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a  b  s  t  r  a  c  t

Studies  have  shown  that the  temperature  of  the electrolyte  solutions  in the vanadium  redox  flow  battery
(VFB)  has  a significant  impact  on  the  battery  performance.  In this  paper,  a  thermal  model  for  the  VFB  has
been developed  on  the  basis  of the  conservation  of  energy  to  predict  the  battery  temperature  as  a  function
of time  under  different  operating  conditions  and  structure  designs.  Simulations  of  battery  and  electrolyte
temperature  at both  constant  and  varying  environmental  temperatures  show  that  the  presenting  model
eywords:
anadium redox flow battery
hermal modelling
attery temperature
nergy balance

is able  to  effectively  forecast  the  fluctuation  of  the  battery  temperature  in  the  presence  of different  charge
and  discharge  currents.  As  expected,  increasing  current  or reduced  flow  rate  will  increase  the  stack  and
electrolyte  temperature.  Thermal  properties  of  the  tank  material  and  its  surface  area  can  however  be
adjusted  to  optimize  heat  transfer  to  the  atmosphere  to reduce  overheating.  This  model  can  be  employed
to develop  a model-based  control  system  which  will manage  the  electrolyte  temperature  in the optimal
range. Further  possible  improvements  to  the  model  are  also  discussed.
. Introduction

With the rapid growth of renewable energy technologies, the
enewable energy is expected to be able to gradually substitute
he domination of coal-fired energy in electrical energy produc-
ion, thereby reducing the greenhouse gas emission. In spite of the
lean energy, the intermittent nature of most renewable energy
estricts the possibility of supplying consistent power throughout
he whole day. A large energy storage system is a solution to over-
ome this drawback. While the conventional secondary batteries
ace the issues of scale-up and high cost for large-scale applications,
he redox flow batteries with the flexibility of determining the stor-
ge capacity and output power separately have shown a promising
uture for large-scale energy storage. Ever since the first redox flow
attery concept was proposed in the early 1970s, a variety of redox
ouples have been investigated and employed in developing high
erformance redox flow batteries among which the all-vanadium
edox flow battery (VFB) initially proposed by Skyllas-Kazacos and
o-workers at the University of New South Wales (UNSW) in the
id-1980s has yet reached commercial fruition [1–5].
The evolution of the VRB has experienced two  main stages at

NSW in which the Generation 1 All-Vanadium Redox Flow Battery
G1 VFB) was developed in the 1980s and successfully demon-

trated by several field trials around the world throughout the rest
f the 20th century till nowadays, followed by the emergence of
eneration 2 Vanadium/Halide Redox Flow Battery (G2 VFB) with

∗ Corresponding author. Tel.: +61 2 9385 4335; fax: +61 2 9385 5966.
E-mail address: m.kazacos@unsw.edu.au (M.  Skyllas-Kazacos).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.11.079
© 2011 Elsevier B.V. All rights reserved.

almost doubled specific energy than that of G1 VFB in 2001 and
further development undertaken primarily by UNSW and V-Fuel
Pty Ltd during the 2000s. Apart from the research carried out at
UNSW, several research groups in UK, China and elsewhere have
also switched their interests and focuses to vanadium redox flow
battery since the new century, covering the topics of development
of new low cost membrane, mechanistic study of the vanadium
redox couples in different supporting solutions as well as numerical
modelling and simulation of the battery performance [6–9].

The electrolyte solutions of the G1 VFB consist of sulfuric acid
containing vanadium redox couples with four different states of
oxidation V2+/V3+, and V4+/V5+ at the negative and positive sides
respectively. In general, a G1 VFB electrolyte employing 2 mol  L−1

vanadium sulfate in 2.5 mol  L−1 sulfuric acid can undergo daily
charging and discharging within a temperature range of 15–35 ◦C.
At temperatures below 5 ◦C, precipitation of V2+/V3+ in the negative
electrolyte occurs. Likewise, thermal precipitation of V5+ happens
at temperatures higher than 40 ◦C. If not controlled, this precipita-
tion phenomenon could block electrolyte channels and give rise to a
deterioration in battery performance. Battery temperature is there-
fore a very crucial parameter that needs to be considered in the VFB
design and controlled for efficient and safe operation. Shah and co-
workers [9] developed a non-isothermal model to investigate the
temperature in the stack of the VFB under different conditions, but
to date, no thermal model has been developed to study the effect of
heat transfer on the electrolyte temperature under different oper-

ating conditions.

The aim of this paper is to develop a dynamic thermal model
based on the conservation of energy and to use the model to
simulate the VFB temperature variation as a function of time,

dx.doi.org/10.1016/j.jpowsour.2011.11.079
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:m.kazacos@unsw.edu.au
dx.doi.org/10.1016/j.jpowsour.2011.11.079
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Table 1
Parameter values for the simulation.

