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Redox flow batteries (RFBs) are rugged systems, which can withstand several thousand cycles and last many
years. However, they suffer from low energy density, low power density, and low efficiency. Integrating a

VRFB Thermally Regenerative Electrochemical Cycle (TREC) into the RFB, it is possible to mitigate some of these

Thermally regenerative electrochemical cell
TREC
Mixed-acid electrolyte

drawbacks. The TREC takes advantage of the temperature dependence of the cell voltage to convert heat directly
into electrical energy. Here, the performance increase of a TREC-RFB is investigated using two kinds of all-
vanadium electrolyte chemistries: one containing a typical concentration of sulfuric acid and one containing a

large excess of hydrochloric acid. The results show that the energy density of the system was increased by 1.3Wh
L' and 0.8Wh L., respectively and the overall energy efficiency also increased by 9 and 5 percentage points,
respectively. The integration of the heat exchangers necessary to change the battery temperature is readily
facilitated by the design of the redox flow battery, which already utilizes fluid circulation loops.

1. Introduction

Nowadays, traditional resources such as nuclear or fossil fuels are
the most exploited energy resources for electricity generation, but their
environmental impact exposes the world to serious concerns.
Fortunately, the quest for renewable energy resources has become a
priority to satisfy the continuous increase of energy demand [1,2].
However, the intermittent availability of renewable energy resources,
such as wind or solar, seriously complicates their integration into large-
scale electrical grids. Currently, the intermittence of energy demand is
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offset by allocating traditional generating capacity as 'operating re-
serves'. These reserves can respond quickly to a peak in energy demand.
Nevertheless, they are both expensive and rather inefficient [2,3]. As an
alternative, batteries are being strongly investigated to facilitate the
integration of renewable energy sources, by storing energy during
periods of high supply, and supplying energy during periods of
shortage. To-date, lithium-ion batteries (Li-ion), sodium-sulfur batteries
(Na-S), and redox flow batteries (RFB) have received the greatest con-
sideration for large scale energy storage due to their favorable char-
acteristics (Table 1) [2,4].
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Table 1
Technical characteristics for Lithium-ion (Li-ion), Sodium-Sulfur (Na-S) and
Redox Flow Battery (RFB) [4-6].

E density [Wh kg~ '] Cycle life-time Operating T [*C]

Li-ion 100 to 200 600 to 1200 —10 to 40
Na-S 120 to 150 2500 to 4500 300 to 350
RFB 10 to 50 > 10000 10 to 50

Heat exchanger

——— Electrolyte container

Electrode

. Pipe

Pump

Fig. 1. Schematic of an all-vanadium redox flow battery (VRFB) during char-
ging with two heat exchangers integrated in the piping system.

Redox flow batteries are distinct from Li-ion and Na-S batteries in
that the former have a system architecture that includes tanks, pumps, a
central reactor, etc., which is analogous to many industrial chemical
processes (Fig. 1). Long cycle lifetime is facilitated by the fact that the
electrodes are inert spectators of the reaction, and the soluble redox
species cannot be consumed. Despite these advantages, RFBs have dif-
ficulty competing with other batteries due to their low energy density.

Among the various RFB chemistries, the all-vanadium redox flow
battery (VRFB) has received considerable attention (Fig. 1) [3,7]. First
studied by Skyllas-Kazacos and co-workers in the 1970s, the VRFB is
unaffected by cross-contamination of the redox species because it uti-
lizes the same species on both the negative (VI!'/V!') and the positive
side (VV/VYV) [1]. Commercial VRFB electrolyte typically contains ca.
1.6 M of the vanadium redox species in ca. 2 M sulfuric acid [8]. In
acidic conditions, the following reactions take place at the electrode
interface: [8]
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— side V3 4+ e - V2t E0=_026V

