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a  b  s  t  r  a  c  t

Electrolyte  flow  rate  is  a key  factor  that  affects  the performance  of  vanadium  redox  flow  battery  (VRFB).  A
kilo-watt  class  VRFB  system  is  fabricated  to investigate  the  effects  of  electrolyte  flow  rate  on  the  perfor-
mance  of  VRFB.  The  experiments  show  that  the  capacity  increases,  but  the  system  efficiency  decreases
with  the  increase  of  electrolyte  flow  rate.  An optimal  strategy  of  electrolyte  flow  rate  is  proposed  to
vailable online 25 November 2011

eywords:
anadium redox flow battery
lectrolyte flow rate
ump consumption

improve  the  system  efficiency  and  keep  the high  capacity  simultaneously,  which  is  corresponding  to
optimize  the  electrolyte  flow  rate  at different  stages  of  charge  and discharge  processes.  The results  show
that  the  system  efficiency  can  be  improved  as  high  as  8% when  keeping  high  capacity  simultaneously.

© 2011 Elsevier B.V. All rights reserved.
ystem efficiency

. Introduction

The large scale energy storage technology becomes central topic
f our times due to the request of grid load-leveling and smooth-
ng output from renewable energy technologies. Vanadium redox
ow battery (VRFB) is deemed to be one of the most suitable large-
cale energy storage technologies due to its attractive features like
exible design, quick response, long cycle life and active thermal
anagement [1].
Not like traditional batteries, the energy rating and power rat-

ng of VRFB are independent. The energy rating of a VRFB system is
ependent on the concentration and the volume of the electrolyte,
hile the number of the cell stacks will determine the power rat-

ng of VRFB. The VRFB system consists of two electrolyte tanks
lled with the electrolytes of V(II)/V(III) and V(IV)/V(V) in sulfu-
ic acid solution, respectively, two electric pumps, and several cell
tacks. The electrolytes were pumped into the cell stacks where
lectrochemical reaction occurred. The electric energy is stored and
eleased by changing the valance of vanadium ions [2].  The higher
lectrolyte flow rate will increase the VRFB performance, especially
or the capacity. But on the other hand the higher electrolyte flow
ate will result in the larger pump consumption, which will reduce
he system efficiency. Higher system efficiency is in contradiction

ith larger capacity. Therefore, the optimal electrolyte flow rate
eeds to be determined to balance the system efficiency and capac-

ty. Up to now, most researches are focused on the key materials,
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such as electrode, electrolyte and ion exchange membranes [3–10].
There are rarely literatures reported on the optimization of the
operation of VRFB.

In this paper, a kilo-watt class VRFB system is fabricated to inves-
tigate the effects of electrolyte flow rate on the performance of
VRFB at different current densities. The strategies of electrolyte
flow rate are optimized during charge process and discharge pro-
cesses separately to improve the system efficiency and keep high
capacity simultaneously. Finally, an optimal strategy of electrolyte
flow rate for the charge–discharge cycle is presented and validated
by experiments.

2. Experimental

2.1. VRFB system

A kilo-watt class VRFB system was  fabricated to investigate the
effects of electrolyte flow rate on the performance of VRFB. The
VRFB system contained a kilowatt class module, two pumps, two
electrolyte tanks, two  flow meters, two heat exchangers and several
pipes connecting all the equipments. The cell stack was manufac-
tured by filter-pressing 15 VRFB single cells. The effective area of
each electrode was  875 cm2. Each single cell was fabricated with
carbon felt, ion exchange membranes, carbon composited bipolar
plates, PVC frames and gaskets. The volume of the electrolyte in
each tank was 20 L containing 1.5 mol L−1 VO2+ in positive elec-

trolyte and 1.5 mol  L−1 V3+ in negative electrolyte, respectively.
Two heat exchangers were used to control the electrolyte tem-
perature in the range of 30–35 ◦C, and two  differential flowmeters
(RXDC-WAY25CEZX) were used to measure electrolyte flow rate. A

dx.doi.org/10.1016/j.jpowsour.2011.11.036
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhanghm@dicp.ac.cn
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Table 1
Specification for VRFB system.

Specification Description

Area of felt electrode 875 cm2

Number of cells 15
Membrane material Nafion 115 (Du Pont)
Material of electrode frame PVC (polyvinyl chloride)
Material of end plate Aluminum alloy
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Electrolyte volume per half cell 20 L
Operating temperature 30–35 ◦C

ower meter was used to measure power consumption of pumps
t different flow rates. Table 1 listed the specifications of the VRFB
ystem used in this experiment.

