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Modelling and Accelerated Testing of Catholyte Stability in
Vanadium Flow Batteries
D. Noel Buckley,* Daniela Oboroceanu, Nathan Quill, Catherine Lenihan, and Robert
P. Lynch**,z

Department of Physics, and Bernal Institute, University of Limerick, Ireland

Using our standard methodology, we examined the thermal stability of vanadium flow battery positive electrolytes over a range of
temperature from 30 to 70 °C with stable lifetimes from 11 min to 87 days. At higher temperatures (45 °C–70 °C) measurements
showed excellent reproducibility but at lower temperatures (30 °C–45 °C) showed some scatter. Measurements at higher
temperatures are in good agreement with our (single-slope) model which is based on earlier data but there is some divergence from
the model at lower temperatures. Arrhenius plots of the data show two linear regimes: one in the range 45 °C–70 °C and another in
the range 30 °C–45 °C, the latter having a higher Arrhenius slope. Based on linear least-squares best fits in these two regimes, we
have formulated an improved stability model (two-slope model). We use our models to derive expressions for accelerated testing of
thermal stability using increased temperature, increased vanadium concentration and decreased sulfate concentration and estimate
values for the acceleration factors over a range of test and use temperatures and concentrations. We analyse the effect of changing
concentration to counteract the decrease in electrolyte stability at higher temperatures and derive expressions to calculate the
necessary concentrations.
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A Diluent solution added to E0
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so that stability
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v
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Value of [V] in original electrolyte (E0)

[V]
E1

Value of [V] in modified electrolyte (E1)
[V]

test
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βS Sulfate concentration coefficient of lifetime
βV5 VV concentration coefficient of lifetime
τ Stable lifetime of electrolyte at concentrations [V] and [S].
τadj Value of lifetime τ for concentrations of [V]

adj
and [S]

adj

τ
E0

Stable lifetime of electrolyte E0
τ
E0,T0

Stable lifetime of electrolyte E0 at temperature T
0

τ
E0,T1

Stable lifetime of electrolyte E0 at temperature T
1

τ
E1,T1

Stable lifetime of electrolyte E1 at temperature T
1

τint Lifetime at which Arrhenius lines for 30 °C–45 °C and 45 °
C–70 °C intersect

τtest Stable lifetime at temperature Ttest
σ State of charge (SoC) of electrolyte expressed as a fraction
σ

max
Specified maximum of σ

σ
min

Specified minimum of σ
σ

0
Specified maximum of σ for electrolyte E0 at temperature T

0

σ
1

Maximum value of σ for electrolyte E0 at T
1
so that stability

is unchanged

There is presently great interest in redox flow batteries1–9 (RFBs)
for large-scale energy storage10–13 due to advantages over other
electrical energy storage (EES) technologies,12,14 and research
activities in this area have grown exponentially in recent
years.15,16 The energy storage capability and power output of a
flow battery, unlike conventional batteries, can be scaled indepen-
dently to suit the desired application.4 Other advantages17 include a
high degree of safety, long lifetime, potentially low capital costs,
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high reliability and relatively high energy efficiency. Among the
numerous systems that have been studied, the vanadium flow battery
(VFB), also known as the vanadium redox flow battery (VRFB), is
commonly regarded as one of the most promising.2–4,18–22 and it has
seen the widest commercial deployment.20 Compared to other flow
battery systems, VFBs have the additional advantage that cross-
contamination due to transport through the separating membrane is
effectively eliminated because the negative and positive electrolytes
differ only in the oxidation state of the vanadium.23 Active areas of
research on VFBs include electrolytes,24–34 electrodes6–9,35–68

membranes,69 cell design and modelling,4,70,71 performance and
state-of-charge (SoC) monitoring,72–80 and coulombic and energy
efficiencies.81,82

The thermal stability of the positive electrolyte in the charged
condition can be a limiting factor for the performance of VFBs. At
the pH of typical VFB positive electrolytes, the solubility of
vanadium (V) oxide, V2O5, is ∼0.1 mol dm−3 or less83 and so
VO2

+ is expected to be thermodynamically unstable in solution with
respect to precipitation as V2O5. Nevertheless, positive electrolytes
with high concentrations of VV (>1.5 mol dm−3) in sulphuric acid
can persist for very long periods of time. The stability of these
metastable solutions (VFB positive electrolytes) decreases, as
expected, as the concentration of VV increases.26–29,31,34,84

Stability improves with increasing concentration of
sulfate26–29,31,34,85 and in the presence of certain additives3,30,32,34

such as phosphates and arsenates.
There have been several studies5,24,26–32,34,84–93 of the stability of

VV in the positive electrolyte of VFBs and several mechanisms of
precipitation have been proposed. The process is thought to begin
with the formation of polymeric species, possibly after the initial
formation of a neutral VV species. The pervanadyl ion VO2

+ is
generally regarded as the most common VV species at low pH,94 but
it is well known that polynuclear species tend to form at high
concentrations of vanadium.92 For example, dimerization of perva-
nadyl ion in H2SO4 and HClO4 solutions has been studied by UV-
vis, Raman and nuclear magnetic resonance (NMR) spectroscopy.95

Density functional theory (DFT) simulations25 suggest that the
pervanadyl ion exists in typical positive electrolytes primarily as a
pentacoordinated species [VO2(H2O)3]

+ which is somewhat more
stable than the hexacoordinated species [VO2(H2O)4]

+. On the basis
of NMR measurements and DFT calculations, it has been proposed25

that deprotonation of [VO2(H2O)3]
+ gives a neutral species

VO(OH)3 known to be a precursor in the formation of V2O5

gels96,97 and therefore a plausible intermediate in the mechanism
of precipitation of V2O5 from VFB positive electrolytes. We have
reported26–29,31,34 that precipitation occurs after an lifetime which
shows Arrhenius dependence on temperature, and have derived a
value of 1.79 eV for the activation energy (E#) of the induction
process. Based on DFT calculations Vijakumar and coworkers25,91

estimated that an energy barrier of ∼1.25 eV needs to be overcome
to convert [VO2(H2O)3]

+ to VO(OH)3. This value of energy is lower
by only ∼30% than the value of activation energy which we obtain
from our Arrhenius data: the difference could be explained easily as
the difference in energy between VO(OH)3 and the activated
complex leading to its formation.

We have developed a technique26–29,31 for evaluating the stability
of VFB positive electrolytes using a standardised methodology for
measuring the lifetime for precipitation over a range of temperature.
We have previously reported26–29,31 extensive studies of the stability
of VFB positive electrolytes over a range of compositions and
temperature using this technique. As well as decreasing with
temperature in an Arrhenius manner, the lifetime also decreases
exponentially with VV concentration and increases exponentially
with sulfate concentration. Apart from its implications for the
mechanism, such precise measurements of the kinetics of the process
which ultimately leads to precipitation in the positive electrolyte is
of great practical importance in the design and operation of a VFB.
We have quantified the observed variations in terms of concentration
coefficients for sulfate and VV and, based on these and on the

Arrhenius slope, we have developed a model to predict the stability
of VFB positive electrolytes as a function of temperature and
composition.27 The results of such simulations are in good agree-
ment with experiment.31 The model can predict positive electrolyte
stability using any of three alternative metrics: the lifetime τ, the
relative stability parameter ρ and the stability temperature TW. The
induction time is a measure of the positive electrolyte lifetime at a
given temperature; the relative stability parameter compares the
stability of any positive electrolyte to a standard in a temperature-
independent manner; and the stability temperature estimates the
upper temperature limit at which a positive electrolyte is stable for
practical purposes.