Parameters Value

Vanadium concentration, c 1.6 mol L−1

Specific heat of 4.4 M sulfate, Cp 3.2 J g−1 K−1

Electrolyte density, � 1.354 g cm−3

Number of cell, num 19
Volume of each cell, Vc 30 × 50 × 0.6 cm3 = 0.9 L
Volume of the stack, Vstack 17.1 L
Charging average cell resistivity, Rc 2.9 �cm2

Discharging average cell resistivity, Rd 3.13 �cm2

Electrode area, S 1500 cm2

Faraday’s constant, F 96485 C mol−1

Number of electrons transferred, z 1
Coulombic efficiency, eff 95%
Total electrolyte volume for one half-cell, Vs 10.95 L
Tank radius, r 0.252 m
Tank height, H 1 m
Volume of each tank, Vtank 200 L
Polypropylene thickness, � 0.01 m
Polypropylene conductivity, k 0.16 Wm−1 K−1

Convection heat transfer coefficient for the inner
cylinder surface, h11

270.1 Wm−2 K−1

Convection heat transfer coefficient for the inner
top or bottom surface, h12

405.2 Wm−2 K−1

Convection heat transfer coefficient for the outer 3.5 Wm−2 K−1
66 A. Tang et al. / Journal of Po

urrounding air temperature and battery structure. This model
ill provide a deep insight into the electrolyte temperature vari-

tion and can be useful in the design of VFBs for installations in
ifferent regions of the world that have a range of temperature
ariation. Furthermore, such a dynamic thermal model is useful in
he development of an advanced model based battery temperature
ontroller that will ensure efficient operation within operational
onstrains.

. Thermal model development

The thermal model development is based on the conservation
f energy and several assumptions below are made to simplify the
odel without loss of generality:

I. No heat transfer occurs in the battery stack and pipes;
II. The heat is only transferred between the electrolyte tanks and

the surrounding air;
II. The heat generated in the battery only comes from the resistance

in each cell;
. The electrolytes are perfectly mixed in both the cells and the

tanks;
. The volume of the electrolyte in both the tanks and the cells

remain constant.

Based on the above assumptions and conservation of energy bal-
nce, the energy balance equations for the battery stack and the two
lectrolyte tanks can be respectively described as follows:

In the process of charging

p�Vs
dTs

dt
= Q+Cp�(T+ − Ts) + Q−Cp�(T− − Ts) + I2Rc (1)

p�V+
dT+
dt

= Q+Cp�(Ts − T+) + U+A+(Tair − T+) (2)

p�V−
dT−
dt

= Q−Cp�(Ts − T−) + U−A−(Tair − T−) (3)

In the process of discharging, Eq. (1) will be substituted by Eq.
4) in which the overall stack resistance during charging is used,
hile Eqs. (2) and (3) are still applied.

p�Vs
dTs

dt
= Q+Cp�(T+ − Ts) + Q−Cp�(T− − Ts) + I2Rd (4)

here

Ts = stack electrolyte temperature, ◦C
T+ = temperature of the positive electrolyte in the tank, ◦C
T− = temperature of the negative electrolyte in the tank, ◦C
Tair = surrounding air temperature, ◦C
CP = specific heat of the electrolyte, J g−1 K−1

� = electrolyte density, g m−3

Vs = volume of the battery stack, m3

V+ = volume of the positive electrolyte in the tank, m3

V− = volume of the negative electrolyte in the tank, m3

Qb = outlet flow rate of the battery stack, m3 s−1

Q+ = outlet flow rate of the positive electrolyte in the tank, m3 s−1

Q− = outlet flow rate of the negative electrolyte in the tank, m3 s−1

U+ = overall heat transfer coefficient of the tank at positive side,
Wm−2 K−1

U− = overall heat transfer coefficient of the tank at negative side,
Wm−2 K−1

A+ = surface area of the tank at positive side, m2
A− = surface area of the tank at negative side, m2

I = charging or discharging current, A
Rc = overall stack resistance in charging, �
Rd = overall stack resistance in discharging, �
cylinder surface, h21

Convection heat transfer coefficient for the outer
top or bottom surface, h22

5.3 Wm−2 K−1

3. Simulation and results

3.1. Parameters

A 2.5 kW/15 kWh  VFB system comprising a 19 cell stack was
employed in this simulation. All the individual cells were assumed
to be exactly the same. The tanks with the shape of cylinder are
made of polypropylene with a volume of 200 L typical for a 15 kWh
VFB system. Both tanks have the same size and it is assumed the
outlet flow rates of both tanks are uniform. All the parameters (see
Appendix A) employed in the simulation are summarized in Table 1
and specified in details below.