.2. Charge–discharge performance

The charge–discharge performances of the VRFB system were
onducted by using a battery testing system (Arbin Instruments
orp., USA). The upper limit voltage of charge was 23.25 V and
he lower limit voltage of discharge was 15 V. The voltage, current,
apacity (Ah) and energy (Wh) were recorded automatically by the
attery testing system.

The charge–discharge performances at different current den-
ities (45 mA  cm−2 and 75 mA  cm−2) were tested at different
lectrolyte flow rates (from 0.20 m3 h−1 to 0.71 m3 h−1). The
oulomb efficiency, voltage efficiency and energy efficiency were
alculated according to formula (1)–(3).  The pump consumption
as measured by the power meter. And the system efficiency was

alculated according to formula (4).

oulomb efficiency = Discharge capacity(Ah)
Charge capacity(Ah)

× 100% (1)

oltage efficiency = Average discharge voltage(V)
Average charge voltage(V)

× 100% (2)

nergy efficiency = Discharge energy(Wh)
Charge energy(Wh)

× 100% (3)

ystem efficiency

= Discharge energy(Wh) − Pump consumption(Wh) in Discharge
Charge energy(Wh) + Pump consumption(Wh) in Charge

× 100%

(4)

The similar charge–discharge cycles were conducted in the
xperiments in order to ensure the accuracy of the research. Firstly,

he VRFB system was tested at flow rate of 0.20 m3 h−1 and then
ncreased flow rate to 0.71 m3 h−1 when charged the VRFB to 23.1 V,
2.95 V, 22.8 V, 22.65 V and 22.5 V, respectively during the charge
rocess, while at flow rate of 0.71 m3 h−1 during discharge process.

Fig. 1. Efficiencies of VRFB at current density of 45 mA cm−2 a
urces 203 (2012) 153– 158

Secondly, the VRFB system was tested at flow rate of 0.71 m3 h−1

during charge process, while at flow rate of 0.20 m3 h−1 and then
increased flow rate to 0.71 m3 h−1 when discharged to 15.6 V,
16.2 V, 16.8 V, 17.4 V and 18 V, respectively during discharge pro-
cess. Finally, the VRFB system was  tested with an optimal strategy
of electrolyte flow rate for the charge–discharge cycle.

3. Results and discussion

3.1. Effects of electrolyte flow rate on the performance of VRFB

The VRFB system is tested at current densities of 45 mA  cm−2

and 75 mA cm−2 when operating at different flow rates. Flow rates
of 0.20 m3 h−1, 0.30 m3 h−1, 0.40 m3 h−1, 0.51 m3 h−1, 0.61 m3 h−1

and 0.71 m3 h−1 are chosen as the operating flow rate. The coulomb
efficiency, voltage efficiency and energy efficiency of the VRFB sys-
tem are shown in Fig. 1. When operating at 45 mA cm−2, it can be
seen that coulomb efficiency decreases slowly from 92.1% to 91.6%,
while voltage efficiency increases by 3.77% with the increase of
flow rate from 0.20 m3 h−1 to 0.71 m3 h−1. And energy efficiency
increases from 78.4% to 81.38%. The similar trend is presented when
operating at 75 mA cm−2. It shows that coulomb efficiency takes
on a small decrease from 94.4% to 93.8%, while voltage efficiency
increases by 5.6% when increasing flow rate from 0.20 m3 h−1 to
0.71 m3 h−1. And energy efficiency increases from 75.03% to 77.97%.

Fig. 2 shows the charge–discharge curves when operating at
45 mA cm−2 and 75 mA cm−2. The capacity of VRFB system is much
higher at the operating condition of 45 mA cm−2 than that operates
at 75 mA  cm−2 at the same flow rate. For example, when operat-
ing at 45 mA cm−2, the capacity increases from 29 Ah to 35.5 Ah
with increase of flow rate from 0.2 m3 h−1 to 0.71 m3 h−1, while
the capacity increases from 14.3 Ah to 24.5 Ah when operating at
75 mA cm−2.