The model is based on data measured for positive electrolyte
lifetimes between about 0.75 h and 7 days. Thus, the measurements
at lower temperatures were with less stable positive electrolytes (i.e.,
high VV concentration and low sulfate concentration) because the
lifetimes of more stable positive electrolytes were not measureable
in the time-scale of the experiments. In this paper, we extend our
range of stability measurements to much longer times using an
electrolyte composition close to that used in practical flow batteries.
Thus we are able to investigate a practical electrolyte at temperatures
within the range encountered in actual flow batteries. We then
compare this with the values predicted by our model and incorporate
the new results to improve our model.

Experimental

Stock solutions of VIV (typically ∼2 mol dm−3 VIV and
∼4 mol dm−3 sulphate) were prepared in volumetric flasks (typically
2 l) thermostatted at (20.0 ± 0.1)°C, from VOSO4 deionised water
and carefully measured volumes of 10 mol dm−3 H2SO4 which had
been determined against standard 0.1 N KOH. The vanadium
concentration was then determined by potentiometric titration
against standard 0.1 N KMnO4 and the value obtained was also
used in combination with the concentration of H2SO4 to determine
the total sulfate concentration in the VIV stock solution.

Stock solutions of VV were prepared by electrochemical oxida-
tion of the VIV stock solution in a flow cell at room temperature
(∼20 °C) using a carbon felt electrode separated by a Nafion®

membrane from a platinum electrode in a H2SO4 solution. End-
points were determined by monitoring the potential (using 1.3 V vs
Ag/AgCl at 10 mA cm−2 as endpoint) and confirmed by colour
changes in the electrolyte. The volume change in the vanadium
electrolyte during electrolysis was monitored and the (small)
concentration of vanadium in the H2SO4 electrolyte due to transfer
across the membrane was measured spectroscopically. The concen-
trations of VV and sulfate in the VV stock solution were determined
from these measurements and the corresponding concentrations in
the VIV stock solution determined as described above. The VV

concentration was also verified by two other methods: reduction with
FeSO4 followed by potentiometric back-titration with KMnO4 and
direct titration against FeSO4 (standardised against KMnO4) using a
spectroscopic procedure to determine the end point. A more detailed
description of the analytical methods will be published later.

The VV stock solutions were stored at ∼4 °C and used to prepare
series of other solutions by dilution with known concentrations of
H2SO4. Because samples were relatively small, volumes were
measured by weighing and converting to volume by accurately
measured densities. Solution densities were determined by compar-
ison with water using 50 cm3 density bottles.

VOSO4 (vanadium (IV) sulfate hydrate 97%), sulphuric acid
(98%) and standard 0.1 N KOH were obtained from Sigma Aldrich;
standard 0.1 N KMnO4 was obtained from Fischer Scientific. Water
was distilled and deionized to a resistivity of >18 MΩ cm.

Lifetimes were measured as previously described.26–32,34 Briefly,
0.8 cm3 samples of solution were placed in small borosilicate glass
vials (7 cm in length × 4.6 mm internal diameter). Vials were then
immersed in a thermostatic water bath which had been equilibrated
at a selected temperature and the time of immersion was recorded.
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The time at which precipitation was observed in each of the separate
vials was subsequently recorded. Precipitation was allowed to occur
in the vials without any deliberate seeding measures.

Measurement of and Modelling of Lifetimes from 30 °C to 70 °
C.—Two similar series of experiments, Series A and B, were carried
out, B being simply an independent repeat of A. Within each series,
samples from the same positive electrolyte were used in all
experiments. The positive electrolytes used in A and B had the
same nominal concentrations although the precise values were
slightly different (by 0.06% and 0.43%, respectively, for vanadium
and sulfate): the measured concentrations are shown in Table I. In
each series, the lifetime (i.e. the induction time for precipitation) was
measured at 5-K increments over a temperature range of 30 °C–70 °
C with corresponding lifetimes ranging from 10.6 min to 86.7 days.
The lifetimes were also simulated using our previously published
model.27,31 This model assumes Arrhenius variation of lifetime with
temperature, an exponential increase with increasing sulfate con-
centration and an exponential decrease with vanadium(V) concen-
tration and uses values of the Arrhenius slope m, the concentration
coefficients βS and βV5 for sulfate and vanadium(V) and the lifetime
τstd for reference concentrations at a standard temperature. The
values of these parameters (listed in Table II) were derived from a
reference dataset27,31 (obtained earlier, independently of the present
experiments) of 93 experimental measurements of lifetime over a
range of temperatures and positive electrolyte compositions.

The experimental results are compared with the simulations for
both Series A and Series B in Fig. 1. It can be seen that there is good
agreement between the experimental results and the values predicted
by the model at temperatures above ∼45 °C. Percentage deviations
from the model are plotted against temperature in Fig. 2. It can be
seen that for both series of experiments deviations from the model
are much smaller at higher than at lower temperatures. The root-
mean-square (RMS) average deviations of the modelled data from
the experimental data were estimated for temperatures both in the
range of 50 °C–70 °C and in the range 30 °C–45 °C: the values are
shown by the broken red lines in Fig. 2. We note that for the higher
temperature range (50 °C–70 °C) the RMS average deviation is
20.6% compared with 60.6% for the data in the range 30 °C–45 °C.
This is not surprising because the data on which the model is based
were obtained predominantly at higher temperatures: less than 13%
of that data was obtained at temperatures less than 40 °C.
Furthermore, the lifetimes in the reference data set ranged from
0.75 h to 6.858 days and so any data at lower temperatures was for
less stable positive electrolytes with low sulfate concentrations and/

or high vanadium concentrations: the average sulfate to vanadium
molar ratio ([S]/[V]) was 2.2 compared with 3.875 for a typical
electrolyte (1.6 mol dm−3 vanadium and 4.6 mol dm−3 sulfate). The
sulfate and vanadium concentrations used in the present experiments
(Series A and B) are close to 4.15 and 1.6 mol dm−3, respectively,
([S]/[V] = 2.594) and so the composition used is much closer to that
used in practical applications. This, of course, results in very long
lifetimes at lower temperatures and so in Series A and B we have
measured values of lifetime over a very wide range (10.6 min–86.7

Table I. Concentrations of electrolyte used in Series A and Series B
experiments.

Concentration (mol dm−3)

Species Series A Series B

Vanadium 1.601 1.600
Sulfate 4.147 4.165

Table II. Values of parameters for model used in simulation (single-slope model).

