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A B S T R A C T   

A parametric study on temperature distribution of vanadium redox flow battery was examined to understand 
thermal behavior at cold climate. Based on the results, an empirical equation was developed to anticipate the 
minimum temperature depending on the operating conditions. First, temperature distribution in each electrode 
was examined in charge and discharge process. Temperature increased at discharge process, but decreased of 
2.11 ◦C compared to outside temperature at charge process. Therefore, precipitation can be found during charge 
process. Next, effect of operating conditions on the minimum temperature is analyzed. When current density is 
100 mA/cm2, the minimum temperature decreased of 2.5 ◦C compared to outside temperature due to large 
amount of endothermic reaction. On the other hand, as flow rate increases, minimum temperature increased. 
Because high flow rate promotes heat transfer between the cell and electrolyte. The effect of cell design also 
considered. As active area increases, the minimum temperature decreased 2.12 ◦C compared with outside 
temperature because more endothermic reaction occurs in large area. The effects of porosity, however, is 
negligible because of interaction between changes in flow configuration and endothermic reactions. Finally, an 
empirical equation is developed to know the proper operating conditions for given cell design to prevent pre-
cipitation due to cold outside temperature.   

1. Introduction 

Successful commercialization of renewable energy industry requires 
the development of large-scale energy storage systems. Vanadium redox 
flow battery (VFB) is one of representative large-scale energy storage 
system due to its long lifetime, easily extendable capacity, and low cost 
of the vanadium electrolyte [1–3]. Depending on the location of 
renewable energy sources, VFB experiences various outside conditions. 
For example, when the VFB is installed in far-east region to storage 
energy from wind turbine at latitudes of 29 ◦N, the outside temperature 
is varied from − 10 to 40 ◦C [4]. Therefore, it is necessary to understand 
internal phenomena of VFB depending on the outside temperature. 

There are many previous studies to understand effect of temperature 
on the operation of VFB in the desirable temperature range. Most studies 
examined effect of operating temperature on the performance of VFB [5, 
6]. Some researchers show that the performance of VFB increases with 

temperatures. When the operating temperature is increased from 15 to 
55 ◦C, the voltage efficiency is increased from 86.5% to 90.5%. 
Coulombic efficiency, however, is decreased from 96.2% to 93.7%. 
Because permeability of vanadium ions through the membrane increases 
at high operating temperature. Other researchers analyzed the effects of 
temperature on electrolyte and electrochemical cell [7,8]. They inves-
tigated the conductivity of vanadium electrolyte and internal resistance 
of VFB in the temperature range from − 20 to 50 ◦C. When temperature 
increases, conductivity also increases. However, internal resistance of 
cell decreases as temperature increases. Others optimized maximum 
concentration and performance by temperature [9,10]. Stability of va-
nadium electrolyte decreases outside the proper temperature range. 
They derived an appropriate temperature range through experiments 
and measure the performance at that temperature and electrolyte con-
centration. Others examined temperature distribution in the VFB to 
analyze interaction among current density, flow rate, and temperature 
[11,12]. In VFB, heat generation occurred during ion transfer across the 
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membrane is major factor, so the amount of heat generation is propor-
tional to the current. The temperature difference is determined by the 
trends of heat removal that is affected by flow rate. Since faster flow rate 
can be available in the lower porosity region, the temperature under 
channel is lower than that under rib. Others tried to understand the 
effect of operating conditions on the temperature [13,14]. Since elec-
trolyte flow acts as not only reactant, but also coolant for VFB, they 
suggest empirical equation to predict operating temperature according 
to operating conditions. 

On the other hand, studies on understanding operating characteris-
tics of VFB outside the desirable temperature range is insufficient. Some 
researchers analyzed methods to increase stability and performance [15, 
16]. They analyzed the vanadium/proton ratio of electrolyte to increase 
efficiency and stability in wide range of temperature. They also 
experimented with various type of membrane such as Nafion, CMV, 
AMV and APS in the wide range of temperature, and durability of 
membranes was evaluated. Other researchers analyzed the effects of 
electrolyte tank on temperature at the condition of high flow rate [17]. 

