, the power density p is only defined by the
SGP stage, while the energy efficiency η is the product of the energy efficiency
of the TS and of the SGP stages, ηTS and ηSGP , respectively. The papers on
the various combinations of TS and SGP techniques are now discussed. In order
to evaluate η as ηTS · ηSGP , in some cases it will be necessary to analyse more
than one paper, reporting separately the evaluation of ηTS and ηSGP .

It is worth noting that, in the discussed paper on TS-SGP, the multi-effect
combination is often used to reach high efficiencies. It is thoroughly discussed
in Sect. S4 and 4.

S2.6.1 Vacuum distillation - pressure-retarded osmosis (VD-PRO)

Ref. [38] reports a study of a plant based on vacuum distillation coupled to
pressure retarded osmosis, single and dual stage. The work report calculations
based on data obtained by experiments available in literature.

Analysing Ref. [38], we find the power density in Fig. 4e, 5e and 6e: it has
a maximum of 7 W/m2.

The energy efficiency η is not explicitly reported but it can be calculated.
The MED is assumed to have an electrical energy consumption PW−MED. In
Ref. [38], page 339, right column, line 30, the specific electrical power consump-
tion of the MED distiller is declared to be pW−MED =1.2 kWh/m3, defined
as:

PW−MED = pW−MED · V̇ (S3)
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where V̇ is the produced water flow.
Fig. 7b, 8b and 9b of Ref. [38] report the specific thermal consumption

of the MED, STC , in the range 50-70 kWh/m3. It is connected to the heat
consumption Q̇ by:

Q̇ = STC · V̇ (S4)

The power production of the PRO module is called PW−PRO. The ratio
PW−PRO/PW−MED = is reported in Fig. 7c, 8c and 9c of Ref. [38]; it reaches
values up to 2. The net power production P is P = PW−PRO − PW−MED.
Using the previous relations, we get:

η =
P

Q̇
=
pW−MED

STC
(PW−PRO/PW−MED − 1) (S5)

For the two-stage system:

η =
pW−MED

2 · STC
(PW−PRO/PW−MED − 1) (S6)

By considering the dependence of PW−PRO/PW−MED and STC on the var-
ious parameters, we calculate a maximum of η=0.9%. This value is also con-
firmed by the analysis reported in the review Ref. [2].

S2.6.2 Vacuum distillation - reverse electrodialysis (VD-RED)

The efficiency of RED devices has been discussed in the context of energy pro-
duction from natural salinity differences.

Concentration H Efficiency ηSGP Power density p
M % W/m2

0.6 37.8 0.77
0.6 31.1 1.1
1.2 33.1 0.86
1.2 22.8 0.86
4.0 18.1 1.2
4.0 5.5 1.8

Table S1: Performances reported in Ref. [39].

Reference [39] reports the efficiency and power density of RED technique, at
various concentrations of salt. The efficiency ηSGP is in the range 18–38% and
the power density 0.77–1.2 W/m2. Figure 4 of Ref. [39] shows the efficiencies
and power densities for two different RED arrangements and for three different
concentrations. The results are reported in Table S1. It can be noticed that the
efficiency drops at increasing concentration, due to the loss of perm-selectivity.
Reference [40] confirms the result above, i.e. that the efficiency of RED drops
above 3.6 M. We thus see that it is not necessary to study concentrations above

13



4 M, even for more soluble salts, thus higher concentrations are not considered
in the following. A study of mixtures of salts in RED devices has also been
published [41]; the qualitative result above is confirmed also for mixtures.
Ref. [42] focuses on the vacuum distillation stage and reports the performances
of single- and multiple-effect vacuum distillers.

Concentration H single-effect ηTS multiple-effect ηTS number n of effects
@ ∆The=2 K

M % %
0.6 0.05 1.62 28
1.2 0.14 3.0 25
4.0 0.56 7.38 15

Table S2: Performances reported in Ref. [42].

The single-effect distiller efficiency ηTS is reported in Fig. 11a of Ref. [42]. The
multiple-effect distiller efficiency ηTS is reported in Fig. 11a of Ref. [42]; the
corresponding number n of effects is reported in Fig. 10a of Ref. [42]. The
heat exchanger temperature difference is ∆The=2 K (page 681, left column)
and the heat source and heat sink temperatures are TH=100◦C and TL=25◦C,
respectively (page 681 of Ref. [42]). We report in Table S2 the data for three
values of NaCl salt concentrations, i.e. 0.6, 1.2 and 4 M; they are obtained
from the figure by interpolating the data of the nearest concentrations. It is
worth noting that, for such low concentrations, the various analysed salts give
approximately the same efficiency; higher concentrations are not relevant for
the use of RED SGPs.
We extrapolate the efficiencies at ∆The=5 K by means of an approximate ex-
pression of the dependence of the efficiency on the ∆The (see Ref. [43, 44] and
Sect. 4).