The electrolyte solution was assumed to contain 2 M vanadium
in 4.4 M total sulfate. The density of the electrolyte was  taken as
1.354 g cm−3 [10] while the specific heat of the electrolyte was
assumed to be that of 4.4 M sulfate [11]. The battery stack consists of
19 cells that are made of low-density polyethylene which is a good
insulator such that the assumption (i) is reasonable. The electrode
and membrane area were set at 1500 cm2. Additionally, the average
cell resistance, including both ohmic and polarization losses, was
calculated by implementing a polarization test on a laboratory test
battery [12]. As the operating state-of-charge (SOC) was chosen to
be from 10% to 90% in the simulation, within which the average
cell resistance will not change dramatically, the average cell area
resistances of 2.9 � cm2 for charging and 3.13 � cm2 for discharg-
ing obtained from the slope of the voltage versus current curves
[12] were assumed to be constant.

It was also assumed that the flow rates of all the half-cells are
identical with a value of twice the maximum theoretical flow rate
calculated on the basis of Faraday’s law of electrolysis (Eq. (5)) in
which the SOC ranges from 10% to 90%:

Q = 2 × I

z × F × c × SOC
(5)

where I is the maximum current applied during charge–discharge
cycling and SOC is chosen to be the minimum value of 10% in this

case. During each charging–discharging cycle, the outlet flow rate
of the tank is set to be constant.

The model further assumes that the tanks and battery stack
are fully filled with the respective electrolyte solutions and that
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o gassing side reactions and ion diffusions occur during oper-
tion. The charging and discharging times were thus calculated
ased on Faraday’s law of electrolysis as shown in Eqs. (6) and (7)
here Vs is obtained by dividing the total electrolyte in the posi-

ive/negative side by the number of cells. In practice, the charging
ime is much longer than the theoretical value from calculation
hile the discharging time is shorter due to the self-discharge reac-

ions. Therefore, a factor of 0.95 as the coulombic efficiency of the
attery is divided and multiplied in Eqs. (6) and (7) respectively to
alculate the charging and discharging times.

c = c  × Vs × z × F

(Ic × eff)
(6)

d = eff × c × Vs × z × F

Id
(7)

Two cylindrical tanks made of polypropylene were employed in
he simulation. It is assumed the cylinder tank is exposed to a free
onvection environment on its inner and outer isothermal surfaces,
hich is reasonable in the case that the tanks are stored in a closed

pace and the flow rate is quite small compared to the volume of
he tank. As a result, the heat will be transferred through three ther-

al  resistances including a conduction resistance on polypropylene
nd two convection resistances mentioned above. The conduction
eat transfer can be determined by Fourier’s law of heat conduction
ased on the conductivity of polypropylene, while the convection
eat transfer is able to be described by Newton’s law of cooling,
ut this is more difficult to analyze and obtain its coefficients.

n this present work, the convective heat transfer coefficients for
he air side are chosen to be 3.5 Wm−2 K−1 (cylinder wall) and
.3 Wm−2 K−1 (top and bottom plate) respectively in accordance
ith the calculation in Appendix B, while 270.1 Wm−2 K−1 (cylin-
er wall) and 405.2 Wm−2 K−1 (top and bottom plate) are obtained
or the electrolyte side. The overall heat transfer coefficient for the
ylindrical tank, therefore, can be separated into two  parts which
an be calculated as follows:

The overall heat transfer coefficient for the cylindrical wall of
he tank based on the inside area of is

1 = 1
(1/h11) + (r/k) ln(r + �/r) + (r/r + �)(1/h21)

(8)

The overall heat transfer coefficient for the top or bottom circu-
ar wall of the tank is

2 = 1
(1/h12) + (�/k) + (1/h22)

(9)

The inside area of the cylindrical wall A1 and the area of the top
r bottom circular wall A2 can be calculated by A1 = 2 × � × r × H
nd A2 = � × r2. The overall heat transfer across the cylindrical tank,
herefore, can be calculated by

heat = UA(Tair − Tt) (10)

here UA = U1A1 + 2U2A2

.2. Simulation results

The temperature profiles of the battery were simulated under
 number of different charging and discharging currents and air
emperatures. The corresponding charging/discharging time was
etermined by Eqs. (6) and (7).  In the present simulations, it was
ssumed that the battery always starts charging from the hottest
ime of the day so that the initial temperature of the electrolyte in
oth the tanks and the stack are equal to the upper level of the air

emperature. The investigation of the temperature variation inside
he battery can give deep insights into the battery operating status
nder different conditions that can be considered in the process of
attery temperature control system design.
urces 203 (2012) 165– 176 167