Fig. 3 shows the open circuit voltage (OCV) after charge and
discharge when operating at 45 mA  cm−2 and 75 mA  cm−2. The
OCV increases after charge and decreases after discharge with the
increase of flow rate respectively. It is well known that the OCV is
related to state of electrolyte. At the same operating current den-
sity, more capacity will be obtained with higher OCV after charge
and lower OCV after discharge. It means that the capacity will
increase with increase of flow rate, which is consistent with the
phenomenon presented in Fig. 2.

In practical operation of VRFB, system efficiency is more signif-
icant than energy efficiency because of pump consumption. Fig. 4
shows the energy efficiency, system efficiency and capacity of VRFB
at current density of 45 mA  cm−2 and 75 mA cm−2 when operating

at different flow rates. It can be seen that the energy efficiency
and capacity increase, but the system efficiency decreases with
increase of flow rate. For example, when operating at 75 mA  cm−2,
the energy efficiency increases from 72.9% to 78%, but the system

nd 75 mA  cm−2 when operating at different flow rates.
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Fig. 2. Charge–discharge curves at current density of 45 mA cm−2 and 75 mA cm−2 when operating at different flow rates.
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Fig. 3. OCVs after charge process and discharge process at current den

fficiency decreases from 69.3% to 58.5% with increase of flow rate
rom 0.2 m3 h−1 to 0.71 m3 h−1. The capacity increases from 14.3 Ah
o 24.5 Ah. The results show that the system efficiency and capacity
ave the opposite trend with the increase of flow rate.

It can be found that all the performance, including energy effi-
iency, system efficiency and capacity, have nearly the same trend
ith the increase of flow rate when operating at different cur-

ent densities. However, different flow rates are needed to keep
he same system efficiency and capacity when operating at dif-
erent current densities. For example, flow rates of 0.4 m3 h−1 and
.5 m3 h−1 are needed to obtain a system efficiency of 65% when
perating at 45 mA  cm−2 and 75 mA  cm−2, respectively.

.2. Strategy of electrolyte flow rate for charge process

System efficiency and capacity play significant roles in an

perating VRFB system. High system efficiency and capacity are
referred to reduce capital cost and operating cost in practical
pplication. As discussed above, capacity will increase with the
ncrease of flow rate, while system efficiency shows opposite trend

Fig. 4. Energy efficiency, system efficiency and capacity at current density o
f 45 mA  cm−2 and 75 mA  cm−2 when operating at different flow rates.

to flow rate. The reason is that the increase of flow rate will
reduce concentration polarization, and further increase capacity.
However, the higher pump consumption will reduce system effi-
ciency as well. It is well known that the requirement of electrolyte
flow rate increases at the end of charge (and discharge) process
because the vanadium ions V3+ and V4+ (and V2+ and V5+) decrease
sharply. On the other hand the requirement of electrolyte flow rate
is relatively lower in the initial of charge (and discharge) process
because the vanadium ions V3+ and V4+ (and V2+ and V5+) are much
more sufficient. Electrolyte flow rate should be optimized during
charge–discharge process. In this paper, some strategies of elec-
trolyte flow rate are put forward to increase system efficiency as far
as possible and keep high capacity with that operates at Qhigh. Con-
sidering the similar trend at different current densities, 75 mA cm−2

is chosen for the next experiments.
In order to improve system efficiency and keep high capacity
simultaneously, the VRFB system operates at Qlow (0.20 m3 h−1) and
then increases flow rate to Qhigh (0.71 m3 h−1) at the end of charge
process, while the flow rate always is kept high (0.71 m3 h−1) in
discharge process. The voltage of 23.1 V, 22.95 V, 22.8 V, 22.65 V

f 45 mA cm−2 and 75 mA cm−2 when operating at different flow rates.
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age of 15.6 V, 16.2 V, 16.8 V, 17.4 V and 18 V are chosen as the points
ig. 5. Charge–discharge curves at different operating modes when using an optimal
trategy of flow rate for charge process.

nd 22.5 V are chosen as the points that increase flow rate, corre-
ponding to several operating modes listed in Fig. 5. It can be seen
hat the charge curves after increasing flow rate are all overlap the
urves that always operates at Qhigh. The discharge curves are all
verlap except for operating at Qlow during charge process. It is
ell known that the concentration polarization can be decreased
ith the increase of flow rate, which will lead to the reduction of

harge voltage. In this experiment, when increasing flow rate from
.20 m3 h−1 to 0.71 m3 h−1, the concentration polarization reduces
radually to the level that operates at Qhigh. It also means the same
apacity can be obtained by using this strategy that increases flow
ate from 0.20 m3 h−1 to 0.71 m3 h−1 at the end of charge process.