Concentration H ηTS @ ∆The=5 K
M %
0.6 0.67
1.2 1.54
4.0 4.68

Table S3: Performances extrapolated from Ref. [42] to ∆The=5 K.

We report in Table S3 the resulting ηTS extrapolated to ∆The=5 K.
The resulting overall efficiency η is then calculated by multiplication, η = ηTS ·
ηSGP , with the values of Table S1. The resulting six values are reported in the
literature comparison graph, Fig. 8.
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The performances are in fair agreement with the values reported in Ref. [2],
Fig. 6a, marked as “RED”.
Ref. [1] reports the analysis and optimisation of the VD-RED process, with water
solutions of NaCl and multi-effect distillation. The main results are summarised
in Table 3 of Ref. [1], under the column “Reference membranes”. The power
density is 2.2 W/m2 per membrane pair (p=1.1 W/m2 per membrane area) and
the energy efficiency η is 0.96%. The third column in Table 3 of Ref. [1] reports
the performances envisaged with hypothetical “High-performance membranes”;
no information is given on the real possibility of building such improved mem-
branes, thus we do not consider those results. Results as a function of MEHRS
performances are given in Fig. 6f of Ref. [1], but they refer to the “base case” and
not to the “reference membranes”, to which the above-reported data refer, so it
is not possible to extrapolate the power density to the “reference membranes”
scenario.
Ref. [45] extends the previous work to highly concentrated potassium acetate
solutions. The obtained energy efficiency η is up to 1.6%. Also in this case,
hypothetical membranes are also considered together with the real membranes.
The reported performances are slightly better than the values reported above,
likely thanks to the large surface of heat exchangers that is considered.
Ref. [46] reports a similar analysis, finding a maximum energy efficiency η of
1.4% and the power density is around 3 W/m2 per membrane pair (p=1.5 W/m2

per membrane surface).
In these last three works, reported performances are slightly better than the
values reported above, likely thanks to the large surface of heat exchangers in
MEHRS that is considered. They can be considered in rough agreement with
the data we reported in the literature comparison graph, Fig. 8. However, it
is not possible to extrapolate η or p to ∆The=5 K. For this reason, we do not
report the data of this reference in the literature comparison graph, Fig. 8.
However, they are discussed in Sect. S3.
Ref. [47] is a theoretical study of the performances of the VD and RED tech-
niques. It gives an evaluation of the power density of RED devices with vari-
ous solutions. Unfortunately, the membranes are assumed to be ideally perm-
selective (Eq. 4 of Ref. [47]); this assumption leads to predict very large power
densities with highly concentrated solutions (see e.g. Fig. 6A of Ref. [47], pre-
dicting 35 W/m2 for LiBr solution). Such results are completely unrealistic.
The paper also discusses the VD stage, but the assumptions are not clearly dis-
cussed. Since the work is completely theoretical, we do not report the resulting
performances in the literature comparison graph, Fig. 8.
Ref. [48] reports an economical analysis of the energy production by VD-RED.
The results are outside the scope of the present review.

S2.6.3 Vacuum distillation - battery mixing (VD-BattMix)

Ref. [49] reports a BattMix device working with LiCl aqueous solutions. The
reported power density p is 138 mW/m2. The efficiency of the BattMix cycle
has not been evaluated.
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Ref. [50] reports a device working with highly concentrated ZnCl2 aqueous so-
lutions. The reported power density p is 2 W/m2. An improved method [51]
reaches 3.7 W/m2. In both cases, the efficiency of the BattMix cycle has not
been evaluated. The efficiency of distillation ηTS is declared to be of the order
of 10%.

S2.6.4 Vacuum distillation - redox-flow battery (VD-CRFB)

Ref. [52] reports experiments on a redox-flow battery based on NaI aqueous
solutions that can be recharged by distillation. The average power density p
is 10 W/m2. The energy efficiency ηSGP has been evaluated experimentally,
while the energy efficiency of the distiller, ηTS , has been evaluated based on
calculations. The reported efficiency η=3% refers to a 4-effect vacuum distiller,
with ∆The=6 K. Although this value is slightly more than the ∆The=5 K used
as uniform basis for the comparison, we report it in the literature comparison
graph, Fig. 8; the actual efficiency should be slightly higher.
Ref. [53] reports experiments on a redox-flow battery based on LiBr aqueous
solutions that can be recharged by distillation. The average power density p
is 6 W/m2. The energy efficiency ηSGP has been evaluated experimentally,
while the energy efficiency of the distiller, ηTS , has been evaluated based on
calculations. The product is η=4%; this value refers to a single-effect vacuum
distiller. No further effects can be accommodated in the considered temperature
range, due to the high boiling point elevation of the solutions. No MERHS can
thus come into play and the value of ∆The is not relevant. The efficiency is thus
reported as it is in the literature comparison graph, Fig. 8.