Kausar et al. observed that adding ca. 1% phosphoric acid in the elec-
trolyte solution increases the thermal stability of VYV [9]. Similarly,
Pacific Northwest National Laboratory (PNNL) added a large excess of
hydrochloric acid to the electrolyte yielding better vanadium solubility
(2.5M) and a wider thermal range (—10°C - +50 °C). In the presence
of chloride, the resulting reactions taking place in the battery become:
[10,11]

+ side VO,Cl + e~ 4+ 2H* - VO?* + CI- + H,0

—side VCl; + e~ - VCl, + CI-

Although the standard potential for the vanadium redox couples in the
mixed-acid electrolyte was not specified, it was noticed that the re-
versibility was comparable to the conventional electrolyte, and a small
shift in potential for both redox couples was observed providing a larger
cell voltage.

Apart from optimising the chemistry of the battery, one possibility
to improve the performance is to focus on the thermodynamics of the
battery. Taking advantage of the thermogalvanic effect, which is the
temperature dependence of the cell voltage, it is possible to convert
heat directly into electrical energy [12-14].

Usually a battery is charged and discharged at a constant tem-
perature. However, the thermodynamic potential of the electrode re-
actions is dependent on the operating temperature. Based on this
principle, a thermodynamic cycle may be designed by charging the
battery at a higher or lower temperature than the discharge. In this
cycle, traditionally-employed compression and expansion of a gas, e.g.
Carnot cycle, is replaced by injection and harvesting of electrical charge
(Fig. 2 a). Such a system is called Thermally Regenerative Electro-
chemical Cycle (TREC) and has been reviewed by Chum and Oster-
young in 1981 [15]. Yet, it was primarily studied for high-temperature
heat recovery applications. However, to avoid potential overheating
and evaporation, for an aqueous-base battery, low temperature heat is
desirable. This is ubiquitously available as waste heat (low-grade
heat < 100°C) [14] from many industrial processes, although it re-
quires large heat exchangers to be employed.

In recent years, several TRECs utilizing low-grade heat recovery
were developed. In 2014, a TREC using copper hexacyanoferrate and
Cu/Cu?* electrodes for low-grade recovery application was proposed
[13]. A similar cycle could be performed without membrane [16] or
even without an external voltage input [17]. A TREC with super-
capacitor was also demonstrated [18]. Long and Li performed several
analyses on TREC systems [19].

A TREC can be readily applied to RFBs. As shown in Fig. 1, heat
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Fig. 2. Schematic of the thermodynamic cycle performed by a TREC (a) Temperature-entropy plot during a cycle performed by a TREC for acy < 0 and Ecey < Epxp
[13] (b) Schematic representation of the thermodynamic cycle performed by the TREC-VRFB.
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exchangers can easily be implemented in a RFB. These heat exchangers
would simply represent an extension of the existing piping system, with
the electrolyte of the battery acting as one of the heat exchange fluids. A
flow battery with ammonia as a heat scavenger was also used to build a
TREC [20].

In this work, a TREC was applied to a vanadium redox flow battery
(see Fig. 1). Two different electrolytes were compared: one containing 2
M H,SO, and 50 mM H;PO, and a second one also containing 4 M HCI.
We refer to the first as Commercial Electrolyte (CE) as it is based on the
most commonly-available electrolyte, and to the second one as Mixed-
Acid Electrolyte (MAE), as it is similar to the formulation suggested by
PNNL.

2. Theory

The temperature dependence of the electrode potential, E, is char-
acterized by the thermal coefficient, a, defined as:

Lo
T ar €))
Considering a half-cell reaction at an electrode interface,

A" 4+ ne” — BY, the resulting Gibbs free energy change is given by:

AG = —nFE (2)
which can also be represented as:
AG = AH — TAS 3

where n is the number of electrons transferred, F is the Faraday's con-
stant, E is the electrode potential, AH is the enthalpy change, TAS is the
heat exchanged with the environment, T is the temperature, and AS
corresponds to the entropy change for the half-cell reaction in iso-
thermal conditions. As it was already noted, the entropic part of the
Gibbs free energy is a key factor in electrochemical devices [21-24] and
according to Egs. (1)-(3), the thermal coefficient of the electrode, a, can

be derived as follows:
oo 9F _AS
T 8T~ nF @

For the whole cell reaction, the thermal coefficient is the combi-
nation of the two half-cell reaction thermal coefficients:
()