Arrhenius slope m 2.0785 × 104 K
VV concentration coefficient of lifetime βV5 −3.434 dm3 mol−1

Sulfate concentration coefficient of lifetime βS 2.073 dm3 mol−1

Standard temperature T0 298.15 K
Parameters for reference electrolyte:
Sulfate concentration [S]R 4.5 mol dm−3

VV concentration [VV]R 1.7 mol1 dm−3

Lifetime at standard temperature T0 τstd 2200 h

Figure 1. Comparison of experimental measurements for Series A and B
with simulations using our single-slope model which is based on other earlier
results.27,31 Experimental results and simulations are represented, respec-
tively, by the circles and the solid black line for Series A and by the triangles
and the broken blue line for Series B.

Figure 2. Deviation of experimental from simulated data (single-slope
model) in Fig. 1. The broken red lines represent the RMS average deviations
in the ranges 30 °C–45 °C and 50 °C–70 °C.
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days). Considering the order-of-magnitude differences between the
measured values at lower temperatures and the reference values on
which the model is based, the agreement between experiment and
model is quite good.

An improved model for lifetime.—As mentioned above and
shown in Table I, the concentrations of vanadium and sulfate in the
positive electrolyte were slightly different between Series A and B.
The differences are small (0.06% and 0.43%, respectively, for
vanadium and sulfate) and the measured lifetimes were adjusted27

to correspond to standard vanadium and sulfate concentrations of
1.600 mol dm−3 and 4.150 mol dm−3 using the equation

([ ] [ ]) ([ ] [ ]) [ ]t t b b= + - + -ln ln S S V V 1adj S adj V5 adj

where βS and βV5 are the sulfate and VV concentration coefficients
of lifetime with values of 2.073 and –3.434 dm3 mol−1,
respectively;27 τadj is the value of lifetime for vanadium and sulfate
concentrations of [V]

adj
and [S]

adj
respectively; and τ is the

corresponding lifetime measured at concentrations [V] and [S].
The lifetimes from both Series A and Series B, adjusted as described
above to concentrations [V]

adj
= 1.6 dm3 mol−1 and [S]

adj
= 4.15 dm3

mol−1 are shown in Fig. 3 as an Arrhenius plot. It is clear that the
Arrhenius slope is greater at lower temperatures (greater values of
inverse temperature) than at higher temperatures: the values obtained
from the least-squares best fit lines in Fig. 3 are 2.7850 × 104 K (for
30 °C–45 °C) and 1.8967 × 104 K (for 50 °C–70 °C). The lines
intersect at Tint = 45.5 °C and ln τint = 10.8264 (τ =5.0333 × 104 s).
Thus, we can represent the lines in Fig. 3 by the equation

⎛
⎝⎜

⎞
⎠⎟ [ ]t t= + -m

T T
ln ln

1 1
2int

int

where τ is the lifetime at temperature T, and

⎧⎨⎩
( )
( )

[ ]=
´
´ >


m

T T

T T
a

2.2750 10 K

1.8967 10 K
2

4
int

4
int

Equation 2 with the values of m in Eq. 2a gives the value of τ for a
positive electrolyte with [V] = 1.6 mol−1 dm3 and [S] = 4.15 mol−1

dm3 at any given temperature. Values of τ at other concentrations of
vanadium and sulfate may then be estimated using Eq. 1. Values of τ
estimated in this manner for the concentrations of vanadium and
sulfate used in Series A and Series B are compared with the
experimental values in Fig. 4. We can see that the “two-slope”
model based on Eq. 2 gives a better fit to the experimental data than
the single-slope model (see Fig.1), especially at lower temperatures.
This can be seen more clearly from Fig. 5 where the deviations of the
model from the experimental data are plotted against temperature.
The standard RMS average deviations of the modelled data from the
experimental data were estimated for temperatures both in the range
of 50 °C–70 °C and in the range 30 °C–45 °C: the values are shown
by the broken red lines in Fig. 5. Comparing Fig. 5 with Fig. 2, we
note that for the higher temperature range (50 °C–70 °C) the RMS
average deviation of the two-slope model (Fig. 5) is 11% compared
with 20.6% for the single-slope model (Fig. 2). Likewise, in the
lower temperature range (30 °C–45 °C) the two-slope model has an
RMS average deviation of 30% compared with 60.6% for the single-
slope model. Clearly, the two-slope model gives a significantly
better fit to the data. Although the deviation at lower temperatures is
still rather high (30%), this is predominantly due to scatter in the
data: the average standard deviation for the measured data (Series A
and B combined) in this temperature range (30 °C–45 °C) is 29.3%.
In the higher temperature range (50 °C–70 °C), the standard devia-
tion of the measured data is 9.9% compared with 11% for the RMS
average deviation from the two-slope model. Thus the two-slope
model fits the experimental data within the limits of the experimental
error.

Figure 3. Arrhenius plot of lifetimes from Fig. 1 adjusted to concentrations
[V]adj = 1.6 mol−1 dm3 and [S]adj = 4.15 mol−1 dm3 using Eq. 1.

Figure 4. Comparison of experimental measurements for Series A and B
with simulations using our two-slope model described in the text.
Experimental results and simulations are represented, respectively, by the
circles and the solid black line for Series A and by the triangles and the
broken blue line for Series B.

Figure 5. Deviation of experimental from simulated data (two-slope model)
in Fig. 4. The broken red lines represent the RMS average deviations in the
ranges 30–45 °C and 50–70 °C.
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The reasons for the change in Arrhenius slope from higher
temperatures and shorter lifetimes to lower temperatures and longer
lifetimes is not clear and we can only speculate as to the possible
causes. We continue to investigate the nature of the precipitates but
preliminary results have not shown any significant difference in the
precipitates across the range of temperatures and lifetimes. As
discussed in the introduction, the mechanism of precipitation is
thought to begin with the formation of polymeric species, possibly
after the initial formation of a neutral VV species, which eventually
lead to precipitation. We have shown32 that arsenates and phosphates
increase the lifetimes, possibly due to adsorption on the surface of
the growing polymeric species. Preliminary results on the effect of
these additives suggest that they may also effect the Arrhenius slope
to some degree but this is still under investigation. This suggests that
the change in slope noted in the present results may possibly be
explained by the adsorption of low-level impurities on the growing
polymer species over the very long times involved at lower
temperatures.

Use of temperature for accelerated testing of positive electrolyte
stability.—The stable lifetimes of VFB positive electrolytes are
necessarily long (months or years in the charged condition) and so it
is important to have available accelerated methods of testing that can
reliably assess their thermal stability on a practical time scale. In
carrying out such testing, it is important to have a suitable means of
sufficiently accelerating the aging process in such a way that the
behaviour under the test conditions can be quantitatively related to
behaviour under use conditions. The lifetime for precipitation under
controlled conditions is an appropriate parameter for quantifying the
stable lifetime of a charged positive electrolyte and we have shown
that it has a strong well-behaved dependence on temperature.
Measurement of the lifetime at higher temperatures is therefore an
attractive method for accelerated testing of the stability of VFB
positive electrolytes. In this section we discuss the use of tempera-
ture for accelerating the aging of positive electrolytes and consider
how the results obtained at higher temperatures may be related to
performance under normal conditions of use. In other words we
attempt to estimate the acceleration factor, i.e. the factor by which
thermal deterioration of the electrolyte at the temperature at which it

is used is accelerated when the temperature is raised to higher (test)
values.