S2.6.5 Membrane distillation - pressure-retarded osmosis (MD-
PRO)

Ref. [54] reports a partially experimental analysis of MD-PRO. Various concen-
trations are studied; however, practical limitations of pressure limit the concen-
tration to 2 M (page 5825, right column, last paragraph). We thus consider this
concentration. The reported power density is 30 W/m2 (Fig. 5 of Ref. [54]) for
methanol solutions. The efficiency is reported in Fig. 6 of Ref. [54], panel b.
The graphs report the efficiency as a function of the “heat recovery fraction”,
which refers to the heat recovery of the MEHRS. In the caption, it is stated
that the process operates between TH=318.15 K and TL=298.15 K; we thus
conclude that the “heat recovery fraction” roughly corresponding to ∆The=5 K
should be 50% (see Eq. S8). From the graph (Fig. 6b of Ref. [54]) at 50% of
“heat recovery” we thus find an energy efficiency of 0.8% and 1.5%, for water
and methanol solutions, respectively, of LiCl.
It must be however noticed that this evaluation refers to unfeasible conditions.
In page 5825 of Ref. [54], first paragraph, it is stated that the evaluation as-
sumes that “the energy efficiency of the PRO stage is fully maximized”. From
Fig. 6 of Ref. [54], it can be seen that, at maximum heat recovery, the effi-
ciency approaches the Carnot efficiency. This means that the efficiency of the
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PRO stage is assumed to be 100% and also the MD module is assumed to work
under reversible conditions, i.e. the power production vanishes. At maximum
power production, the efficiency of the PRO stage can be assumed to be 50%,
and moreover the same coefficient can be applied to the MD module. We thus
extrapolate p=0.2% and 0.37%, respectively, for water and methanol solutions,
under finite power production.
The power density reported above can be compared with the result of Ref. [55],
declaring a maximum of 18 W/m2 for water solutions. This power density is
reported in the literature comparison graph, Fig. 8, together with the efficiency
found in Ref. [54] for water solutions.
Ref. [56] develops a mathematical model of the MD-PRO system. It is mainly
aimed at the evaluation of the theoretical maximum efficiency of the technique.
A MEHRS is applied.
[57] reports a theoretical analysis and an economical assessment. A summary of
the results is given in Table 3 of Ref. [57]: the efficiency is between 0.1% and 0.8%
(in agreement with our extrapolation of Ref. [54] data) and the power density of
the PRO stage is between 45 and 76 W/m2. No MEHRS is considered; this is
probably the reason of the lower efficiency found in this paper compared to the
previous ones. The conclusion is that the MD-PRO process is not economically
viable.

S2.6.6 Membrane distillation - reverse electrodialysis (MD-RED)

Ref. [58] reports a completely theoretical work. The energy efficiency η is up to
1.2%. The power density is not declared.
In Ref. [59], the scheme of the heat recuperation is not completely described.
The power density is reported in Fig. 5 of Ref. [59]; the highest value is
p=2.2 W/m2. It is however a power per membrane pair surface (see Eq. S23
of supporting information of Ref. [59]). Expressed per membrane surface,
it is p=1.1 W/m2. Exergy efficiency is shown in Fig. 6; the maximum is
η2nd−law=2.2%, with TH=80◦C and TL=20◦C; it corresponds to energy effi-
ciency η=0.37%. This paper also shows that hypothetical improved membranes
would give better performances.

S2.6.7 Thermolysis - pressure-retarded osmosis (TL-PRO)

Only Ref. [60] discussed this association of techniques. It is a completely theoret-
ical work, hence we do not report the results in the literature comparison graph,
Fig. 8. In Sect. 4.2 of Ref. [60], the power density is evaluated as 170 W/m2;
in the abstract, it is declared that it can exceed 200 W/m2. In the abstract,
the exergy efficiency is declared to be around 5%-10% in practical cases, with
TH=40◦C and TL=20◦C; these values correspond to η=0.35%-0.7%.