Then, the thermoneutral potential, that represents the voltage at
which the device neither absorbs nor reject heat, can be calculated as:

Xeell = Ay — A

Erp = _% =E — Tac 6)

The ability of the system to absorb or reject heat will directly de-
pend on the relationship between the voltage applied at the leads of the
battery, its thermoneutral potential, and the direction of the reaction
(current). For a negative thermal coefficient, the different cases are
described in Table 2.

Fig. 2 illustrates a 4-step TREC in which the full cell thermal coef-
ficient is negative and the cell potential remains below the thermo-
neutral potential. Fig. 2a shows the thermodynamics and 2b the ex-
perimental realisation. In the first step, the system is in a discharged
state and is heated (heat flux Q > 0) to an elevated temperature (Ty).
For a VRFB, the tanks of the battery contain almost pure V! on the
negative side, which is dark green, and almost pure VIV on the positive

Table 2
Specific relation between cell voltage (E) and thermoneutral voltage (Exy)
during the charge and the discharge cycle of a battery [22].

E > Eag E < Eanpg

Absorb heat
Reject heat

i > 0 (Charge)
i < 0 (Discharge)

Reject heat
Absorb heat
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side, which is blue. Subsequently the battery is charged (step 2) by
applying a positive current. Now, the negative side contains V! (violet)
and the positive side VV (yellow). The third step represents the cooling
of the system (Q < 0) to a cold temperature (T) and in the last step the
cycle is closed with the discharge of the battery (negative current). The
Gibbs free energy change during the charge and the discharge cycle are
respectively given by AGy and AGc . The theoretical TREC performance
of this cycle is characterized by the heat-to-electrical-work conversion
efficiency (9;ggc), which corresponds to the extra net work recovered
from the thermodynamic cycle over the thermal energy input [13].

u/gained

Nrrec =
Qan + Qmass

7

The thermal energy required to perform the cycle includes the heat
absorbed or rejected during the reaction by the system at Ty (Q,,) and
the heat required to heat up the system (Qy,s). Neglecting the energy
losses (electrical losses) of the battery cycle, the efficiency of the TREC
can be written as follows:

ATAS

TREC = TAS + CAT

®
Where AS is the variation in entropy of the system, ATAS is the max-
imum recovered electrical work, and C, is the heat capacity at constant
pressure of the battery (J K™'). The losses of the battery also influence
the heat-to-electrical-work conversion efficiency because some of the
thermal energy, which is converted into electrical energy is later dis-
sipated by the losses of the battery. As comparison, the Carnot effi-
ciency (9ggy,o) is given by:

AT
Nearnot = T_H

9

Considering the specific charge capacity of the battery, g, (Cg™ 1),
the full thermal coefficient of the cell, ae; (VK™ 1), and the specific heat
capacity of the battery system, C, (JK~' g~ 1), and that AS = acar-g,, the
TREC efficiency can be written as:

AT
CpAT

AcellGc

NrrEC =

" (10)

From Eq. (10), it is clear that a large thermal coefficient and large
charge density coupled with a low heat capacity contribute to a high
TREC efficiency. Unlike Lee et al., this formulation does not consider
the existing inefficiency of the battery cycle, that is its energy losses. In
fact, for systems with modest energy efficiencies, like redox flow bat-
teries, the energy losses during cycling can be larger than the energy
converted by the thermodynamic cycle, and the formulation suggested
by Lee et al. would give a negative efficiency. Instead, the energy
gained from the thermodynamic cycle should be considered relative to
the isothermal cycle at the nominal operating temperature to give a
normalised efficiency:

(Up,1rec — Uc,trec) — (Upaoec — Uca0°c) Unr
THaCellqc + C’PAT THaCellqc + CII,AT

an

where Up trpc and Ug rrec are respectively the energy densities involved
during discharging and charging steps of the TREC-VRFB cycle and
Up,20°c and Ug ¢ are the energy densities during operation of the VRFB
at 20 °C. The sum of these terms is named the normalized energy re-
covered, Uyg (J g_l), which implicitly depends on the efficiency of the
VRFB at different temperatures. The normalized efficiency in Eq. (11)
cannot be negative and represents the energy increase normalized by
the total thermal input. To summarize, Eq. (9) gives the efficiency of
converting heat into work and it represents the limit given by ther-
modynamics. Eq. (10) instead, considers the idealized efficiency that a
TREC can achieve. As noted by Lee et al., the rightmost term in the
denominator can be reduced by improving the heat transfer, for

n'rtrREC =
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example, or finding a chemical system with larger thermal coefficients.
At last, the normalized efficiency of Eq. (11) signifies the actual figure
of merit for a real system and represents how much this system can be
improved compared with its normal operation at room temperature still
taking into account the required thermal input.

3. Experimental method

Electrolyte Preparation: All of the solutions used were prepared
from a commercial electrolyte (obtained from Gildemeister GmbH,
Austria) composed of an aqueous solution of 1.6 M VIV/VIII (ca. 50:50),
2 M sulfuric acid (H,SO,) and 50 mM phosphoric acid (H;PO,). Some
undisclosed compounds and impurities were present in low amount. VV
and V! solutions were electrochemically prepared first by galvanostatic
and subsequent potentiostatic electrolysis of the commercial electrolyte
in a flow cell with carbon felt electrodes (active area: 15cm?) and
Nafion 115 membrane at a current density of 40 mAcm ™2, and with a
cell voltage limitation of 1.6 V. These were used for the preparation of
all the other solutions. Two different electrolytes were prepared by
dilution: the so-called Commercial Electrolyte (CE) (1 M total vanadium,
2M H,SO4, 50 mM H;PO,) and Mixed-Acid Electrolyte (MAE) (1 M total
vanadium, 4 M HCI, 2 M H,SO,, 50 mM H;PO,).

Thermal coefficient study: The thermal coefficients of each redox
couple were measured for both CE and MAE by studying the evolution
of the equilibrium potential between 25 °C and 55 °C under nitrogen
atmosphere. The equilibrium potential was measured through linear
galvanodynamic scans at 0.01mAs~' between —0.1mAs~' and
0.1mAs~ ! in a 3-electrode setup with a glassy carbon working elec-
trode, a carbon felt counter electrode, and a Ag|AgCl reference elec-
trode. Then, a linear regression of the resulting measurements was
performed to get an accurate value of the potential of zero current
which, in the case of highly concentrated vanadium solution (0.5 M),
was considered to be a good approximation of the equilibrium potential
of the redox couple of interest. The working electrode was polished
before each experiment with 3 pt m and 1 p m abrasive paper
(UltraPrep™ Diamond Lapping Films).

TREC-VRFB study: All the experiments were performed in a flow
cell with graphite current collectors and carbon felt electrodes (15 cm?)
on both sides. The carbon felt electrodes were treated at 400 °C in air
for 45h. The membrane was Nafion 115 and was first pretreated in 3%
H,0, for 30 minat 80°C and then in 0.5 M H,SO, for 1hat 95°C.
Silicone gaskets were used to seal the cell and to avoid leakage of
electrolyte. Polycarbonate plates were used to hold all the cell com-
ponents together (see ESI for details). Nitrogen gas was bubbled within
the negative electrolyte tank. The reference electrode was placed in the
positive tank and the negative side was wired as working electrode. The
electrolyte was pumped through the cell using a peristaltic pumped
(Ismatec-MCP). Before entering the cell, the electrolyte was circulated
through heat exchangers in order to be heated or cooled. The heat
exchangers were made of borosilicate glass and the heating or the
cooling step was tested to last about 0.05 min mL ™! of electrolyte at a
flow rate of 80 mL min~"'. To evaluate the battery performance at dif-
ferent temperatures, the all-vanadium redox flow battery was cycled at
a constant current of 40 mA cm™? several times at each temperature
(20°C and 60 °C) between 10 and 85% state of charge (SOC). Each
experiment started with 1 M VV electrolyte (about 80 mL) on the po-
sitive side and 1 M V! electrolyte on the negative side. To ensure that
the cell capacity was always limited by the positive half-cell, the
amount of negative electrolyte was slightly larger than the positive
electrolyte volume (about 10%). For the TREC cycles, the system was
first heated to 60 °C (Ty) and then charged at constant current to reach
the charge voltage (Vonarg). After charging, the system was cooled to
20 °C (T¢) and discharged galvanostatically to reach Vpjshqrge. TO avoid
any crossover effect, the electrochemical cell was drained during
heating and cooling.