The lifetimes that we measure by our standardised method, while
useful for quantifying and comparing electrolyte stabilities, may be
significantly different from the actual lifetimes of electrolytes in
operando. For example, we measure lifetimes without any exposure
to surfaces other than glass and without any other conditions likely
to seed precipitation. In operational practice, it would be desirable to
measure the lifetime of an electrolyte under conditions that represent
its use in the particular application as closely as possible. However,
since the lifetimes of useful electrolytes will be very long, accel-
eration of the process will generally be necessary in practice. In any
accelerated testing process, it is necessary to relate the measured
values under accelerated conditions to the actual values under use
conditions. The acceleration factors that we calculate from our
results under standardised conditions represent a basis on which to
do this in practical situations.

We will first estimate acceleration factors based on simple
Arrhenius behaviour using the Arrhenius slope in Table II. Using
this single-slope model, the stability lifetime τuse measured by the
lifetime for precipitation of a positive electrolyte at a use tempera-
ture Tuse is related to the lifetime τtest measured at a temperature Ttest
by the equation

⎛
⎝⎜

⎞
⎠⎟ [ ]t t= + -m

T T
ln ln

1 1
3use

use test
test

where m is the Arrhenius slope. We define the acceleration factor
due to temperature as

t
t

=fT
use

test

and so from Eq. 3

⎛
⎝⎜

⎞
⎠⎟ [ ]t t= - = -f m

T T
ln ln ln

1 1
4T use test

use test

Table III. Acceleration factors for use in estimating thermal stability at various use temperatures from data obtained at various test temperatures
based on (a) our single-slope model and (b) our two-slope model. The values in (a) are calculated by Eq. 5 based on a slope27 m = 2.0785 × 104 K; and
the values in (b) are calculated by Eq. 10 based on slopes of mhi = 1.8967 × 104 K and mlo = 2.7850 × 104 K.

(a) Single-slope model

Test Temperature

50 °C 55 °C 60 °C 65 °C 70 °C 75 °C
Use Temperature Acceleration Factor (fT)

20 °C 722.2 1924 4979 12530 30670 73200
25 °C 219.9 586.0 1516 3814 9340 22290
30 °C 69.65 185.6 480.2 1208 2958 7060
35 °C 22.90 61.01 157.8 397.1 972.4 2321
40 °C 7.799 20.78 53.77 135.3 331.2 790.5
45 °C 2.748 7.322 18.94 47.66 116.7 278.5
(b) Two-slope model

Test Temperature
50 °C 55 °C 60 °C 65 °C 70 °C 75 °C

Use Temperature Acceleration Factor (fT)
20 °C 4587 11220 26710 61980 140400 310400
25 °C 932.5 2280 5430 12600 28530 63100
30 °C 199.8 488.6 1163 2699 6112 13520
35 °C 45.00 110.0 262.0 608.0 1377 3045
40 °C 10.63 25.99 61.89 143.6 325.2 719.2
45 °C 2.627 6.425 15.30 35.50 80.38 177.8
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and therefore

⎧⎨⎩
⎛
⎝⎜

⎞
⎠⎟

⎫⎬⎭ [ ]= -f m
T T

exp
1 1

5T
use test

Values of f
T
calculated using Eq. 5 with a value27 of m = 2.0785 ×

104 K are shown in Table III(a) for selected values of use
temperature and test temperature.

As discussed above, Arrhenius plots of lifetime show a somewhat
higher slope at lower temperatures (30 °C–45 °C) than at higher
temperatures (50 °C–70 °C). A more precise model for relating
lifetimes at a use temperature to those measured at a test temperature
might use the two-slope model. Let us assume that the higher-
temperature Arrhenius line (with a slope m

hi
) intersects the lower-

temperature Arrhenius line (with a slope m
lo
) at a temperature Tint

and lifetime τint (See Fig. 3). Let us now consider a test temperature
Ttest > Tint and a use temperature Tuse < Tint. The value of τint is
related to the lifetime τtest measured at Ttest according to the equation

⎛
⎝⎜

⎞
⎠⎟ [ ]t t= + -m

T T
ln ln

1 1
. 6int test hi

int test

Likewise at Tuse the lifetime is given by

⎛
⎝⎜

⎞
⎠⎟ [ ]t t= + -m

T T
ln ln

1 1
7use int lo

use int

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ [ ]t= + - + -m

T T
m

T T
ln

1 1 1 1
8test hi

int test
lo

use int

from Eq. 6. Therefore the acceleration factor f
T
is given by

t t= -fln ln lnT use test

[ ]=
-

- +
m m

T

m

T

m

T
9hi lo

int

hi

test

lo

use

from Eq. 8 and

⎧⎨⎩
⎫⎬⎭ [ ]=

-
- +f

m m

T

m

T

m

T
exp 10T

hi lo

int

hi

test

lo

use

Values of acceleration factor fT calculated using Eq. 10 with values
of mhi = 1.8967 × 104 K and mlo = 2.7850 × 104 K are shown in
Table III(b) for selected values of use temperature and test
temperature.

Because stability varies exponentially with temperature, it is easy
to obtain large acceleration factors and so to quickly test processes
that occur very slowly at use temperatures. However, a corre-
sponding disadvantage is that the process of extrapolation is very
sensitive to the model used and to the values of parameters used in
the model. Thus, if we compare the acceleration factors for the
single-slope model (Table III(a)) with those for the two-slope model
(Table III(b)) we find that some of the corresponding values are
significantly different (by factors approaching 3 for a use tempera-
ture of 30 °C and over 6 in the worst case for a use temperature of
20 °C). The two models are compared in Fig. 6 where their
respective acceleration factors for a use temperature of 25 °C are
plotted against test temperature. Clearly, the acceleration factor is
significantly larger for the two-slope model: on average it is greater
by a factor of ∼3.5. In general, the single-slope model is more
conservative (i.e. it predicts an underestimate of stability). However,
as we have seen earlier, the two-slope value is expected to give more
accurate estimates.

Use of concentration for accelerated testing of cathode stabi-
lity.—An alternative means of accelerating the aging process of a
positive electrolyte is to use a reduced concentration of sulfate. We
have shown27 that lifetime increases exponentially with increasing
sulfate concentration. Thus, by using a reduced concentration [S]test
of sulfate in a test electrolyte, we expect an accelerated lifetime τtest
which is related to the lifetime τuse at the actual use concentration
[S]use according to

([ ] [ ] ) [ ]t t b= + -ln ln S S 11use test S use test

Figure 6. Comparison of acceleration factors obtained using the single-
slope model with those obtained using the two-slope model. In each case,
values for a use temperature of 20 °C are plotted against test temperature.

Table IV. Acceleration factors for use in estimating thermal stability at various use concentrations of sulfate from data obtained at various test
concentrations. The values are calculated by Eq. 13 with a value27 of βS = 2.073 dm3 mol−1.