S2.6.8 Thermolysis - reverse electrodialysis (TL-RED)

Ref. [61] is a theoretical analysis. The power density is p=3.5 W/m2 and the
energy efficiency is η=1.2%. The results are theoretical, and moreover are not
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confirmed by subsequent papers, thus we do not report them in the literature
comparison graph, Fig. 8.
Ref. [62] is a theoretical analysis based on experimental parameters. Fig. 8a
reports the power density as a function of vL. The values for vL=0.5 and
2 cm/s are η=1.5 and 2.5 W/m2, respectively. The power density is reported
per membrane pair (see table of symbol definitions, page 2), thus p=0.75 and
1.25 W/m2, respectively. Figure 10a reports the energy efficiency, η=0.2 and
0.12%, respectively, for the two values of vL. The figures of Ref. [62] also report,
in panel (b), the results for “future IEMs”, which are slightly better; we do not
include such hypothetical results in the literature comparison graph, Fig. 8.
Ref. [63] reports experiments on the first complete system, including both the
TL and the RED stages. The performances are shown in Fig. 5 of Ref. [63]. The
power density is 0.8 W/m2 and the exergy efficiency is 0.8%, corresponding to
an energy efficiency η=0.12 with TH=80◦C and TL=25◦C. The power density
is reported per membrane pair surface (see Eq. 9 Ref. [63]), so p=0.4 W/m2 per
membrane surface.
Ref. [64] highlights that one of the difficulties of using ammonium bicarbonate
solutions in a RED device is the formation of bubbles. The effect of flow is
studied experimentally. The power density is reported in Fig. 2; the maximum
power is 0.16 W/m2. No evaluation of efficiency is performed.
Ref. [65] studies the possibility of directly coupling TL-RED with an electrolysis
system, in order to produce hydrogen rather than electrical current. Various
scenarios are analysed. Data from this paper are not reported in the literature
comparison graph, Fig. 8.
Ref. [66] reports experiments on the RED stage. A power density of around
0.8 W/m2 is reported under practically feasible conditions. This value confirms
the result of Ref. [63]. No efficiency evaluation is performed.
Ref. [67] reports experiments on the RED stage. A power density of 0.77 W/m2

is reported. No efficiency evaluation is performed.
Ref. [68] reports experiments on the RED stage. A power density of 0.33 W/m2

is reported. Only the efficiency of the RED stage is evaluated.

S2.6.9 Thermolysis - microbial reverse electrodialysis RED (TL-
microbial RED)

Ref. [69] reports the power densities normalised by the “cathode surface area”;
they are 5.6 and 3 W/m2 for acetate solution and domestic wastewater, respec-
tively. The first value is not relevant in the context of this review, since acetate
should be provided to the cell, while the goal here is to propose a renewable
energy production by low-temperature heat sources.
The projected surface area of the cathode is 7 cm2 (page 2, Supporting On-
line Material (SOP) of Ref. [69], row 9). We report instead the power density
normalised by the membrane area. A single membrane is 2×4 cm2 (page 2,
Supporting Online Material (SOP) of Ref. [69], row 19); 5 chambers are stacked
(page 2, Supporting Online Material (SOP) of Ref. [69], row 17). The total
surface of membranes is thus 40 cm2. The reported power density of 3 W/m2
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normalised by the “cathode surface area” thus corresponds to p=0.5 W/m2

normalised by the membrane surface.
The energy efficiency is evaluated in terms of produced electrical work with
respect to the energy input, constituted by the organic material used as a fuel
for the microbial fuel cell plus the mixing free energy of the thermolytic salt
solution. It is not possible to separate the two contributions. Moreover, no
evaluation of the thermal separation stage is done.
In Ref. [70], the energy output is represented by production of H2 gas, rather
than by the production of electrical work. No power density is evaluated. As
in the previous case, the efficiencies refer to the free energies of the incoming
solutions, i.e. the fuel of the microbial fuel cell and the concentration differ-
ence of the thermolytic salt solution. Moreover, no evaluation of the thermal
separation stage is done.
For these reasons, we do not report any data for these two papers in the literature
comparison graph, Fig. 8.

S2.6.10 Thermolysis - Battery mixing (TL-BattMix)

Ref. [71] reports the study of electrodes for BattMix technique able to work with
ammonium bicarbonate solutions. The highest power density is 6.3 mW/m2.
The efficiency of the process is not evaluated. Due to the very small power
density and to the lack of an evaluation of the efficiency, we do not report the
data for this paper in the literature comparison graph, Fig. 8.