3.2.1. Case 1: constant surrounding air temperature
Starting with a constant surrounding air temperature of 25 ◦C,

the VFB was simulated with different charging and discharging
currents. Figs. 1–3 present the simulation results for three sets
of charging/discharging currents. As shown in Fig. 1, the elec-
trolyte temperature attains a steady state and oscillates around
26 ◦C, indicating that no thermal precipitation of V5+ would occur
under this circumstance [13]. It is also observed that both the tank
and stack temperatures increase during discharge while decreas-
ing during the charging process after reaching the steady state. This
phenomenon is caused by the smaller cell resistance during the
discharge process that results from the faster reaction kinetics of
the V(V) reduction process compared with the V(IV) to V(V) oxida-
tion reaction [8]. This leads to different amounts of heat generated
by the stack resistances that is the only source producing heat in
this case scenario. This is more evident in the simulation of Fig. 2
where a 100 A discharging current was  employed, this leading to
approximately 400 J s−1 difference in heat generation rate between
charging and discharging. Despite the increased electrolyte flow
rate associated with the use of the larger discharge current, the
stack temperature is always higher than the tank temperature as
it is assumed that no heat transfer occurs between the stack and
the surrounding air. On the other hand, by increasing the charging
current to 100 A, both the stack temperature and tank tempera-
ture are seen to approach 40 ◦C where thermal precipitation of
V5+ could occur if the battery were allowed to stand in the fully
charged condition for extended periods for time. It is also noted that
the oscillation of the battery temperature during charge–discharge
cycling is quite small and even not visible in Fig. 3 as in Fig. 1, since
the magnitude of heat generated from the stack resistances does
not change dramatically.

3.2.2. Case 2: varying surrounding air temperature
To investigate the battery temperature under different climatic

conditions, three sets of air temperature profiles representing
a hot climate, a warm climate as well as a cold climate was
employed in the simulation. In each case, the effect of charg-
ing/discharging current magnitude on the variation of battery
temperature was  studied. For simplicity, the surrounding air tem-
perature was  assumed to have the form of a sine-squared function:

Tair = B · sin2(ωt + ϕ) + C (11)

where

(B + C) = maximum temperature reached
C = minimum temperature reached
ω = angular frequency, rad s−1

� = phase, rad
t = time, s

3.2.2.1. Moderate summer climate scenario. To simulate a summer
temperature profile for a warm climate, a typical daily temperature
ranging from 15 ◦C to 35 ◦C was firstly employed in the thermal
model based on Eq. (11). With both 30 A charging and discharging
currents, the electrolyte temperature reduces and finally oscil-
lates around an equilibrium point of 26 ◦C with the same regular
frequency as the air temperature. Because of the relatively small
current applied, less heat is produced from the stack resistance
which makes a smaller contribution to the variation in battery tem-
perature compared with the surrounding air temperature as shown
in Fig. 4. When the discharge current is increased to 100 A, how-

ever, an irregular oscillation in the temperature of both the stack
and electrolyte tanks is observed in Fig. 5 where the average of
the electrolyte temperature is a little higher at around 30 ◦C. As the
electrolyte temperature in both cases is above 5 ◦C and below 40 ◦C,
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Fig. 1. Battery temperature variation with both 30 A chargin

o precipitation would be expected to occur in the VFB system dur-
ng this type of operation. It is also demonstrated that the battery
emperature could generally follow the trend of the air temper-
ture with a large heat transfer capability via the tanks, in spite

f being influenced at the charge–discharge switch points, by the
eat difference between charge and discharge. By increasing the
harging current to 100 A, however, it is seen from Fig. 6 that the
ncreased heat from charging drives the electrolyte temperature up
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Fig. 2. Battery temperature variation with 30 A charging current and 1
e / h

 discharging currents at a constant air temperature of 25 ◦C.

to 42 ◦C, thereby potentially putting the battery into the thermal
precipitation region for the positive electrolyte solution. It is worth
noting that the battery temperature also varies sinusoidally in Fig. 6,
this being attributed to the small discrepancy in the heat generated

between charge and discharge. In general, the smaller difference
in the heat produced by the stack resistance during charge and
discharge, the closer the tracking of the battery temperature with
the surrounding temperature, provided that the electrolyte flow
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200 300
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Stack temperature 
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Air temperature = 25oC
Flow rate = 246.2cm3/s

00 A discharging current at a constant air temperature of 25 ◦C.
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ate is adequate. All the three figures have demonstrated that the

urrounding daily air temperature has a significant effect on the
attery temperature and this in conjunction with the effect of sur-
ounding air temperature, will interact and determine the final
teady state temperature of the battery stack and electrolytes.
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3.2.2.2. Moderate winter climate scenario. To investigate the VFB

temperature variation during winter in a moderate climate, a
daily surrounding air temperature of −5–15 ◦C was simulated. As
expected, Fig. 7 shows that the stack temperatures in both cases
have the same trends as in Figs. 4 and 5 while being shifted down
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Fig. 7. Stack temperature variation under a v

y 20 ◦C overall. Since the both the frequencies of heat and air
emperature are not changed, the battery temperature variation
ill only be shifted up or down depending on the range of air

emperature. It can be observed that the stack temperature could
rop below 5 ◦C with 30 A charging and discharging currents, in
hich case the precipitation of vanadium ions in the negative elec-