Test Concentration (mol dm−3)

3.00 3.25 3.50 3.75 4.00
Use Concentration (mol dm−3) Acceleration Factor (fS)

4.4 18.21 10.85 6.460 3.848 2.291
4.6 27.57 16.42 9.780 5.824 3.469
4.8 41.74 24.86 14.80 8.817 5.251
5.0 63.18 37.63 22.41 13.35 7.949
5.2 95.64 56.96 33.92 20.20 12.03
5.4 144.8 86.22 51.35 30.58 18.21
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Thus, the acceleration factor is given by the equations

([ ] [ ] ) [ ]t t b= - = -fln ln ln S S 12SS use test use test

and

{ ([ ] [ ] )} [ ]b= -f exp S S 13S S use test

Values of acceleration factor fS calculated using Eq. 13 with a
value27 of βS = 2.073 dm3 mol−1 are shown in Table IV for selected
values of use concentration and test concentration. It can be seen that
the values are generally significantly smaller than those of the
acceleration factors for temperature in Table III. This is primarily
because the range of available test concentrations is limited. For
example, for a typical positive electrolyte with a vanadium con-
centration of 1.6 mol−1 dm3, the theoretical lowest anion concentra-
tion achievable by electrolysis of lower oxidation states of vanadium
(VIV or VIV

–VIII mixture) is limited to ̴ 2.4 mol dm−3 by the
necessity to keep the electrolyte acidic; in practice, values less
than ̴ 3 mol dm−3 are not easily obtained.

The aging process may also be accelerated by increasing the
concentration of vanadium. We have shown27 that lifetime decreases
exponentially with increasing vanadium (V) concentration so

([ ] [ ] ) [ ]t t b= + -ln ln V V . 14use test V5
V

use
V

test

For the fully charged condition

[ ] [ ] [ ] [ ]= =V use V and V test V .V
use

V
test

However, in practical applications in a flow battery, the positive
electrolyte is usually not charged to 100% but to some maximum
value of state of charge (SoC) less than 100%. Let us denote the
maximum fractional SoC by σ (i.e. percentage SoC = 100σ). Then

[ ] [ ] [ ] [ ]s s= =V use V and V test VV
use

V
test

and substituting in Eq. 14 we obtain

([ ] [ ] ) [ ]t t b s= + -ln ln V V . 15use test V5 use test

Thus the acceleration factor is

{ ([ ] [ ] )} [ ]b s= -f exp V V 16V5 V5 use test

Values of acceleration factor fV5 calculated using Eq. 16 with a
value27 of βV5 = –3.434 dm3 mol−1 and an SoC of σ = 0.9 are
shown in Table V for selected values of use concentration and test
concentration. It can be seen that the values are even smaller than
those for the sulfate acceleration factor in Table IV, primarily
because the available range of vanadium concentration is limited.

Tailoring electrolyte specifications to meet thermal stability
criteria.—Another use of acceleration factors is in providing some
quantitative guidelines for tailoring electrolyte specifications to

specific use conditions. Although we have established a metho-
dology for measuring the lifetime of an electrolyte under standard
conditions, the actual lifetime of an electrolyte under normal
conditions in a flow battery is not easy to determine. However, a
particular composition of electrolyte may have been extensively
used in a flow-battery in a particular type of application in some
range of temperature and it may have been demonstrated by testing
and field experience to be reliably stable under these conditions. If
this electrolyte were used in a higher range of temperature, its
stability would be reduced. Although the absolute thermal stability
of electrolytes is difficult to quantify, it is reasonable to assume that
their relative stabilities can be quantified using acceleration factors
determined from their idealized lifetimes as described above. Thus,
for example, if an electrolyte is used at a higher temperature, the
acceleration factor can be estimated. Furthermore, the change in
composition necessary to counter this acceleration may be estimated,
knowing the acceleration factors for changes in vanadium and
sulfate concentrations. Thus, an electrolyte composition may be
estimated that will maintain, at the higher temperature, the original
demonstrated stability at the lower temperature.

Let us suppose that an electrolyte in a flow battery is normally
used at a temperature T

0
and it is now planned to use it at a higher

temperature T
1
. Its stability as a positive electrolyte will be reduced

by a factor

⎧⎨⎩
⎛
⎝⎜

⎞
⎠⎟

⎫⎬⎭ [ ]= -f m
T T

exp
1 1

17T
0 1

from Eq. 5. Assuming that both T
0
and T

1
are less than T

int
, the

appropriate value of m in Eq. 16 is m = m
lo
. Substituting m = m

lo
=

2.7850 × 104, T
0
= (25 + 273.15) K and T

1
= (30 + 273.15) K into

Eq. 16 we get a value of f
T
= 4.67. Thus, if we want to maintain a

similar thermal stability at 30 °C to that at 25 °C, we can lower the
concentration of vanadium or increase the concentration of sulfate
(or both) by an amount that increases the stability by a factor of 4.67.

Let us consider changing the concentration(s) in the original
electrolyte (E0) to give a modified electrolyte (E1). In the general
case of changing both the sulfate and vanadium concentrations, [S]

E0

and [V]
E0
respectively, in E0, to values of [S]

E1
and [V]

E1
in E, then

from Eqs. 11 and 15

([ ] [ ] )
([ ] [ ] ) [ ]

t t b
b s

= + -
+ -

ln ln S S

V V 18
T TE1, 1 E0, 1 S E1 E0

V5 E1 E0

where τ
E1,T1

and τ
E0,T1

are the lifetimes of E1 and E0, respectively, at a
temperature T

1
. If the combination of [S]

E1
and [V]

E1
is such that the

original lifetime is recovered, i.e.

t t=T TE1, 1 E0, 0

where τ
E0,T0

is the lifetime of E0 at a temperature T
0
, then Eq. 18

becomes

Table V. Acceleration factors for use in estimating thermal stability at various use concentrations of vanadium(V) from data obtained at various
test concentrations. The values are calculated by Eq. 15 for a maximum SoC of 90% with a value27 of βV5 = –3.434 dm3 mol−1.

Test Concentration (mol dm−3)

1.9 1.95 2 2.05 2.1
Use Concentration (mol dm−3) Acceleration Factor (fV5)

1.5 3.443 4.018 4.689 5.473 6.388
1.55 2.950 3.443 4.018 4.689 5.473
1.6 2.527 2.950 3.443 4.018 4.689
1.65 2.165 2.527 2.950 3.443 4.018
1.7 1.855 2.165 2.527 2.950 3.443
1.75 1.590 1.855 2.165 2.527 2.950
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⎛
⎝⎜

⎞
⎠⎟ ([ ] [ ] )

([ ] [ ] ) [ ]

t
t

b

b s

= + -

+ -

f
ln ln S S

V V 19

T
T

T
E0, 0

E0, 0
S E1 E0

V5 E1 E0

and so

([ ] [ ] ) ([ ] [ ] ) [ ]b b s= - + -fln S S V V 20T S E1 E0 V5 E1 E0

We now consider three cases: Case (i) where the sulfate concentra-
tion is changed while the vanadium concentration remains constant;
Case (ii) where the vanadium concentration is changed while the
sulfate concentration remains constant; and Case (iii), the general
case where both the sulfate and vanadium concentration are
changed.