S2.6.11 Other thermal separation techniques

Ref. [72] proposes to use ionic liquids which undergo a phase separation under
a critical temperature (called “thermally responsive ionic liquids) in order to
regenerate the concentration difference. The power production should be per-
formed by means of PRO, with a reported power density of 2.3 W/m2. The
reported energy efficiency is very high, η=2.6% without MEHRS. This value is
only calculated, based on mixing free energy and heat capacities.
The temperature versus entropy graph, Fig. 5 of Ref. [72], is not in scale, ac-
cording to the data reported in Table 3 of Ref. [72], but the shape is likely
qualitatively correct. This shape however is not consistent with the data of
Table 3 of Ref. [72]. For this reason, and for the theoretical nature of the cal-
culation of the energy efficiency, we do not discuss further this work in our
review.
The idea of separating two phases by decreasing the temperature can also be
pursued by means of crystallisation; it appears in a patent [73]. In this case, a
BattMix approach is used to extract the mixing free energy. No evaluation of
the performances of this scheme is reported in literature.
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S2.7 Literature references
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Figure S1: Literature references.

In Fig. S1 we report the numbers of the literature references used to plot the
graph shown in Fig. 8. The numbers refer to the bibliography reported in this
ESI and not to the bibliography numbers reported in the main paper.

S3 Detailed discussion of the literature for
Sect. 4 (multi-effect combination and heat
recuperation)

Here we only discuss the papers whose data are reported in the literature com-
parison graph, Fig. 8, according to the discussion of the previous section; ex-
ceptions are noted.
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. 7).
For this reason, they are not taken into consideration and do not participate to
the heat exchanger surface S.
In the analysed papers, the heat exchangers are often characterised by ∆The,
assumed as a uniform and constant temperature difference across the heat ex-
changers. We also make this assumption.
The discussions reported below only focus on the calculation of ρ; for discussion
of η and p, see Sect. S2. Techniques in which MEHRS are not used are not
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discussed here.

S3.1 Electrochemical heat engine (TREC)

MEHRS are used in the reported works on this technique. However, we decided
not to report data for TREC in Fig. 11 due to the low power density (see Fig. 8)
and because the reported efficiencies represent a theoretical limit value, or an
overestimate, rather than the actual results of an experimental measurement.

S3.2 Membrane distillation - salinity gradient power (VD-
SGP) and thermo-osmosis (TO)

In these techniques, the heat recuperation scheme (see Fig. 10), based on a
counter-current heat exchanger, is used. In some paper, instead of characterising
the heat exchanger with ∆The, the heat recuperation efficiency ηrec is used. It
is defined as:

ηrec =
Q̇HE

Q̇HE + Q̇H

(S7)

where Q̇HE is the amount of heat passing through the heat exchangers (see the
scheme of Fig. 10 and Ref. [74] for more detail). ηrec can be expressed in terms
of ∆The:

ηrec =
TH − TL − ∆T1 − ∆The

TH − TL − ∆T1
(S8)

where ∆T1 is the temperature difference between TH and the temperature of
the hot fluid entering the heat exchanger. In absence of other information, we
will assume ∆T1 = 0.
In order to evaluate ρ, it is necessary to evaluate the amount of heat passing
through the heat exchanger, Q̇HE . More detail of the calculation can be found
in Ref. [74]. Inverting this relation:

Q̇HE =
ηrec

1 − ηrec
Q̇H (S9)

Using the definition of η:

Q̇HE =
ηrec

1 − ηrec

1

η
P (S10)

This allows us to calculate ρ, according to Eq. 9:

ρ =
1 − ηrec
ηrec

η · U · ∆The (S11)

In turn, ∆The is calculated from ηrec through Eq. S8, or vice versa.
In the following, we use these relations for calculating ρ.

21



S3.2.1 Thermo-osmosis (TO)

The data reported in Fig. 11 are taken from Ref. [30]. The energy efficiency is
reported in Fig. 5b of the supplementary information of Ref. [30], as a function
of the heat exchanger temperature difference ∆The, for the temperature range
TL=20◦C - TH=60◦C. Three curves, for three different pressures, are reported;
we focus on the 10 bar. We remark again that this curve is a large overestima-
tion, since it refers to “no excess temperature difference” and thus to vanishing
power production. For this reason, it is represented as a dashed line in Fig. 11.

S3.2.2 Membrane distillation - pressure-retarded osmosis (MD-
PRO)

In Ref. [54], we only consider the concentration of 2 M (page 5825, right column,
last paragraph), as already explained in Sect. S2. The efficiency is reported in
Fig. 6 of Ref. [54], panel b, as a function of the “heat recovery fraction” ηrec.
In the caption, it is stated that the process operates between TH=318.15 K and
TL=298.15 K. As explained in Sect. S2, we apply a correction factor of 0.25 to
the efficiency, in order to extrapolate the efficiency to a finite power production.