Electrochemical the

and temperature-control setup: All
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electrochemical experiments were performed with a Biologic SP-300
potentiostat. The setup was heated up and cooled down with a re-
circulating chiller (MultiTemp III- Pharmacia Biotech) and the tem-
perature was monitored with a temperature probe (IKA ETS-D5). As
reference electrode a Ag|AgCl 3M KCl with a double junction was
employed. The junction was composed of a long borosilicate capillary
filled with the same electrolyte as the solution of study, but without
vanadium species. The capillary was long enough to avoid any tem-
perature variation in the Ag|AgCl.

4. Results and discussion

Thermal stability study: For the commercial electrolyte, it has been
reported that VV is not stable at elevated temperatures and tends to
convert to vanadium pentoxide (V,0s) [8,25,26]. It was noticed that VV
precipitates as vanadium pentoxide from a solution of 1.6 M after 4 h at
60 °C, whilst it was more stable at 1 M (8 h). Lowering the oxidation
state of the solution also helped. Indeed, a solution made of 1 M VV/VY
(90:10) (90% SOC) did not show any noticeable precipitation after 4 h
at 60 °C (see ESI for details). In the case of the mixed-acid electrolyte, V¥
was much more stable in solution and no precipitation was noticed after
20 hat 60 °C with 1 M VV. However, at this temperature, chlorine was
evolved according to:

2V0,Cl + 4H* - 2VO?** + Cl, + 2H,0

lowering the oxidation state of the solution. However, the ratio VV/VIV
(90:10) (90% SOC) was found to be stable for 22 hat 60 °C, and no
further evolution of chlorine was observed. This was taken as upper
limit of the composition of the positive electrolyte. According to this
study, the state of charge for the battery was limited to 85%, the
maximum temperature to 60 °C, and the length of the cycle to ca. 4h.

Thermal coefficient study: The thermal coefficient of the vana-
dium redox couple was estimated based on the variation of the equili-
brium potential with temperature. As shown in Fig. 3, the resulting
thermal coefficient was determined to be —0.15(1) mV K~ ! for the
positive side and 1.01(7) mV K~ for the negative side in the case of CE.
The corresponding full-cell thermal coefficient was measured to be
—1.16(8) mV K~ L. In a similar way, the thermal coefficients for the
MAE were measured to be 0.025(10) mV K~ ! on the positive side and
0.82(6) mV K™! on the negative side. Thus, the resulting full cell
thermal coefficient for the mixed-acid electrolyte was measured to be
—0.80(7) mV K~ 1. For both MAE and CE, the cell thermal coefficient
was dominated by the negative electrolyte, which may be due to the
solvation of the highly charged species. In the case of MAE, the positive
electrolyte thermal coefficient was positive and therefore reduced the
whole cell thermal coefficient, but its value was very close to zero. All
of the thermal coefficients found in this study differed significantly
from those reported in literature, which were —0.901mVK™! for
VY/VV and 1.5mVK™? for VII/VI [27]. It is worth noting, however,
that these literature values were tabulated for unity activity and tem-
perature variation of the standard potential, whereas the coefficients
reported here are measured in high ionic strength electrolytes. Also the
value reported from Bratsch for VII/V!l was calculated, as opposed to
experimentally measured.