They confirmed that temperature of the tank and cell were similar at the 
condition of high flow rate and precipitation could be prevented by 
controlling the temperature of the electrolyte tank. Others analyzed the 
effects of electrochemical reaction heat, overpotential, self-discharge 
due to ion cross over and shunt current losses on single VFB cell [18]. 
They confirmed the risk of precipitation as the vanadium electrolyte 
became over 50 ◦C when VFB was discharged for a long period of over 8 
h. Other researchers conducted numerical studies on the effect of 
extreme outside temperature on the operation of VFB [19]. They said 
that extremely high or low outside temperature may lead to precipita-
tion of vanadium ions in the electrolyte solutions that may deteriorates 
the performance and cycle life. When the operating temperature of VFB 
is below 5 ◦C, V2+/V3+ can be precipitated in negative electrolyte, and 
that over 40 ◦C, VO2+can be precipitated in the positive electrolyte [20, 
21]. To enlarge thermal stability of the electrolyte, some researchers 
investigated inorganic additives for VFB [22,23]. Addition of 1% of 
phosphoric acid show best results. They showed stable operating at the 
operating temperature from 5 to 50 ◦C. Others analyzed the risk of 

Nomenclature 

A area of inlet and outlet 
a specific surface area of electrode 
c concentration 
C specific heat 
D diffusion coefficient 
df carbon fiber diameter of electrode 
E voltage 
F Faraday’s constant 
H electrode height 
j
→

current density 
K permeability of electrode 
kck Carman-Kozeny constant 
k reaction rate constant 
L electrode and membrane thickness 
P pressure 
Q flow rate 
q heat source or heat sink 
R gas constant 
Si source term of species i 
S0 entropy 
SOC state of charge 
T temperature 

v→ velocity 
W electrode width 
z charge of ion 
α transfer coefficient 
ε porosity of electrode 
ŋ overpotential 
κ ionic conductivity 
λ thermal conductivity 
μ dynamic viscosity 
ρ density 
σ electronic conductivity 
ϕl ionic potential 
ϕs electronic potential 

Subscripts 
eff effective value 
elec electrode 
i pertaining to species i 
l pertaining to liquid 
mem Membrane 

Acronyms 
SOC state of charge 
VFB vanadium redox flow battery  

Fig. 1. Schematic diagram of a vanadium redox flow battery.  
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precipitation in standby condition [24]. They analyzed two different 
standby modes named swamped standby mode and streamed standby 
mode. They also confirmed the critical voltage causing precipitation at 
the two standby mode and suggested a thermal management strategy of 
VFB. Although a few studies conducted examination to achieve stable 
operation outside the desirable temperature range, it is still insufficient. 
In particular, an understanding of the thermal behavior of VFBs leading 
to precipitation in cold climates is required. 

In this study, we conduct parametric study on thermal behavior of 
VFB at low temperature to understand begins of precipitation in the cell. 
By predicting cold spot that can lead to precipitation in the cell, proper 
cell design can be suggested to prevent precipitation. First, temperature 
distribution in the VFB at low operating temperature is examined to 
identify the location of minimum temperature during change and 
discharge process. Then, we examine effect of operating conditions on 
temperature distribution to find the minimum temperature of the cell. 
We also analyzed effect of cell design on the temperature distribution 
depending on state of charge. Lastly, we developed empirical equation 
to predict the minimum temperature in the VFB and suggest desirable 
cell design to prevent precipitation in the given atmosphere. Thus, this 
study aids the design of VFBs to prevent failure due to precipitation. 

2. Methodology 

A VFB comprises a membrane, electrode, and current collector 
Fig. 1). Negative and positive electrolytes contain V2+/V3+ and VO2+/ 
VO2

+ solutions, respectively, which flow from the tank to the battery 
and react at electrodes. The standard voltage of the overall reaction 
equals 1.25 V, with positive and negative half-reactions given by Eqn. 
(1) and (2), respectively. 

VO2+ + H2O − e− ⟷
charge

discharge
VO2

++2H+ (1)  

V3+ + e− ⟷
charge

discharge
V2+ (2) 

The 3D model developed to analyze VFB thermal behavior is shown 
in Fig. 1(b), with the corresponding geometric parameters listed in 
Table 1. 