S3.2.3 Membrane distillation - reverse electrodialysis (MD-RED)

Ref. [59] states: “Regarding the MD module, the performances were enhanced
accounting for heat recovery improvements and innovative module designs, which
are already under development by Aquastill company.” Actually, the scheme of
the heat recuperation is not completely described. It is thus not possible to
evaluate ρ for this work.

S3.3 Vacuum distillation - salinity gradient power (VD-
SGP)

Multi-effect combination of processes is proposed for VD-based processes. When
n effects are put in series, Q̇HE = (n− 1)Q̇H , because the heat exchangers are
n − 1 (excluding the first and the last shown in Fig. 7) and they are crossed
approximately by the same amount of heat, Q̇H , since we approximate η � 1.
We thus get:

ρ =
P · U · ∆The

(n− 1) · Q̇H

(S12)

This expression can be usefully rewritten as:

ρ =
U · ∆The · η

n− 1
(S13)

In turn, n is either extracted from the analysed paper or is calculated using
Eq. 15.
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S3.3.1 Vacuum distillation - pressure-retarded osmosis (VD-PRO)

Ref. [38] does not report information on the temperature drop across the heat
exchangers, thus it is not possible to evaluate ρ.

S3.3.2 Vacuum distillation - reverse electrodialysis (VD-RED)

The calculation follows the procedure reported in Sect. S2 for VD-RED, based on
Refs. [39] and [42]. The efficiency is evaluated by multiplying ηSGP , Table S1, by
ηTS for ∆The=2 K, Table S2. The value of ∆The is fixed, 2 K. The temperature
range is between TH=100◦C and TL=25◦C.
The data of Ref. [42] are not reported in Fig. 11 because they refer to a single
value of ∆The and thus they do not give rise to a line in the ρ versus η graph.
The data of Ref. [1] were not reported in Fig. 8, however they can be usefully
discussed here. The effect of ∆The is shown in Fig. 6f of Ref. [1]; the horizontal
axis reports the “Mean temperature difference”, which can be read as the boiling
point elevation (vertical line) plus the average ∆The. The graph reports the
“exergy efficiency”, here corresponding to η2nd−law, and the “Specific HX area”
in m2/kg s. The first can be readily converted into η. The temperature range
is between TH=100◦C and TL=15◦C. The number of effects is calculated as
the ratio between the available temperature difference TH − TL and the “Mean
temperature difference”. The values reported in Fig. 6f of Ref. [1] refer to the
“base case”. According to Table 3 of Ref. [1], the global exergy efficiency is
increased from 2.3% to 4.3% when the “reference membranes” are taken into
consideration. Thus we multiply the efficiencies of Fig. 6f of Ref. [1] by a factor
4.3/2.3.
Ref. [45] reports the data for various number of effects. The thermal efficiency
is reported in Fig. 8 and the heat exchanger area per gross power is reported
in Fig. 9 of Ref. [45]. We consider the lines corresponding to NaCl and KAc at
25◦C, for “standard reference IEMs”. The heat exchanger transfer coefficient is
U=1000 W/(m2 K) (page 6, right column of Ref. [45]). The temperature range
is between TH=100◦C and TL=15◦C (page 5, right column of Ref. [45]). The
parameter ρ is calculated as P/S (see Eq. 9).
Ref. [46] does not contain the information necessary to evaluate ρ.

S3.3.3 Vacuum distillation - redox-flow battery (VD-CRFB)

Ref. [52] reports an efficiency of the redox-flow battery ηSGP =30%. For the dis-
tillation stage, three situations are considered: two multi-effect distillers with
∆The=1 and 6 K, and a single-effect distiller (Fig. 5 of Ref. [52]). The three
distillers are designed to provide 1 kW in the form of a free energy flux. The
number of effects is n=5, 4, and 1. The heat inputs Q̇H are 8, 10, and 40 kW,
respectively, and the heat exchanger surfaces (excluding the heat exchangers
from the heat source and towards the heat sink) are 64, 9.9, and 0 m2. The
heat transfer coefficient assumed in this paper is U=500 W/(m2 K). The tem-
perature range is TH=100◦C and TL=25◦C. The values of ρ shown in Fig. 11 are
calculated from these data according to Eq. 9. The efficiencies are calculated as
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η = ηTS · ηSGP . The efficiency of the single-stage distiller is not represented in
Fig. 11.
Ref. [53] reports an energy efficiency η=4%, with a single-effect distiller. It
is not possible to fit more than one effect in the available temperature range,
i.e. between TH=100◦C and TL=25◦C. The efficiency is thus represented in
Fig. 11 at the top of the graph area, in a position not related to ρ, as the other
techniques which do not use a MEHRS.