Moreover, the thermal coefficients varied with the choice of the
electrolyte confirming the fact that the chemical complexes formed in
solution with chlorides are different [11].

Furthermore, with MAE, the whole-cell equilibrium potential was
significantly different that with CE. The potential of the negative side
was —0.45V at room temperature and that of the positive one 0.99 V
giving an overall increase of about 60 mV. From these results, a ther-
moneutral potential of 1.72 V for CE and of 1.67 V for MAE was esti-
mated. All the results are summarized in Table 3. To avoid side reac-
tions like hydrogen and oxygen evolution and degradation of the
electrode material, in usual operation a VRFB works below 1.65 V.
Therefore, a VRFB always operates according to the rightmost column
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Fig. 3. Formal potential evolution with temperature (a) commercial electrolyte (CE) positive side (b) commercial electrolyte (CE) negative side (c) mixed-acid electrolyte

(MAE) positive side (d) mixed-acid electrolyte (MAE) negative side.

Table 3
Composition and thermodynamic properties for commercial electrolyte and
mixed-acid electrolyte.

Heat capacity = Thermal Equilibrium Thermoneutral
[J mL™'K1] coefficient [mV  voltage @ 20 °C voltage [V]
K™ vl
CE 4.2 -1.16 1.38 1.72
MAE 3.9 -0.80 1.44 1.67

of Table 2, that is below its thermoneutral potential, absorbing heat
during charge and rejecting it during discharge.

TREC-VRFB: The figures of merit for the efficiency of a battery are
the coulombic, the voltage, and the energy efficiencies (eouiombic> Mrottages
and 7,,,,,)- The first represents the ratio between the amount of elec-
trical charge supplied during charging and that recovered during dis-
charging, and it is influenced by the crossover of vanadium species
through the membrane and by the side reactions as hydrogen evolution.
The voltage efficiency is given by the ratio between charging and dis-
charging voltage and represents the electrical reversibility of the
system. The product of these two efficiencies is the energy efficiency,
which is the ratio between the amount of energy that can be recovered
from the battery and the amount of energy that has been consumed for
charging it.

Fig. 4 shows the trend for all the efficiencies for the CE and the MAE
at 20 and 60°C over several charge-discharge cycles. For CE, the
average coulombic, voltage, and energy efficiency were respectively
calculated to be 94%, 85%, and 79% at 20 °C and 92%, 87%, and 80%
at 60 °C. In the case of MAE, the resulting efficiencies were found to be
notably higher than with the CE. Indeed, they were calculated to be
98%, 88%, and 86% at 20 °C and 99%, 91%, and 90% at 60 °C. The
superior performance of MAE is primarily attributed to the faster ki-
netics (see ESI for details). Besides, the positive shift in potential of the
negative-side reaction reduces the competing hydrogen evolution im-
proving the coulombic efficiency.

As expected, all of the efficiencies increased at higher temperatures
since reaction kinetics, mass transport, and ionic conductivity all im-
prove under these conditions (see ESI for temperature dependence of
kinetics). The only discrepancy was given by the decrease of coulombic
efficiency for CE. Similar effect was already observed by Zhang et al.
[28] and it may be explained by the enhanced kinetics of the competing
hydrogen evolution reaction on the negative side. This reaction has a
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large positive thermal coefficient, making it more facile at higher
temperatures. Moreover, crossover of vanadium species is also en-
hanced at higher temperatures [29]. Interestingly this did not affect
MAE as much as CE. This may be due to the fact that the negative half-
cell reaction in the MAE is more positive and faster than in the CE, thus
competing better with hydrogen evolution. Also the vanadium species
in MAE exist as chloride complexes which may be less prone to pass
through the membrane.