The OCV after charge and discharge are shown in Fig. 6. The
ndex in X-axis is corresponding to operating mode listed in Fig. 5.
xcluding operating mode 1, which operates at Qlow during charge,
he others are all present the same OCV after charge or discharge
rocess. It also means that the states of electrolyte after charge
r discharge are all the same except for operating at mode 1. For
perating mode 1, which operates at Qlow during charge process,
he OCV after charge is lower than others because the concentration
olarization is larger when operating at Qlow, which results in the
ncrease of charge voltage. So the gap between OCV and cut-off
oltage is larger. The OCV after discharge is the same as the others,
ecause flow rate is the same during discharge process.

ig. 6. OCVs after charge process and discharge process at different operating modes
hen using an optimal strategy of flow rate for charge process.
Fig. 7. Energy efficiency, system efficiency and capacity at different operating
modes when using an optimal strategy of flow rate for charge process.

Fig. 7 shows the energy efficiency, system efficiency and capac-
ity when operating at different modes. It can be figured out that
the energy efficiency increases from 76.2% to 77.3% when operating
mode changes from mode 2 to mode 7, while the system efficiency
decreases from 61.5% to 58.0% simultaneously. Especially, the sys-
tem efficiency decreases sharply by 2.2% when operating at mode 7.
At the same time, the capacity almost keeps stable, which changes
from 24.4 Ah to 24.5 Ah. Although operating mode 1 shows the
highest system efficiency 62.0%, its capacity is only 20.1 Ah.

The comparison between these seven operating modes shows
that the capacity is the same as that always operates at Qhigh (mode
7), however its system efficiency increases by 3.5% when operating
at mode 2. So the mode that operates at Qlow and then increases
flow rate to Qhigh at voltage of 23.1 V during charge process is the
optimal strategy.

3.3. Strategy of electrolyte flow rate for discharge process

In Section 3.2, the strategy of flow rate during charge pro-
cess is optimized. In this section, the similar experiments are
carried out in order to optimize flow rate during discharge
process. The VRFB system operates at Qlow and then increase
flow rate to Qhigh during discharge process, while the flow rate
during charge process always is kept high (0.71 m3 h−1). The volt-
that increase flow rate, corresponding to several operating modes
listed in Fig. 8. It can be figured out that the charge curves almost
overlap the curve that always operates at Qhigh after increasing the

Fig. 8. Charge–discharge curves at different operating modes when using an optimal
strategy of flow rate for discharge process.
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shown in Fig. 11.  The charge–discharge curve overlaps the curve
that always operates at Qhigh. The reason is that the concentration
ig. 9. OCVs after charge process and discharge process at different operating modes
hen using an optimal strategy of flow rate for discharge process.

ow rate during discharge process. The charge curves are all over-
ap except for operating at Qlow during discharge process. The same
eason with discussed above is that the concentration polarization
educes with the increase of flow rate, which will also result in the
ncrease of discharge voltage. In this experiment, when increas-
ng flow rate from Qlow to Qhigh, the concentration polarization
educes gradually to the level that operates at Qhigh, so the discharge
urve coincides with the curve that always operates at Qhigh. It also
eans the same capacity can be obtained by using this strategy that

ncreases flow rate to Qhigh at the end of discharge process.
The OCV after charge and discharge are shown in Fig. 9. The

ndex in X-axis is corresponding to operating mode listed in Fig. 8.
xcluding operating mode 1, which operates at Qlow in discharge,
he others are all present the same OCV after charge or discharge
rocess. The reason is the same as that discussed in Section 3.2.

Fig. 10 shows the energy efficiency, system efficiency and capac-
ty when operating at different modes. It can be figured out that
he energy efficiency increases from 75.2% to 76.5% when operat-
ng mode changes from mode 2 to mode 7. The trend of system
fficiency shows a little different with that in Section 3.2.  The sys-
em efficiency increases gradually and then decreases sharply. The
ighest system efficiency 63.8% is obtained when operating at mode
, which increases flow rate at voltage of 16.8 V. And at the same
ime, the capacity almost keeps stable, which changes from 24.2 Ah

o 24.4 Ah. Although operating mode 1 shows the highest system
fficiency 65.1%, its capacity is only 20.8 Ah, which is much lower
han others.

ig. 10. Energy efficiency, system efficiency and capacity at different operating
odes when using an optimal strategy of flow rate for discharge process.
Fig. 11. Charge–discharge curves at different operating modes when using an opti-
mal  strategy of electrolyte flow rate for charge–discharge cycle.