S3.4 Identification of literature references
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Figure S2: Literature references.

In Fig. S2 we report the numbers of the literature references used to plot the
graph shown in Fig. 11. The numbers refer to the bibliography reported in this
ESI and not to the bibliography numbers reported in the main paper.

S4 Comparison between ρ vs. η with theoretical
curves

In this section, results reported in papers are compared to the approximate
equations 16 and 17.
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S4.1 Thermo-osmosis (TO)
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Figure S3: ρ vs. η graph for TO.

The ρ vs. η graph for TO is shown in Fig.S3. The data are extracted from
Ref. [30] (see Sect. S3). Temperature range: from TL=20◦C to TH=60◦C. The
curve refers to the “no excess temperature difference”, thus ∆T∗ corresponds
to the “temperature difference” shown in Fig. 1b of Ref. [30]. The graph is not
detailed enough at pressure of 10 bar and does not allow us to evaluate the
temperature difference ∆T∗ at 10 bar, thus we must calculate it through the
procedure used to generate that graph, which is discussed in the supplementary
information, Supplementary Note 1 of Ref. [30]. The result is ∆T∗=0.12 K at
10 bar of pressure difference. We assume ∆T1=0. The value η∗=0.043% is
found by fitting the curves. It is approximately the Carnot efficiency across
a temperature difference ∆T∗=0.12 K, in agreement with the assumption of
quasi-reversibility used to calculate the curves of Fig. 1b of Ref. [30].
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S4.2 Membrane distillation - pressure-retarded osmosis
(MD-PRO)
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Figure S4: ρ vs. η graph for MD-PRO.

The ρ vs. η graph for MD-PRO is shown in Fig.S4. The data are extracted
from Ref. [54] (see Sect. S3). The efficiency is reported in Fig. 6 of Ref. [54],
panel b, as a function of the “heat recovery fraction” ηrec (see Sect. S3 for the
choice of 2 M solutions). The temperature range is between TL=298.15 K and
TH=318.15 K. The values of ∆T∗ and η∗ are obtained by fitting. We get ∆T∗=15
and 3.2 K for methanol and water solutions, respectively, and η∗=0.36% and
0.13%, respectively. The values of ∆T∗ are much larger than the boiling point
elevations of the 2 M solutions, 3.44 and 2 K for methanol and water solutions,
respectively (obtained from the ebullioscopic constant of the solvents). Indeed,
in membrane distillation such values represent the “threshold temperature dif-
ference”, while the actual temperature difference across the membrane is usually
much larger.

S4.3 Vacuum distillation - reverse electrodialysis (VD-
RED)

Ref. [42] discusses the VD-RED technique, but mainly focuses on the efficiency
of the distillation process.
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Table S4: ρ vs. η graph for VD-RED.

We already reported data from Ref. [42] in Table S2. The table reports the
single-effect efficiency ηTS , the multiple-effect efficiency ηTS and the number n
of effects. Fig. S4 reports the comparison with Eq. 16, using the single-effect
efficiency as η∗.

Concentration H ∆T∗ η∗
M K %
0.6 0.5508 0.0189
0.6 0.5508 0.01555
1.2 1.1016 0.04634
1.2 1.1016 0.03192
4.0 3.672 0.10136
4.0 3.672 0.0308

Table S5: Parameters of the VD-RED technique calculated from Ref. [42] for
NaCl solutions

The overall η∗ is then calculated using ηSGP of Table S1. The value of ∆T∗
is calculated as the boiling point elevation of the salt solution. The results are
shown in Table S5.
Refs. [1] and [45] do not report enough detail to perform the comparison of their
results with Eqs. 16 and 17.
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S4.4 Vacuum distillation - redox-flow battery (VD-
CRFB)
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Figure S5: ρ vs. η graph for VD-CRFB.

The ρ vs. η graph for VD-CRFB is shown in Fig.S5. The data are extracted
from Ref. [52] (see Sect. S3). In Ref. [52], the value of ∆T∗ is given explicitly:
it corresponds to the boiling point elevation of the used solution, ∆T∗=17 K.
The single-effect distiller efficiency ηTS is 2.5%; multiplying by ηSGP =30%, we
get η∗=0.75%. The value used to fit the data in the graph is 30% larger. The
line in the graph represents the theoretical evaluation based on Eqs. 16 and 17.
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S4.5 Identification of the literature references
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Figure S6: Position of the literature references on the η∗ versus ∆T∗ graph.