2.1. Conservation principles 

2.1.1. Mass conservation 
As the VFB electrode is porous, the Brinkman equation given by Eqn. 

(3) can be used to calculate electrolyte flow [19]: 

μ
K

v→= − P + μ ∗
[
∇ v→+ (∇ v→)

T]

∇⋅ v→= 0
(3) 

Here, v→ is the velocity vector, P is pressure, μ and μ* are intrinsic and 
effective viscosity of electrolyte, respectively, and K is electrode 
permeability calculated from electrode porosity ε by the Carman-Kozeny 

equation given by Eqn. (4) [28]: 

K =
d2

f ε3

16kCK(1 − ε)2 (4) 

The acidic electrolyte contains V2+, V3+, VO2+, VO2
+, H+, and 

SO4
2− and flows through porous regions. Hence, assuming that each 

species i is conserved, the Nernst-Planck equation given by Eqn. (5) can 
be used to calculate flux [11]: 

∂
∂t
(εci) + ∇⋅

(

− Di,eff∇ci −
ziciDi,eff

RT
F∇ϕ+ v→ci

)

= − Si (5)  

where ci and Si are the concentration and source term (listed in Table 2) 
for species i, zi is ion charge, ϕ is ionic potential, T is temperature, R is 
the universal gas constant, F is the Faraday constant, and Di,eff is the 
diffusion coefficient for flow through a porous medium calculated by the 
Bruggemann correlation given by Eqn. (6) [29]: 

Di,eff = ε3/2Di (6) 

Above, Di is the free space diffusion coefficient (Table 3). 

2.1.2. Energy conservation 
Upon electrochemical reaction occurrence, energy is released into or 

absorbed from the environment, which results in a change of electrolyte 
and battery temperature that can be calculated by considering energy 
conservation given by Eqn. (7): 

∂
∂t
(ρCP) + ∇⋅( v→ρlClT) − λ∇2T =

∑

j
qj (7)  

where qj is the heat source or sink listed in Table 4, ρl is liquid density, Cl 

is liquid specific heat capacity. ρCp (volume-averaged thermal capaci-
tance) and λ (volume-averaged thermal conductivity) are calculated by 

Table 1 
VFB geometric parameters.  

Parameter Symbol Value 

Electrode height H 7 cm 
Electrode width W 7 cm 
Electrode thickness Le 3 mm 
Membrane thickness Lm 127 um 
Inlet and outlet area Ain,Aout  16 mm2 

Electrode porosity ε0 0.68 
Carbon fiber diameter df 17.6 μm [25] 
Carman-Kozeny constant kck 4.28 [26] 
Specific surface area a0 2 × 105 / m [27] 
Electronic conductivity of electrode σs 500 S / m [11]  

Table 2 
Source and sink terms for the electrochemical reaction in a VFB.  

Term Positive electrode Negative electrode 

S2 (V2+ concentration equation) – ∇⋅ j
→

N/F  
S3 (V3+ concentration equation) – − ∇⋅ j

→
N/F  

S4 (VO2+ concentration equation) ∇⋅ j
→

P/F  – 

S5 (VO2
+ concentration equation) − ∇⋅ j

→
P/F  – 

SH2O (water concentration equation) ∇⋅ j
→

P/F  – 

SH+ (proton concentration equation) − 2∇⋅ j
→

P/F  –  

Table 3 
Default values of Di and electrolyte viscosity.  

Parameter Symbol Value 

Diffusion coefficient of V2+ D2 2.4 × 10− 9 m2 / s [30] 
Diffusion coefficient of V3+ D3 2.4 × 10− 9 m2 / s [30] 
Diffusion coefficient of VO2+ D4 3.9 × 10− 9 m2 / s [30] 
Diffusion coefficient of VO2

+ D5 3.9 × 10− 9 m2 / s [30] 
Diffusion coefficient of H+ DH 9.312 × 10− 9 m2 / s [26] 
Viscosity of electrolyte μ 4.298 × 10− 3 Pa s [31]  

Table 4 
Source terms in the energy conservation equation [11].  

Term Positive electrode Negative electrode Membrane 

qR ΔSPTajP/F  ΔSNTajN/F  0 
qO σeff

s |∇ϕs|
2
+ κeff

l |∇ϕl |
2  σeff

s |∇ϕs|
2
+ κeff

l |∇ϕl |
2  κeff

mem|∇ϕmem |
2  

qA ηPajP  ηNajN  0  
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Eqn. (8) and (9) 

ρCp =

{
ερlCl + (1 − ε)ρelecCelec
ρmemCmem

(Electrode)
(Membrane) (8)  

λ =

{
ελl + (1 − ε)λelec
λmem

(Electrode)
(Membrane) (9) 

In Table 4, qR is the reversible heat source that generally acts as a 
heat sink during charge and as a heat source during discharge. ΔS 
(Table 5) is the difference of entropy between products and reactants 
that can be calculated by Eqn. (10) 

ΔS0,j =

(
∑

products
Sproducts

0,j

)

−

(
∑

reactant
Sreactant

0,j

)