Case (i)
Keeping [V]

E1
= [V]

E0
and rearranging Eq. 20 we obtain

[ ] [ ] [ ]
b

= +
f

S S
ln

21T
E1 E0

S

Eq. 21 can thus be used to determine by how much the sulfate
concentration must be increased to maintain the original electrolyte
stability at the higher use temperature. In the present example

[ ] [ ] [ ]= + = +-
-S S

1.541

2.073 mol dm
S 0.743 mol dm .E1 E0 1 3 E0

3

Thus if the original sulfate concentration was [S]
E0
= 4.6 mol dm−3 it

would need to be increased to [S]
E1
= 5.34 mol dm−3 to maintain the

original stability, while keeping the vanadium concentration at its
original value.

Case (ii)

Keeping [S]
E1
= [S]

E0
and rearranging Eq. 20 we obtain

[ ] [ ]
b s

= +
f

V V
ln T

E1 E0
V5

In the present example

[ ] [ ]
( )( )

[ ]

= +
-

= -

-

-

V V
1.541

3.434 mol dm 0.9

V 0.499 mol dm .

.
E1 E0 1 3

E0
3

Thus if the original vanadium concentration was [V]
E0

=
1.6 mol dm−3 it would need to be reduced to [V]

E1
=

1.10 mol dm−3 to maintain the original stability, while keeping the
sulfate concentration at its original value.

Case (iii)
Rearranging Eq. 20 gives us the relationship between the values

of [S]
E1
and [V]

E1
necessary to maintain a lifetime equal to t :TE0, 0

⎧⎨⎩
⎫⎬⎭[ ] [ ] [ ] [ ] [ ]

b
b s
b

b s
b

= + + -
f

S
ln

S V V 22T
E1

S
E0

V5

S
E0

V5

S
E1

Thus [S]
E1

increases linearly with [V]
E1

with a slope of
b s
b

s- = 1.657V5

S
and an intercept

⎧⎨⎩
⎫⎬⎭[ ] [ ] [ ]

b
b s
b

= + +
f

S
ln

S V .T
intercept

S
E0

V5

S
E0

The slope is positive since βV5 is negative and both βS and σ are
positive. Typical plots of [S]

E1
versus [V]

E1
are shown in Fig. 7 for

three examples of electrolyte: one with [V]
E0
= 1.6 mol dm−3 and

[S]
E0
= 4.6 mol dm−3 (black); one with lower [V]

E0
(red) and one

with lower [S]
E0
(blue). The special cases of (i) constant vanadium

and (ii) constant sulfate concentrations are represented by the
vertical and horizontal lines, respectively.

Adjusting the thermal stability of electrolytes by dilution.—Any
electrolyte with the combinations of vanadium and sulfate concen-
trations shown by the solid black line in Fig. 7 will have the same
stability at 30 °C as the original electrolyte (1.6 mol dm−3 vanadium
and 4.6 mol dm−3 sulfate) at 25 °C and so a new electrolyte (E1)
with these specifications can be formulated. However, it will usually
be more practical to modify the original (standard) electrolyte by
dilution. We will first show that, for a typical electrolyte, dilution
with water decreases rather than increases the stability. We will then
consider what concentrations of H2SO4 and vanadium can be used as
a suitable diluent.

To quantify the effect of dilution of the electrolyte (E0) with
water we define a normalized concentration

[ ]
[ ]

[ ]
[ ]

= =c
V

V

S

SE0 E0

where [V] and [S] are the vanadium and sulfate concentrations,
respectively, in the diluted electrolyte. Thus, c decreases as the
electrolyte is diluted. Let τ

E0
and τ be the lifetimes of the undiluted

and diluted electrolytes, respectively, at the same temperature. Then

{ [ ] [ ] }
{ [ ] [ ] }

t t b
b s

= + -
+ -

c

c

ln ln S S

V V
E0 S E0 E0

V5 E0 E0

Differentiating with respect to c

[ ] [ ] [ ]t
b b s= +

d

d c

ln
S V 23S E0 V5 E0

Figure 7. Plots of sulfate concentration versus vanadium concentration for
electrolytes (E1) with concentrations adjusted to maintain the same stability
at 30 °C that the original electrolyte (E0) has at 25 °C. The solid black line
represents the adjusted concentrations [V]

E1
and [S]

E1
corresponding to

original concentrations [V]
E0

= 1.6 mol dm−3 and [S]
E0

= 4.6 mol dm−3

(represented by the solid black circle). The special cases of unchanged
vanadium and sulfate concentrations, respectively, are shown where the
broken lines intersect the solid black line. Two other electrolytes are
similarly shown, corresponding to original concentrations of: (i) [V]

E0
=

1.6 mol dm−3 and [S]
E0
= 4.5 mol dm−3 (represented in red) and (ii) [V]

E0
=

1.5 mol dm−3 and [S]
E0
= 4.6 mol dm−3 (represented in blue).
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From Eq. 23 the value of
td

d c

ln
can be either positive or negative

depending on the values of [S]
E0
and [V]

E0
since both βS and σ are

positive but βV5 is negative. When [S]
E0
<< [V]

E0
, the first term in

Eq. 23 will be small and the second (negative) term will dominate.
Conversely, when [S]

E0
>> [V]

E0
the first (positive) term will

dominate. A positive value of
td

d c

ln
indicates an increase in

stability with increasing concentration and so a decrease in stability

with dilution. Therefore at low values of
[ ]
[ ]
S

V
,E0

E0
stability increases

with dilution by water but at high values of
[ ]
[ ]
S

V
,E0

E0
stability

decreases with dilution. Thus, there is a sulfate to vanadium ratio
above which stability decreases with dilution. This ratio corresponds

to
t

=
d

d c
0 and so from Eq. 23

[ ] [ ]b b s+ =S V 0S E0 V5 E0

and therefore

[ ]
[ ]

[ ]
b s
b

s= - = =
S

V

3.434

2.073
1.657 24E0

E0

V5

S

For a typical electrolyte with [V]
E0

= 1.6 mol dm−3 and [S]
E0

=
4.6 mol dm−3

[ ]
[ ]

= =
S

V

4.6

1.6
2.875E0

E0

and since this value is greater than 1.657, stability decreases with
dilution by water.

However stability increases when the concentration of vanadium
is reduced while the sulfate concentration remains constant. This can
be achieved by diluting the electrolyte with 4.6 mol dm−3 H2SO4.
Dilution with higher concentrations of H2SO4 will be even more
effective since it will increase the sulfate concentration as well as
decreasing the vanadium concentration.

Let us consider the general case of diluting the electrolyte (E0)
by adding a solution (A) containing both vanadium and sulphuric
acid. Let the concentration of the vanadium and sulfate in A be [V]

A

and [S]
A
, respectively and let the volume v

A
of A added be a fraction

r of the volume v
E0
of E0, i.e.