In Fig. S6 we report the numbers of the literature references used to plot the
graph shown in Fig. 12. The numbers refer to the bibliography reported in this
ESI and not to the bibliography numbers reported in the main paper.

S5 Considerations on industrial waste heat

It must be noticed that, in several industrial processes, methods for recycling the
waste heat into the process itself are already available and are often installed.
There is a trade-off between the complexity and the capital cost of the required
equipment and (the increase of) the temperature of the released heat. Indeed,
using larger heat exchangers enables the exploitation of the heat down to a lower
temperature, however, heat exchangers represent an economic cost, occupy a
significant volume and contribute to the complexity of the system.
Heat below 100◦C is often released simply because the savings from exploit-
ing it further (to lower temperature) do not pay back the needed increase of
complexity, size, and capital cost of the needed heat exchangers.
Heat exchangers are needed for all the techniques discussed here (see Sect. 3).
In some of them, they represent a significant cost, as noticed in Ref. [1]: “ the
amount of heat exchanger area [...] [represents] an important share of the total
capital costs of the unit. ”. All the techniques introduce additional complex-
ity and cost to the system. It is thus questionable if the application of such
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techniques can provide a better exploitation of this fraction of waste heat, or
it could be more conveniently recovered simply by extending the application of
the already existing processes. For these reasons, the large-scale application to
industrial waste heat recovery is considered in this review as marginally relevant.

S6 Cost of solar heat collection

Here we consider the collection of solar heat with a household-scale system,
based on state-of-the-art stationary non-imaging optics [75] coupled with vac-
uum tubes and selective adsorbers [76], similar to the ones normally used for
domestic hot water production.
The cost of such collectors is of the order of 130 e/m2 (see e.g. Ref. [77]). As a
comparison, the cost of a complete installed photovoitaic system is around 300-
400 e/m2, a minor fraction of which is the cost of the solar cells. We can assume
that the cost of the solar heat collectors and their installation is 200 e/m2.
Working at 100◦C, with a concentration factor of 2 and CERMET-based selec-
tive absorbers [78], 95% of sun power is collected. A peak power of 950 W/m2

under standard conditions can be obtained. We thus evaluate a cost per installed
unit heat power of 0.2 e/W.

S7 Cost per unit surface area

Here we report the typical cost per unit surface area of the various techniques.
The most common elements seen in the discussed techniques are perm-selective
ion-exchange membranes. They are needed by CuACN, TRAB and RED-based
TS-SGP techniques. Moreover, some TECs and TRECs also require such mem-
branes.
Nafion membranes are used in several industrial applications. They are sold at
prices around 300-700 e/m2; in a work on PEM cells [79], the cost is assumed
to be 550 e/m2. The cost of the membranes is high for RED applications
and hinders the development of RED for exploiting naturally occurring salinity
gradients. Ongoing research is focusing on reducing the price of membranes
for this application. For example, Fujifilm developed a specific line for the so-
called “blue energy”, however, the market price is still high, around 80 e/m2

per membrane, and two membranes per cell are used in RED.
The PRO technique, used in the TS-SGP association, requires semipermeable
membranes. Such membranes are industrially used in reverse osmosis for water
desalination. A recent work on reverse osmosis and PRO [80] evaluates the cost
of PRO membranes in a range between 30 and 60 $/m2.
Some of the TECs and TRECs make use of electrodes that are similar to the
ones used in batteries. As a reference, we consider the cost of electrodes used
in lithium-ion batteries. The cost of such electrodes per unit surface can be
evaluated assuming mass loading of active material of 20 mg/cm2 [81], charge
density of the active material 180 mAh/g, and typical cost of lithium-ion bat-
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teries of 600 e/kWh, giving a rough evaluation of 77 e/m2. It is worth noting
that a significant part of the cost comes from manufacturing, so it cannot be
decreased too much by selecting cheaper materials; this price can give a rough
idea of the costs of TECs and TRECs not using membranes.
The ceramic membranes used in CRFBs are currently not used industrially.
The precursors are cheap, e.g. 2 e/m2 for a 100 µm-thick layer of NASICON.
However, the manufacturing cost is not reported in papers on CRFB and it is
difficult to make an evaluation of the cost of a real production.
TO is based on hydrophobic porous membranes, which are industrially used in
membrane distillation. The cost is typically assumed to be around 100 e/m2,
see Ref. [82].
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