(10) 

qO is the heat source due to ohmic loss, i.e., the consumption of en-
ergy caused by movement of protons through the membrane and the 
ionic potential–induced movement of vanadium ions. σs

eff (effective 
electrode conductivity) and κs

eff (effective ionic conductivity) are 
calculated by Eqn. (11) and (12) [31]: 

σeff
s = (1 − ε)3/2σs (11)  

κeff
l =

{
35.716 + 7.699 × SOC
43.763 + 12.251 × SOC

(Negative)
(Positive) (12) 

Above, κeff
mem is the effective ionic conductivity of the membrane, 

calculated by Eqn. (13) 

κeff
mem = −

F2

RT
Dmem

H+ zf cf (13) 

In the above equation, Dmem
H+ = 1.4 × 10− 9m2 /s is the effective proton 

diffusion coefficient, zf = 1 and cf = 1200 mol / m3 are the charge and 
concentration of fixed ions in the membrane, respectively, and qA is the 
heat source due to activation loss calculated by the Butler-Volmer 
equation. 

2.2. Electrochemical model 

The reversible voltage of the VFB reaction equals 1.25 V, and the 
open circuit voltage (E0) depends on reactant/product concentrations 
and the standard potential of each reaction (E0) is calculated by Eqn. 
(15): 

E0 = E0 −
RT
F

ln
(∏

cproduct
∏

creactant

)

(15) 

Moreover, standard potential is influenced by reaction temperature T 
and calculated by Eqn. (16) (standard temperature = 298.15 K, sub-
scripts N and P pertain to the negative electrode and the positive elec-
trode, respectively) [11]: 
{

EN = E0
N + 1.5.× 10− 3 × (T − 298.15)

EP = E0
P − 9 × 10− 4 × (T − 298.15)

(16) 

The rate of electrochemical reactions can be calculated by the Butler- 
Volmer equation given by Eqn. (17): 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∇⋅ j→N = εaFkN
̅̅̅̅̅̅̅̅̅
cs

2cs
3

√
{

exp
(

FηN

2RT

)

− exp
(

−
FηN

2RT

)}

∇⋅ j→P = εaFkP
̅̅̅̅̅̅̅̅̅
cs

4cs
5

√
{

exp
(

FηP

2RT

)

− exp
(

−
FηP

2RT

)} (17)  

where kN and kP are reaction rate constants, ηN andηP are the negative 
and positive reaction overpotentials, respectively, and a is the electrode 
specific surface area. The reaction constants depend on temperature as 
Eqn. (18) [33]: 

kj = kref ,jexp
(

nFE0,j

R

[
1

Tref
−

1
T

])

(18)  

where Tref = 298.15K is the reference temperature, and kref,j is the 
standard reaction rate constant (listed in Table 6). Overpotential η is 
defined as Eqn. (19) 

η = ϕs − ϕe − E (19) 

Specific surface area is influenced by porosity, can be changed by 
compression, and is calculated as Eqn. (20) [19]: 

a =

(
ε
ε0

)0.75

a0 (20)  

where a0 and ε0 are the reference specific area and reference porosity 
listed in Table 1. 

2.3. Boundary and initial conditions 

Vanadium electrolyte flows only through the VFB inlet but does not 
flow at other boundaries. Hence, the Neumann condition given by Eqn. 
(21) holds: 
⎧
⎨

⎩

v = Q/Ain
P = P0
∇P⋅ n→= 0

(inlet)
(outlet)
(other)

(21)  

where Q is the flow rate, and Ain is the inlet area listed in Table 1. 
Moreover, the concentration of vanadium ions in electrolyte can be 
expressed as follows Eqn. (22): 

Table 5 
Default values of constants for the thermal reaction [11].  

Parameter Symbol Value 

Electrolyte thermal conductivity λl 0.67 W / m K 
Electrode thermal conductivity λelec  0.15 W / m K 
Membrane thermal conductivity λmem  0.67 W / m K [32] 
Electrolyte thermal capacitance ρlCl  4.187 × 106 J / m3 K 
Electrode thermal capacitance ρelecCelec  3.33 × 105 J / m3 K 
Membrane thermal capacitance ρmemCmem  2.18 × 106 J / m3 K 
Entropy of negative reaction − ΔSN  − 100 J / m3 K 
Entropy of positive reaction − ΔSP  − 21.7 J / m3 K  

Table 6 
Default values of rate constants for the electrochemical reaction.  