Fig. 5a and c show the isothermal cycles performed by the VRFB
battery at 20 °C and 60 °C. For both electrolyte types, the cell voltage
during the cycle shifted negatively with the increase of temperature,
which is in accordance with the measured thermal coefficients. In both
cases, the shift was more pronounced in the charging curve, suggesting
that the kinetics of the charging reactions are more sensitive to tem-
perature. The area between the charging curve at 60 °C and the dis-
charging curve at 20 °C is expected to be representative of the operation
of the TREC-VRFB. With CE, the energy density of the VRFB was
measured to be 11.8 Wh L™ " at 20°C and 11.3 Wh L™ ! at 60 °C. In the
case of MAE, the resulting energy density was 13.3 Wh L.~ ! at 20 °C and
132 Wh L™ " at 60°C.

Fig. 5b and d illustrate the thermodynamic cycle performed by the
TREC-VRFB system for both electrolytes. By using the CE, the TREC-
VRFB demonstrated an increase of 9 percentage points (compared to
the isothermal VRFB with CE, cycled at 20 °C) for both the overall en-
ergy efficiency and voltage efficiency (88% and 94%, respectively). As
expected, the TREC clearly enhanced the performance of the battery,
although the recovered energy from the TREC remained too low to fully
compensate the energy loss of the conventional all-vanadium redox
flow battery.

The TREC-VRFB with CE was found to reduce the energy loss of the
conventional battery by 45%. The resulting increase in apparent energy
density was calculated to be 1.3 Wh L. In the case of MAE, the TREC-
VRFB showed a similar reduction of energy loss of 42% compared to the
conventional battery at 20 °C. Thus, the resulting apparent energy
density was increased by 0.8 Wh L™ . The overall energy efficiency and
the voltage efficiency were determined to be 91% and 93%, respec-
tively, corresponding to an increase of 5 percentage points of efficiency
compared to the conventional battery cycle at 20 °C. In all cases, the cell
voltage remained below the thermoneutral voltage, following the
thermodynamic cycle described in Fig. 2.

The theoretical TREC efficiency was measured for each electrolyte
using the TREC-VRFB features from Table 3, neglecting energy losses
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Fig. 4. Coulombic, energy, and voltage efficiency of the all-vanadium redox flow battery at 20 °C and 60 °C (a) with commercial electrolyte (b) and with mixed-acid

electrolyte.

due to the battery inefficiency and the heat necessary to warm up or
cool down the electrodes, membrane, current collectors, and any other
part of the system apart from the electrolyte. Thus, the maximal theo-
retical TREC efficiency (from Eq. (10)) was calculated to be 0.92% for
CE and 0.72% for MAE, whereas the Carnot efficiency (Eq. (9)) was
12%. Then, using Eq. (11), the normalized efficiency was measured,
neglecting the heat transfer loss and the energy consumed by the
pumps. It was 2.6% for CE and 1.7% for MAE. These values were larger
than for the maximum theoretical efficiency because they consider the
improvement against a standard isothermal cycle at 20 °C and not only
the heat converted into electrical energy by the thermodynamic cycle.

As expected from the thermal coefficients, the TREC-VRFB re-
covered more energy with CE than with MAE. However, the resulting
energy density in the case of MAE was higher than for CE, because the
whole-cell voltage was larger. Table 4 summarizes the main perfor-
mance parameters for each type of battery cycle performed.

The energy density of the TREC-VRFB was larger for both electro-
lytes than the isothermal energy density at 20 °C and at 60 °C. This
proves that some heat was converted into electrical energy by applying
the TREC. Moreover, the increase of energy density could not come
solely from the increase of efficiency by employing the VRFB at higher
temperatures, because although the efficiency in general increased with

Fig. 5. Potential versus charge plot of the bat-
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Table 4
Summary of the results for the VRFB cycle at 20 °C and 60 °C and the TREC-VRFB cycle between 20 °C and 60 °C.
. . -1 .
rra Energy density [Wh L™"] Neoulombic %] Tvoltage (%] Tenergy [%0] rrec [%] Irree (%]
VRFB CE 20 11.8 94 85 79
60 11.3 92 87 80
TREC-VRFB CE 20 to 60 13.1 94 94 88 0.92 2.6
VRFB MAE 20 13.3 98 88 86
60 13.2 99 91 90
TREC-VRFB MAE 20 to 60 14.1 98 93 91 0.72 1.7

temperature, the energy density decreased for isothermal cycling at
elevated temperatures.