rolyte could occur if the electrolyte were allowed to stand at near
ither 0% or 100% state of charge for extended periods at the low
emperatures. On the other hand, increasing the discharge cur-
ent to 100 A allows the battery temperature to be maintained
bove 6 ◦C at all times. The heat plays an important role in the lat-
er scenario, being accumulated to avoid an excessive drop in the
lectrolyte temperature which could cause precipitation of V2+/V3+

n electrolytes containing more than 1.6 M vanadium ions during
xtended low temperature storage at high or low states of charge
hen the electrolyte could become supersaturated in either the
2+ or V3+ ions. It should be mentioned that at intermediate states
f charge, both ions would be present at concentrations signifi-
antly below their saturation level, so precipitation would not be
xpected.

.2.2.3. Cold winter climate scenario. A daily temperature range of
20–0 ◦C was lastly employed to simulate a typical winter scenario

n a cold climate. Without a doubt, the electrolyte temperature is
ot able to exceed the upper level temperature of 0 ◦C with charg-

ng current of 30 A and discharging current of 100 A or even smaller
alues as indicated in the above cases. With a current of 100 A
or both charging and discharging, it can be anticipated that the
lectrolyte temperature will be shifted down 35 ◦C in general and
ecome less than 5 ◦C. By employing a discharging current of 130 A
nd a charging current of 100 A, however, Fig. 8 shows that the
lectrolyte temperature could be increased above 5 ◦C after approx-
mately 22 h charging–discharging cycling, oscillating around 9 ◦C
n the end such that the influence of precipitation of V2+/V3+ could

e eliminated. In practise, nevertheless, it might not be desirable
o prepare or store the fully charged or fully discharged electrolyte
olutions at such a low temperature and a more dilute vanadium
lectrolyte would be required which will limit the capacity of the
g air temperature range from −5 ◦C to 15 ◦C.

VFB. A temperature control system, therefore, is essential under
such circumstances by which the electrolyte temperature can be
adjusted via heating devices so as to ensure that precipitation is
avoided.

3.2.3. Case 3: effect of electrolyte flow rate
The electrolyte solution in the VFB is pumped from the elec-

trolyte reservoirs to the cell stack via the external pipes. The
electrolyte can therefore act as a heat exchanger allowing heat to be
removed from the cell stack, preventing thermal runaway during
high rates of charge and discharge. Electrolyte flow rate thus plays
an important role in heat transfer between the stack and the elec-
trolyte reservoirs. In an effort to investigate the effect of flow rate
on the battery temperature, the theoretical flow rate calculated on
the basis of 100% SOC was  initially used in the simulation for the
case of charging and discharging the battery with 50 A and 100 A
under a constant room temperature of 30 ◦C.

Referring to Fig. 9, the stack temperature is approximately 2 ◦C
on average higher than the tank temperature throughout the first
200 h charge–discharge cycling due to the slow flow rate that
transfers less heat from the stack to the tanks, allowing the heat
generated by the stack resistance to be accumulated in the stack.
This is followed by immediate tracking of the tank temperature
when a step change corresponding to a 5-fold increase in flow rate
was introduced at 200 h. As indicated by the battery temperature
profile, the magnitude of flow rate will not influence the steady
state tank temperature, nor will the frequency of the battery tem-
perature variation be affected in this case due to the excellent
capability of heat transfer of the tanks. By increasing the flow rate,
however, more heat can indeed be transferred from the stack to
the tanks, thereby reducing the stack temperature accordingly as
shown after 200 h in Fig. 10.

The flow rate of the battery, therefore, has a crucial role in
determining the stack temperature of the VFB and eliminating pre-

cipitation in individual cells that could cause blockages. In real-life
VFB systems, nevertheless, it is not viable to operate at the theo-
retical flow rate, since good mass transport is needed to prevent
concentration polarization at the electrode surfaces that could lead
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greater pumping energy losses that reduce the overall energy effi-
ciency of the system. Dynamic flow-rate optimization is therefore
critical for the efficient operation of the VFB while also allowing
stack temperature control, especially when used in combination
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ith a heat exchanger to enhance the overall heat transfer capabil-
ty of the system.

.2.4. Case 4: adjustment of heat transfer capability
In the present model, it has been assumed that heat transfer

roceeds only at the surface of the cylindrical electrolyte tanks. A
hange of heat transfer capability thus can be achieved by chang-
ng the electrolyte tank material or geometry. To investigate the
ffect of heat transfer from the tanks on the electrolyte tempera-
ure, the dimensions of the tanks were adjusted in order to increase
he total surface area while keeping the tank volume constant. As
evealed in Fig. 10,  by adjusting the tank radius to 0.146 m and tank
eight to 3 m the volume of the tank remains constant, whereas the
otal surface area of the tank has been increased from 1.982 m2 to
.886 m2 providing a better heat transfer capability. It is observed
hat the stack temperature has dropped from an average of around
1 ◦C, and now oscillates around 36 ◦C at a constant surrounding
emperature of 30 ◦C for charging and discharging currents of 70 A
nd 100 A, respectively. By adjusting the surface area of the tanks,
t is therefore possible to enhance heat transfer to the atmosphere,
hereby avoiding possible thermal precipitation of V5+ in the posi-
ive electrolyte solution.