[ ]=vA rv . 25E0

The concentration of vanadium in the resulting modified electrolyte
E is then (assuming negligible volume contraction)

[ ] [ ] [ ]
=

+
+

rv v

v v
V

V V
E

E0 A E0 E0

E0 A

{ [ ] [ ] } [ ]=
+

+
r

r
1

1
V V . 26A E0

Similarly, the concentration of sulfate in E is

[ ] { [ ] [ ] } [ ]=
+

+
r

rS
1

1
S S . 27E A E0

From Eqs. 26 and 27 the corresponding values of [S]
E
and [V]

E
and

are linearly related by the equation (see Appendix)

[ ] [ ] [ ] [ ] [ ]
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From Eq. 26,
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-
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V
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V V 29

E E0 A E0 E0

A E0

and from Eq. 27,

[ ] [ ] {[ ] [ ] } [ ]- =
+

-
r

r
S S

1
S S 30E E0 A E0

From Eqs. 11 and 14, the lifetime of E is
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S S

1
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31

TE0, 1
S

A E0
V5

A E0

from Eqs. 29 and 30. We are interested in the value r’ of r which
gives the particular composition of E (already designated E1) which
has the same lifetime at T

1
as E0 has at T

0
. Thus, we sub-

stitutet t= ,E T T, 1 E0, 0 r’ = r and t
t

=
f

T
T

T
E0, 1

E0, 0 in Eq. 31 to obtain

{[ ] [ ] } {[ ] [ ] }
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=
¢

+ ¢
- +

¢
+ ¢

-f
r

r

r

r
ln

1
S S

1
V VT

S
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and so

([ ] [ ] ) ([ ] [ ] )b b s
¢

+ ¢
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- + -
r

r
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1

ln

S S V V
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S A E0 V5 A E0

Therefore

([ ] [ ] ) ([ ] [ ] )
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b b s
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r
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32T
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Figure 8. Volume of added H2SO4 (as a percentage of original electrolyte
volume), calculated using Eq. 33, plotted against concentration of H2SO4.
This is the volume required to adjust the electrolyte to a composition such
that its lifetime at 30 °C is the same as the lifetime of the original electrolyte
at 25 °C. The values plotted are for an electrolyte with original vanadium and
sulfate concentrations of [V]

E0
= 1.6 mol dm−3 and [S]

E0
= 4.6 mol dm−3

respectively and is based on a state of charge of 90%.
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and substituting for fln T from Eq. 29 we obtain

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟([ ] [ ] ) ([ ] [ ] )

[ ]

b b s
¢ =

-

- + - - -
r

m
T T

m
T T

1 1

S S V V
1 1

33

0 1

S A E0 V5 A E0
0 1

Eq. 33 can be used to estimate the volume needed when adjusting an
electrolyte with a diluent containing any concentration of H2SO4 and
vanadium sulfate. Normally, the diluent will simply be some
concentration of H2SO4, i.e. [V]

A
= 0 in Eq. 33. Values of r’

calculated using Eq. 33 are plotted (as percentages) against the
concentration of added H2SO4 (from 4–10 mol dm−3) in Fig. 8 for
the case of an electrolyte with vanadium and sulfate concentrations
of 1.6 mol dm−3 and 4.6 mol dm−3, respectively, when the tempera-
ture is raised from 25 °C to 30 °C.

The addition of H2SO4 stabilises the electrolyte in the charged
state due to two effects: it dilutes the vanadium concentration and, if
the H2SO4 concentration is greater than the original sulfate
concentration [S]

E0
(in this case 4.6 mol dm−3), it increases the

sulfate concentration. Due to the latter effect, the volume required
decreases with increasing H2SO4 concentration and this is quantified
in Fig. 8. Obviously, the greater the volume added, the lower will be
the resulting vanadium concentration. Thus, higher concentrations of
H2SO4 in the added solution (A) will result in a final electrolyte (E1)
with higher concentrations of both vanadium and sulfate. As we
have seen, Eq. 22 gives the relationship between the vanadium and
sulfate concentrations necessary to maintain the desired stability (e.
g., Fig. 7) Likewise Eq. 28 gives the relationship between the
vanadium and sulfate concentrations corresponding to dilution of an
electrolyte (E0) with a solution A containing vanadium and sulfate
concentrations of [V]

A
and [S]

A
, respectively. The solid line in Fig. 9

represents the sulfate concentrations [S]
E1

estimated from Eq. 22
plotted against the corresponding vanadium concentrations [V]

E1
for

the case of an electrolyte modified so as to maintain its stability
when the temperature is raised from 25 °C to 30 °C. The broken
lines represent sulfate concentrations estimated from Eq. 28 for
dilution with selected compositions of A (five concentrations of
H2SO4 solutions of different concentrations and one H2SO4 solution
with 1 mol dm−3 vanadium). The point where a broken line for a
given solution intersects the solid line represents the desired
composition ([V]

E1
, [S]

E1
) accessible by dilution with that solution:

the required volume of solution from Eq. 33 is shown in parentheses
in each case. The values of [V]

E1
and [S]

E1
are given by Eqs. 26 and

27, respectively. It is clear that, in order to avoid an undue decrease
in the vanadium concentration, a fairly high concentration of H2SO4

is required. It must be pointed out, however, that if the sulfate
concentration becomes too high, the VIV solubility is reduced.

State of charge and capacity.—In the analysis so far it is
assumed that the flow battery is charged to the same maximum SoC
in both applications (i.e., in E0 at T0 and in E1 at T1). Thus, for
example, if the standard operating procedure for the normal
temperature range specifies a maximum SoC (of the positive
electrolyte) of 90%, then the estimates of the degree of modification
of the electrolyte are based on the assumption that the battery will
also be operated at the higher temperature to a specification of
maximum SoC of 90%. However, stability is expected to increase at
lower SoC because the concentration of VV is reduced. Some of the
vanadium is of course then present as VIV and this also needs to be
considered. Experiments on the effect of VIV are made difficult by
the formation72,73,75 of a strongly absorbing mixed-valence complex,
V2O3

3+, which darkens the solution and makes visual observation of
precipitation difficult and so the induction time is difficult to
quantify precisely. However, we have shown27 that although there
appears to be some increase in stability due to VIV the effect is quite

Figure 9. Plot of sulfate concentration versus vanadium concentration, as in
Fig. 7, showing the concentrations accessible by dilution with various
concentrations of H2SO4. The solid line represents the adjusted concentra-
tions [V]

E1
and [S]

E1
corresponding to original concentrations [V]

E0
=

1.6 mol dm−3 and [S]
E0

= 4.6 mol dm−3. Each broken line represents
concentrations obtained by dilution using the concentration of H2SO4 shown;
the point of intersection with the solid line represents the adjusted
concentrations [V]

E1
and [S]

E1
obtained using that concentration of H2SO4.

The required volumes (as a percentage of the original electrolyte volume) are
shown in parentheses. The data shown is for maintaining the same stability at
30 °C that the original electrolyte (E0) has at 25 °C.

Figure 10. (a) Maximum SoC estimated using Eq. 34 plotted against
temperature T

1
for a typical electrolyte (E0) with vanadium concentration

[V]
E0

= 1.6 mol dm−3 in order to maintain the same stability that the
electrolyte has 25 °C and an SoC of 90%; (b) corresponding capacity (as a
percentage of original capacity) estimated using Eq. 37 assuming a minimum
SoC of 10%; and capacities estimated using Eq. 38 for electrolytes (E1)
derived from E0 by diluting with a sufficient volume of (c) a 10 mol dm−3

H2SO4 solution and (d) a H2SO4 solution with 10 mol dm−3 sulfate and
1 mol dm−3 vanadium so that the modified electrolyte (E1) has the same
stability at T

1
and an SoC of 90%, that the original electrolyte (E0) has at 25 °

C and an SoC of 90%.
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small and we therefore neglect it in considering the effect of SoC on
stability.