As mentioned regarding Eq. (10), the efficiency of the TREC was
limited by the ratio between heat capacity of the system and its charge
density. Unlike the thermal coefficient, which is determined by the
chosen chemistry, the charge density of a redox flow battery can be
tuned. In fact, the concentration of vanadium in solution has a large
effect on the capacity, but a small effect on the heat capacity. This is
particularly advantageous in the case of MAE where the concentration
of vanadium can reach 3M [10,26]. Another possible route to improve
the charge density is to employ a solid-state compound in the tank
which is charged and discharged by the redox species [30,31]. There-
fore opening several possibilities for future implementations.

5. Conclusions

In this work, the efficiency of an all-vanadium redox flow battery
(VRFB) was enhanced operating the flow battery in a Thermally
Regenerative Electrochemical Cycle (TREC). Two different vanadium
electrolyte systems were studied. One derived from a commercially
available electrolyte containing 1 M total vanadium, 2 M H,SO,, 50 mM
H;PO,, and one mixed-acid electrolyte which also contained hydro-
chloric acid (1 M total vanadium, 4 M HCI, 2 M H,SO,4, 50 mM H;PO,).
In a normal battery cycle at 20 °C, these systems showed a coulombic,
voltage, and energy efficiencies of 94%, 85%, and 79% for the former
and 98%, 88%, and 86% for the latter. For the TREC-based systems, the
efficiency rose to 94%, 94%, and 88% and 98%, 93%, and 91%, re-
spectively. The VRFB-TREC had a theoretical TREC-efficiency of 0.92%
with the commercial electrolyte and 0.72% with the mixed-acid electro-
Lyte, corresponding to an increase of energy density of the battery of 1.3
Wh L™! and 0.8 Wh L™, respectively. The efficiency normalized
against the operation at room temperature was 2.6% and 1.7%, re-
spectively.

The need for both energy storage devices and low-grade heat re-
covery systems make the TREC-VRFB interesting for large-scale grid
applications, particularly when the battery may be co-located with a
large source of low-grade heat. Moreover, an all-vanadium redox flow
battery already utilizes a fluid circulation circuit, making the thermal
management easier. In the case of MAE, the possibilities to improve the
system are broader than for the conventional electrolyte because of the
electrolyte's higher thermal stability and vanadium solubility limit. The
TREC was based on the temperature dependence of the cell voltage,
which was —1.16(8) mV K~ ! for the commercial electrolyte and
—0.80(7) mV K~ for the mixed-acid electrolyte. The systems were op-
timized for good thermal stability up to 60 °C with 1 M total vanadium
concentration operating in the range between 10% SOC and 85% SOC.

The long charging and discharging time of RFBs (typically several
hours) is well-matched for the lower heat flux available from waste-
heat sources. Of course, a suitable heat sink is also necessary to reject
the stored heat prior to discharging. Because of the low heat input
value, the TREC-VRFB is demonstrated to be a promising approach to
enhance energy density of VRFB.

Combining a VRFB-TREC with a photovoltaic farm could harvest ten
percent more energy (see ESI). During the day the farm produces
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electricity but also heat [32]. Both of these can be used to charge the
VRFB-TREC, which then can be discharged during the night when it is
colder, closing the TREC cycle.

Another different implementation of a TREC-VRFB would be im-
plementing a refrigerating cycle in which the battery is used as inter-
mediate storage of heat. In this case, the low energy efficiency of the
battery may have a lower impact on the total performance, while still
conserving the direct heat to electricity paradigm.

The combination of thermally regenerative electrochemical cycles,
batteries, and low-grade heat is an emerging research field and many
innovations are yet to come.
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