Evidently, a large electrolyte reservoir surface area can offer a
ast heat exchange rate between the electrolyte and the surround-
ng environment, making the surrounding temperature contribute
ar more to the variation in electrolyte temperature. In hot cli-

ate cases, however, a cooling system would be required to cool
own the electrolyte temperature regardless of the size of the elec-
rolyte reservoirs. Furthermore, a heating system may  need to be
mplemented if the VFB system is operated in cold temperature
onditions, since reducing the size of the tanks to limit the heat
ransfer may  not be feasible due to the pre-set capacity of the VFB
hich imposes a limitation on the volume of the electrolyte. Apart

rom the size of the electrolyte tanks, it is also worth noting that
ther factors such as the material and wall thickness of the tank and
he heat exchanged from the pipes (which are not considered in this
resent study) would also have an impact on the temperature of the
FB system.
.2.5. Case 5: simulation of a residential power arbitrage scenario
The above simulations have only investigated temperature vari-

tion under different conditions without consideration of matching
eal load profiles to atmospheric temperature variations. Rather
urces 203 (2012) 165– 176 173

than arbitrarily setting the charge–discharge cycling specifications
and load profiles therefore, a residential “power arbitrage” scenario
was also considered to study the battery temperature in a real-
life system. In this simulation, it was  assumed that no gassing side
reactions and ion diffusion across the membrane occur such that
Faraday’s law of electrolysis can still be employed to determine
the charging and discharging times. Meanwhile, the moderate hot
summer climate air temperature profile of Case 2 was  used.

For the “power arbitrage” scenario, the 2.5 kW/15 kWh  VRB
stack of the present model is charged during the off-peak low tariff
rate period of 22:00–05:30, followed by a break till 14:00 in the
afternoon. From 14:00 to 19:00, the VRB will experience a total 5 h
of discharging for the purpose of peak shaving during the peak tariff
period, and is subsequently shut down for 3 h ahead of being re-
charged overnight. During each “off-period” the pump is switched
off and it is assumed that no self-discharge reactions occur across
the membrane to release heat. The charging and discharging cur-
rents are 60 A and 90 A, respectively and are calculated based on
an average cell voltage of 1.4 V. All the other specifications are the
same as in the hot summer climate case, except for the starting
point which is set at 22:00 at night. Correspondingly, the initial
electrolyte temperature will be the air temperature at 22:00. The
current profile and temperature variation during a single day are
shown in Fig. 11,  while Fig. 12 illustrates the variation in battery
temperature and heat released from resistance losses over 10 days.
The simulation results indicate that the electrolyte temperature in
both the tanks and the stack oscillate around 30 ◦C and that the
battery operates within a safe temperature range to avoid possible
precipitation of vanadium ions in the electrolyte solutions. Thus,
this VFB system is able to be operated with a sufficient flow rate and
achieve satisfactory performance as a device for residential power
arbitrage under the conditions used in this simulation.

4. Discussion

The above simulation results have shown that surrounding air
temperature, flow rate, heat transfer surface area and load profile
can all impact on battery stack and electrolyte tank temperatures of
a VFB. Depending on the total vanadium electrolyte concentration
used, extreme high or low temperatures may  lead to precipitation
of vanadium ions in the electrolyte solutions which may in turn
influence battery performance and life cycle. Precipitation may  be
prevented by reducing the total vanadium ion concentration to suit
the particular climatic conditions or by including a heating or cool-
ing system to control temperature. The former approach will reduce
the energy density of the system, while the latter will reduce energy
efficiency. The use of a thermal model to predict the expected bat-
tery temperature ranges for different climatic conditions and load
profiles is therefore a valuable tool that can be used to optimize
battery design for optimal heat transfer and temperature control.
However, it is worth investigating the factors that limit the accuracy
of the model prediction and further enhancing the performance of
the VFB.

In spite of being governed by Newton’s law of cooling, heat
transfer by convection is difficult to analyze owing to the com-
plex uncertain mechanism that varies from situation to situation.
As such, the convection heat transfer coefficient in Newton’s law
of cooling depends upon a number of factors such as fluid veloc-
ity and viscosity, surface roughness, type of media as well as heat
flux. In practice, therefore, the analysis of heat transfer by convec-
tion is usually undertaken empirically. In the present work, a few

assumptions have been made in order to calculate the convection
heat transfer coefficients. The values of convection heat transfer
coefficients calculated, nevertheless, are generally reasonable to
be employed in the simulation for the purpose of investigating the
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attery temperature variation. To obtain a more accurate value of
onvection heat transfer coefficient, experiments could be under-
aken on the basis of a practical battery design and specification.