Parameter Symbol Value 

Standard rate constant of negative reaction kref,neg  3.56 × 10− 6 m / s [34] 
Standard rate constant of positive reaction kref,pos  3 × 10− 9 m / s [35] 
Transfer coefficient of negative reaction αneg  0.5 
Transfer coefficient of positive reaction αpos  0.5  

Table 7 
Initial conditions of VFB operation.  

Parameter Symbol Value 

Flow rate Q 5 mL / min 
Current density i 75 mA / cm2 

Vanadium concentration of electrolyte cV 1.6 mol / m3 

Sulfate concentration of electrolyte cH2SO4 3 mol / m3 

State of charge for charge process SOCC 0.2 
State of charge for discharge process SOCD 0.8  
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⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

cin
2 = cV × SOC

cin
3 = cV × (1 − SOC)

cin
4 = cV × (1 − SOC)

cin
5 = cV × SOC

(22) 

In the equations above, cv is the total concentration of vanadium ions 
in the electrolyte (Table 7), and SOC = ccharge /cV is the state of charge in 
the tank, where ccharge is the cumulative concentration of V2+ and VO2

+. 
Outlet temperature T is calculated by mass flow averaging as follows 

Eqn. (23): 

T =

∫
ρvCTdA
∫

ρvCdA
(23) 

Simulation is conducted using COMSOL Multiphysics software. 

2.4. Experimental setup 

The picture of experimental setup is shown in Fig. 2. An experiment 
is conducted to validate developed model. Electrolyte flows are 
controlled by peristatic pump (ISMATEC®, REGLO Analog MS-2/6) and 
electric load and produced power are evaluated using test system 
(WonATECH, WBCS3000M2). Pump has resolution of 0.1% and poten-
tiostat has voltage accuracy of 0.02% and current accuracy of 0.05%. A 
Nafion® 155 membrane is used to separate the electrolyte from each 
electrode with an active area of 6 × 6 cm2. To fabricate electrodes, 
carbon felt (SGL group, GFD 4.6 EA) soaked in sulfuric acid and dried in 

a vacuum oven is heated at 500 ◦C for 4 h The electrolyte comprises 1.6 
M V3+ and 1.6 M VO2+ in 3 M H2SO4 (100 mL). The V2+/VO2

+ ratio 
normally decreases during discharge, and the open circuit voltage thus 
becomes smaller than the voltage at SOC in the tank. To minimize the 
influence of in-cell concentration decrease, the flow rate is set to 100 mL 
/ min and the temperature is set to room temperature of 25 ◦C. Current 
density and carbon felt porosity equal 50 mA / cm2 and 0.68, respec-
tively. The cut-off voltage is 1.0 V for discharge and 1.6 V for charge 
process. 

3. Results and discussion 

3.1. Model validation 

Fig. 3 compares cell voltage calculated according to SOC with 
experimental data, revealing that the discrepancy between these values 
is 1.98% for charge and 1.52% for discharge process. The average error 
of 1.7% is sufficiently small for the developed model to suitably explain 
experimental data. 

3.2. Temperature distribution during charge and discharge at cold climate 

Fig. 4 presents temperature distributions of electrolytes. It is oper-
ated at current density of 75 mA/cm2 and flow rate of 5 mL/min. Here, 
symbol I presents inlet and symbol O presents outlet. In the case of 
discharge process, the temperature is low at the inlet and increases to-
ward the outlet because of the occurrence of an exothermic reaction. The 
temperature increases largely at the wall near outlet, whose values are 
3.30 and 3.00 ◦C at negative and positive electrode, respectively. 
Especially, the temperature increases sharply increasing near the wall 
due to flow patterns in the cell. Since the electrolyte flows mainly along 
the center line, large amount of heat transfer occurs at the middle of the 
cell resulting in heat dissipation. On the other hand, the electrolytes 
flows slowly near wall, so that the temperature is increased. The average 
temperature increase in the positive electrode is larger than that in the 
negative electrode by 0.8 ◦C, because the reaction heat of the positive 
electrode is larger than that of the negative electrode. Thus, 

Fig. 2. Pictures of experimental setup.  