The comparison between these seven operating modes shows
that the capacity is nearly the same as that operates at Qhigh (mode
7), but the system efficiency increases by 5.9% when operating at
mode 4. So the mode that operates at Qlow and then increases flow
rate to Qhigh at voltage of 16.8 V during discharge process is the
optimal strategy.

3.4. Strategy of electrolyte flow rate for charge–discharge cycle

The optimal strategies of flow rate during charge and discharge
process are discussed respectively in sections above, and the opti-
mal  points of voltage at which increase flow rate to Qhigh are
determined. In this section, the optimal strategy of electrolyte flow
rate for charge–discharge cycle is proposed, which is the combi-
nation of strategies for charge and discharge process. As described
in Sections 3.2 and 3.3,  the VRFB system operates at Qlow and then
increases flow rate to Qhigh at voltage of 23.1 V during charge pro-
cess, while operates at Qlow and then increases flow rate to Qhigh
at voltage of 16.8 V during discharge process. The optimal strat-
egy of electrolyte flow rate for charge–discharge cycle is applied to
investigate its effect on the system efficiency and capacity.

The charge–discharge curve based on the optimal strategy is
polarization will be decreased by increasing flow rate, which will

Fig. 12. Energy efficiency, system efficiency and capacity at different operating
modes when using an optimal strategy of electrolyte flow rate for charge–discharge
cycle.
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Table 2
Comparison of the performance of different operating modes.

Energy efficiency (%) System efficiency (%) Discharge capacity (Ah)

Always operating at Qlow 72.9 69.3 14.3
Optimal strategy used in charge process 76.2 61.5 24.5
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Optimal strategy used in discharge process 75.6 

Optimal strategy used in charge–discharge cycle 73.7 

Always  operating at Qhigh 78.0 

ead to the decrease of charge voltage and the increase of discharge
oltage as shown in Fig. 11.

Fig. 12 lists the energy efficiency, system efficiency and capacity
f three operating modes as described in Fig. 11.  It can be found
hat the system efficiency of model 2 is much higher than that of

odel 3, while the capacity keeps unchanged. Although the system
fficiency of model 2 is slightly lower than that of model 1, the
apacity of model 2 is much higher than that of model 1.

Table 2 lists the energy efficiency, system efficiency and capac-
ty when operating at different modes. It can be easily figured out
hat the highest capacity can be obtained when operating with any
ptimal strategies of flow rate. But the system efficiency shows

 little different. The maximum increase of the system efficiency
s obtained by using the optimal strategy of electrolyte flow rate
or charge–discharge cycle, which is improved as high as 8%. The
esults show that the optimal strategy of electrolyte flow rate can
ncrease system efficiency and keep high capacity at the same time.

Furthermore, the optimal strategy of flow rate for VRFB is
btained based on the experiment that operates at 75 mA cm−2. If
perating at different current densities, the optimal strategy of flow
ate will be a little different, but the trend is certain to be similar.

. Conclusions

The effects of electrolyte flow rate on the performance of
RFB are investigated by a kilo-watt class VRFB system. The
esults show that the capacity increase, but the system efficiency

ecreases with increase of electrolyte flow rate at a constant cur-
ent density. In order to improve system efficiency and keep high
apacity at the same time, an optimal strategy of electrolyte flow
ate for charge–discharge cycle of VRFB is proposed. In charge

[

63.8 24.4
66.5 24.5
58.5 24.5

process VRFB operates at the lower flow rate of 0.2 m3 h−1, and
then increases flow rate to 0.71 m3 h−1 when the voltage increases
to 23.1 V. In discharge process VRFB operates at the lower flow rate
of 0.2 m3 h−1, and then increases flow rate to 0.71 m3 h−1 when the
voltage decreases to 16.8 V. The system efficiency can be improved
as high as 8% compared with that operating always at the high flow
rate of 0.71 m3 h−1. The results show that the optimal strategy of
electrolyte flow rate is valid and helpful for the operation of VRFB.
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