In the present model, the self-discharge reactions associated
ith the diffusion of vanadium ions across the membrane have
een ignored. Self-discharge reactions between the different vana-
ium ions will release heat, the rate of which will depend on
he membrane properties. For fast charge–discharge rates, the
mount of heat generated by the self-discharge reactions will be
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negligible compared to that of generated from the stack resistance
losses so the model predictions are likely to be correct. In the case
of slow charge–discharge cycling or during periodic idle periods,
however, the heat produced by self-discharge reactions will make
a significant contribution to the total heat generation and should be

considered in the model to improve the accuracy of the prediction.

With respect to the flow rate in practice, it is driven by the
pumping energy that constitutes a parasitic energy loss for the
system. High flow rates (above the theoretical flow rate) will
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nsure good mass transport and reduce concentration overvoltage
osses. The theoretical flow rate varies with current and state-of-
harge. To minimize pumping energy losses, it is desirable to adjust
he flow rate dynamically, just above the theoretical flow rate,
n accordance with the state-of-charge and current. In this case,
he effect of the flow rate on the stack temperature can be sig-
ificant. As shown in the case study presented in Section 3.2.3,
he stack temperature can exceed the permissible range when

 low flow rate is used. The thermal model in this paper can
e used in conjunction with the theoretical flow rate model to
evelop an energy efficient dynamic flow and temperature control
ystem.

Additionally, the pipe and stack will also transfers heat to
he surrounding environment and impact on electrolyte and bat-
ery temperature. For consecutive charging–discharging cycling,
eat transfer from the pumps could also accumulate in the elec-
rolyte to some extent. It is thus desirable to incorporate all these
actors into the model for more accurate battery temperature
rediction. Last but not least, further investigation and simu-

ation with regard to battery temperature should be linked to
pecific VFB demonstrations or applications in which the role
r the function of the VRB system could be entirely different.
xamples include peak shaving, load leveling, electrical power
ackup, etc. In the meanwhile, a more specific VRB design is
referable to be employed such that all the parameters in the sim-
lation can be calculated and determined more accurately which,

n turn, will offer a superior performance prediction that can help
n decision making for electrolyte temperature monitoring and
ontrol.

All of these factors will be taken into account in the future to
evelop a more detailed thermal model for the VFB system which
an be employed to simulate the battery temperature variation
nder a variety of different operating conditions. This will provide
ore insights into the design of the battery system for different

pplications applied to regions of the world with various cli-
ates. For instance, in low temperature areas, battery designs could

mploy better insulation materials for the tanks and pipes such
hat the temperature of the battery will not drop too low. Mean-
hile, such a detailed thermal model will also assist in developing

dvanced model-based control strategies for a model predictive
emperature control system which would be quite suitable for bat-
ery control due to its ability to deal with constrains of the input
nd output variables.

. Conclusion

A thermal model for the vanadium redox flow battery system
as been developed and presented in this paper. Based on the con-
ervation of energy and several assumptions to simplify the model,
hree energy balance equations have been set up for the battery
tack and the two electrolyte storage tanks. By using a stack con-
aining 19 cells and two cylindrical electrolyte tanks, simulations
ave been performed under different air temperatures and oper-
ting conditions for a 2.5 kW/15 kWh  VRB system as a typical case
tudy. The results have shown that the electrolyte temperatures
n both the tanks and stack are influenced by multiple effects of
ow rate, surrounding temperature and heat generated by cell
esistance losses. Hence, this thermal model can be employed to
elp investigate the possible variation of the battery tempera-
ure in the stack at the specific location of the installation and
ake decisions on the design of the VFB structure and materi-
ls. Furthermore, this model will also facilitate the development
f an efficient temperature control system to ensure the bat-
ery temperature can be managed within the required operational
ange.
urces 203 (2012) 165– 176 175

Appendix A. Nomenclature

A surface area of the tank (m2)
A1 inside area of the cylindrical wall (m2)
A2 area of the top or bottom circular wall (m2)
B  amplitude of the air temperature
C the minimum of the air temperature (◦C)
c Vanadium concentration (mol L−1)
Cp specific heat of 4.4 M sulfate (Jg−1 K−1)
eff Coulombic efficiency
F Faraday’s constant (C mol−1)
H  tank height (m)
h11 convection heat transfer coefficient for the inner cylinder

surface (Wm−2 K−1)
h12 convection heat transfer coefficient for the inner top or bottom

surface (Wm−2 K−1)
h21 convection heat transfer coefficient for the outer cylinder

surface (Wm−2 K−1)
h22 convection heat transfer coefficient for the outer top or bottom