Since stability increases with increasing SoC, the battery may be
operated at the higher temperature with the unmodified electrolyte
(E0) without any loss of stability if the maximum SoC is reduced.
Thus, if the original specification of maximum (fractional) SoC is σ0
and a maximum SoC of σ1 is specified at the higher temperature,
then from a modification of Eq. 20

( [ ] [ ] )b s s= -fln V VT V5 1 E0 0 E0

and so

[ ]
s

b
s= +

fln

V
T

1
V5 E0

0

⎧⎨⎩
⎫⎬⎭[ ]

[ ]
b

s= - +
m

T TV

1 1
34

V5 E0 0 1
0

from Eq. 5. Values of σ
1
estimated from Eq. 34 are plotted against

temperature T
1

in Fig. 10 for an electrolyte with [V]
E0

=
1.6 mol dm−3 and σ

0
= 0.9. It can be seen that, in order to maintain

the same thermal stability margin using the unmodified electrolyte at
a higher temperature, the specified maximum SoC must be reduced
considerably. This, of course, results in a corresponding reduction in
battery capacity per unit volume of electrolyte.

If the volumetric capacity C is written as

[ ]( ) [ ]s s= -C k V 35max min

where σ
max

and σ
min

are the maximum and minimum SoCs,
respectively, and k is a constant, the capacity of the electrolyte at
T

0
is

[ ] ( ) [ ]s s= -C k V 360 E0 0 min

and the capacity at T
1
is

[ ] ( )s s= -C k V1 E0 1 min

and therefore

( )
( )

[ ]s s
s s

=
-
-

C

C
. 371

0

1 min

0 min

Battery capacity (as a percentage of original capacity) estimated
using Eq. 37 is plotted against temperature in Fig. 10 for a typical
electrolyte with σ

0
= 0.9, σ

min
= 0.1 and T

0
= 25 °C. It can be seen

that a considerable reduction in capacity is incurred if the unmodi-
fied electrolyte is used and the original thermal stability margin is
maintained.

As described in earlier sections, the electrolyte (E0) may be
modified to a new composition (E1) which has the same stability at
T

1
as E0 has at T

0
for the same maximum SoC. If this is done by

adding a solution (A) containing both vanadium and sulphuric acid
as described earlier, the capacity of the modified electrolyte is

{ [ ] [ ] }( )s s=
+ ¢

¢ + -C
k

r
r

1
V V1 A E0 0 min

by substituting Eq. 26 in Eq. 35 and since σ
1
= σ

0
. Dividing by

Eq. 36,

⎧⎨⎩
⎫⎬⎭

[ ]
[ ]

[ ]=
+ ¢

¢ +
C

C r
r

1

1

V

V
1 381

0

A

E0

If [V]
A
= [V]

E0
then C

1
/C

0
= 1, i.e., if the diluent solution A has

the same vanadium concentration as the electrolyte, then, of course,
the battery capacity will not be reduced. This would be the case, for
example, if we dilute with a H2SO4 solution with the same vanadium

concentration as the electrolyte but with a higher sulfate concentra-
tion. This may not always be practical because the solubility of VIV

decreases with increasing concentration of sulfate. On the other
hand, if the diluent solution A is simply a H2SO4 solution, the final
sulfate concentration [S]

E1
will be lower but the battery capacity (per

unit volume) will be reduced. In intermediate cases where A
contains a vanadium concentration [V]

A
< [V]

E0
, then the capacity

will be reduced but by a lesser amount; the final concentration of
sulfate will be greater than if the diluent is simply a H2SO4 solution.

We can use Eq. 38 to determine the impact on capacity of
diluting with any suitable composition of solution A. Capacities
estimated in this way are shown in Fig. 10 as a function of
temperature, for (i) a 10 mol dm−3 H2SO4 solution and (ii) a
10 mol dm−3 H2SO4 solution with 1 mol dm−3 of vanadium. It is
clear that in both cases, the decrease in capacity is significantly less
than that for the unmodified electrolyte (E0): the impact is less in
(ii). However, in that case 13.39 cm3 of solution would need to be
added per 100 cm3 of electrolyte, and the final sulfate concentration
would be 5.24 mol dm−3; this compares with 10.55 cm3 and a final
sulfate concentration of 5.12 mol dm−3 in (i).

Conclusions

We have used our standard methodology to examine the stability
of electrolytes with compositions close to those used in actual flow
batteries over a range of temperature from 70 to 30 °C. This included
measurements of very long stability times at the lower temperatures.
Measurements at higher temperatures (45 °C–70 °C) showed excel-
lent reproducibility but measurements at lower temperatures (30 °
C–45 °C) showed some scatter. Furthermore, the measurements at
higher temperatures are in good agreement with our (single-slope)
model which is based on earlier data but there is some divergence
from the model at lower temperatures. Arrhenius plots of the data
show two linear regimes: one in the range 45 °C–70 °C and another
in the range 30 °C–45 °C, the latter having a higher Arrhenius slope.
Based on linear least-squares best fits in these two regimes, we have
formulated an improved stability model (two-slope model).

For each of the models, we derive expressions for acceleration
factors for temperature testing of positive electrolyte stability and
estimate values over a range of test and use temperatures.
Acceleration factors based on the two-slope model are higher than
those for the single slope model by a factor of 3–6 depending on the
temperatures. Thus, predictions based on the single-slope model are
more conservative. Similarly we derive expressions for acceleration
factors for testing by increasing the concentration of vanadium(V) or
by decreasing the concentration of sulfate and we estimate values of
both of these factors over a range of test and use temperatures.

We demonstrate the use of acceleration factors in providing
quantitative guidelines on tailoring electrolyte specifications to
specific use conditions. We show that, if an electrolyte is used at a
higher temperature, the acceleration factor due to this and the change
in composition necessary to counter this acceleration may be
estimated. We analyse the effect on thermal stability of modifying
the electrolyte by increasing the sulfate concentration and/or redu-
cing the vanadium concentration and derive expressions that enable
the necessary concentrations to be estimated. In particular we derive
expressions for the effect of adding various concentrations of
sulphuric acid, with or without vanadium sulfate. We also derive
expressions for the maximum state of charge consistent with
maintaining a desired level of thermal stability with increasing
temperature and analyse the effect on battery capacity.
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Appendix

Derivation of Eq. 28
From Eq. 26

( )[ ] [ ] [ ]+ = +r r1 V V VE A E0

Therefore

[ ] [ ]
[ ] [ ]
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-
-

r
V V

V V
A  1E0 E

E A

and

[ ] [ ]
[ ] [ ]

[ · ]
+

=
-
-r

1

1

V V

V V
A  2A E

A E0

Substituting equations A · 1 and A · 2 in Eq. 27
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Thus, for constant values of [S]
A
, [V]

A
, [S]
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concentration [S]
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varies linearly with [V]
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with a slope of
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