surface (Wm−2 K−1)
I  current (A)
k thermal conductivity of polypropylene (Wm−1 K−1)
num number of cell
Q  outlet flow rate (m3 s−1)
Qheat Heat transfer rate (J s−1)
R overall stack resistance (�)
Rc0 charging average cell resistivity (�)
Rd0 discharge average cell resistivity (�)
r  tank radius (m)
S electrode area (cm2)
SOC state of charge
T temperature (◦C)
t  time (s)
U overall heat transfer coefficient (Wm−2 K−1)
U1 overall heat transfer coefficient for the cylindrical wall of the

tank (Wm−2 K−1)
U2 overall heat transfer coefficient for the top circular wall of the

tank (Wm−2 K−1)
z electrons involved in the reaction
Greek symbols
� electrolyte density (g cm−3)
� tank thickness (m)
ω  angular frequency (rad s−1)
� phase (rad)
Subscript
air surrounding air
c charging
d discharging
s stack
t tank
+ positive side
− negative side

Appendix B.

The free convection heat transfer mode is assumed for both
inner and outer layers of the tanks. The average free convection
heat transfer coefficients can be represented in the following form
for a variety of circumstances:

Nuf = C(Ra)m

where Nu is the Nusselt number, Ra is the Rayleigh number, C
and m are the constant values specified for different cases empir-
ically, f indicates the film temperature defined as the arithmetic
mean between the wall and free-stream temperature.

The Nusselt number is the ratio of convective to conductive heat
transfer across the boundary which is dimensionless

Nu = hx

kf
where

h = convective heat transfer coefficient
x = characteristic length
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kf = thermal conductivity of the fluid

The Rayleigh number is the product of the Grashof and Prandtl
umber:

a = GrPr

The Prandtl number is also a dimensionless number represent-
ng the ratio of kinematic viscosity to thermal diffusivity

r = Cp�

k

where

Cp = specific heat
� = dynamic viscosity
k = thermal conductivity

The Grashof number is a dimensionless number usually used in
uid dynamics and heat transfer

r = gˇ	Tx3

v2

where

g = acceleration due to gravity
 ̌ = volumetric thermal expansion coefficient (approximately

equal to 1/T)

T  = temperature difference between the wall and free-steam
v = u/� = kinematic viscosity
x = characteristic length

Assuming the film temperature is 27 ◦C (300 K), the properties
f air at atmosphere pressure are [14]

 = 1
300

v = 15.69 × 106m2s−1

 = 0.02624 Wm−1K−1 Pr = 0.708

Assuming the temperature difference between the wall and the
tream is 26 ◦C, the Gr Pr product can be calculated as

For the vertical cylinder wall

a = GrPr = (9.8)(0.00333)(26)(13)

(15.69 × 10−6)
2

(0.708) = 2.4402 × 109

For the horizontal top and bottom wall

a = GrPr = (9.8)(0.00333)(26)(0.12623)

(15.69 × 10−6)
2

(0.708) = 4.9047 × 106

where x = A P−1 = 0.1262, A is the area and P is the perimeter of

he surface.

Therefore, the values of C and m can be obtained from the
xisting data table for isothermal surfaces and the convection heat
ransfer coefficient can be calculated as

[
[
[
[

urces 203 (2012) 165– 176

For the vertical cylinder wall
Nu = (0.1)(2.1102 × 109)1/3 = 134.63
h = Nu k

x = 3.53 Wm−2 K−1

For the horizontal top and bottom plates

Nu = (0.54)(4.9047 × 106)
1/4 = 25.4124

h = Nu k
x = 5.28 Wm−2 K−1

In an effort to calculate convection heat transfer coefficient for
the inner electrolyte layer, the thermal properties of sulfuric acid
is employed rather than vanadium sulfate. Assuming the film tem-
perature is 25 ◦C, the thermal properties of sulfuric acid are

Cp = 3.67 × 103 J kg−1 K−1 (15.63% H2SO4 at 20 ◦C) [11]
P = 1100 kg m−3 (estimated) [15]
� = 2.42 × 10−2 kg m−1s−1 [16]
k = 0.33 Wm−1 ◦C−1 [17]
Assuming the temperature different between the wall and the

stream is 30 ◦C, the convection heat transfer coefficients can be
calculated in the same way as derived above

For the vertical cylinder wall
Ra = Gr Pr = 5.483 × 1011

Nu = (0.1)(5.483 × 1011)1/3 = 818.4866
h = Nu k

x = 270.1 Wm−2 K−1

For the horizontal top and bottom plates
Ra = Gr Pr = 1.102 × 109

Nu = 0.15(1.102 × 109)1/3 = 154.94
h = Nu k

x = 405.15 Wm−2 K−1

where x = A P−1 = 0.1262, A is the area and P is the perimeter of
the surface.
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