Fig. 3. Model validation at a current density of 50 mA/cm2 and a flow rate of 
100 mL/min. 
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precipitation during the discharge process can be avoided at outside 
temperatures above 10 ◦C, since the cell is warmer than the tank by 
exothermic reaction. In the case of charge process, however, endo-
thermic reaction occurs, so that the electrolyte becomes cooler upon 
moving from the inlet to the outlet. The maximum temperature is 
observed at the inlet, and the minimum temperature is observed in the 
corner near the electrode outlet. The temperature is decreased of 2.11 ◦C 
at the negative electrode and 1.96 ◦C at the positive electrode. Contrary 
to the trend observed for discharge, the average temperature at the 
negative electrode is lower than that at positive electrode about 1 ◦C. 
Thus, precipitation can occur during charging even at tank temperatures 
above 10 ◦C, as the cell is cooler than the tank. It means that temperature 
should be managed during charge process to prevent precipitation, and 
only the charge process is discussed below. 

To analyze temperature changes depending on operating conditions, 
we examined thermal characteristics in the cell and flow field of elec-
trolyte. Distributions of reaction heat at both electrodes are shown in 
Fig. 5. Although Ohmic heat is generated in the membrane, large 

amount of endothermic reaction occurs during discharge process of VFB 
[31]. The amount of heat generation due to ohmic loss is 7.469 × 10− 4 

W, but heat absorption due to endothermic reaction is 1.1469 W. 
Therefore, temperature in the cell is decreased. On the other hand, 
temperature at positive electrode is increased. Because the amount of 
heat generation due to activation loss is larger than the amount of heat 
consumption due to endothermic reaction at positive electrode. Hence, 
vanadium precipitation occurs easily at the negative electrode. Velocity 
field in the cell is shown in Fig. 6. Since velocity field at negative and 
positive electrode is similar, we present flow field at negative side as 
representative. At the middle of the electrode, vanadium electrolyte 
flows fluently, but velocity of fluid becomes slow at the corner. The 
rapid temperature decrease at the wall is due to the small mass flow rate 
in this region and at the corner. While the slight temperature increase at 
the outlet center is due to mixing with the electrolyte from the center. 
Consequently, the lowest electrolyte temperature is found at the corner 
near the negative outlet, where the failure due to precipitation-induced 
disturbance will be observed easily. Thus, the proper operating 

Fig. 4. Temperature distribution at electrode when SOC is 0.2 for charge and that is 0.8 for discharge.  
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conditions can be one of solutions for precipitation. 

3.3. Effect of operating conditions on temperature of VFB 

In this section, we tried to understand effect of operating conditions 
on the temperature distribution in the VFB cell in the cold climate. We 
focused on the effect of current density and flow rate on the minimum 
temperature in the cell. 

Fig. 7 shows that the temperature changes depending on various 
current densities at flow rate of 5 mL/min. When the current density is 
increased from 50 to 100 mA/cm2, the minimum temperature in the VFB 
cell is decreased from − 1.30 to − 2.18 ◦C. Because large amount of 
endothermic reaction occurs as current density increases, resulting in 
temperature decreases in the VFB cell. Therefore, temperature of the 
VFB cell is inversely proportional to the current density. It means that 
the temperature drop can be managed by controlling current density, 
and precipitation of vanadium can be prevented through changes in 
current density. 

Fig. 8 shows the effect of flow rate on temperature changes at current 
density of 75 mA/cm2. The temperature increases with decreasing flow 
rate, as predicted by Eq. (7). When an active area is 4 × 4 cm, minimum 
temperatures at 2 mL/min and 10 mL/min are obtained as 1.71 ◦C and 

3.07 ◦C, respectively. Although the amount of heat absorption is un-
changed at fixed current density, the amount of heat transfer is varied 
depending on the flow rate. The larger the flow rate, the large amount of 
warmth in the external tank is transferred to the cell by electrolyte flow. 
Therefore, high flow rate increases the temperature of VFB at charge 
process. Through the results, we can know that possibility of precipi-
tation in the cell can be prevented by controlling flow rate. 

3.4. Effect of cell design on temperature of VFB 

In this section we examined effect of cell design on the operating 
temperature of VFB in cold climate. We focused on the effect of porosity 
and active area on the temperature distribution of the cell. 

We analyzed effect of active area on the temperature distribution in 
the cell at current density of 75 mA/cm2 and flow rate of 5 mL/min 
shown in Fig. 9. The temperature in the VFB decreases with increasing 
cell area. Since the operating current of the cell is determined by active 
area and current density, the amount of reaction is also increased with 
increasing active area. Therefore, the larger the area of the membrane, 
the larger the amount of endothermic reaction, decreasing the temper-
ature. On the other hands, the increase of active area hardly affect flow 

Fig. 5. Distribution of reaction heat of VFB at each electrode during charge process.  

Fig. 6. Velocity field of electrolyte in the VFB at negative electrode.  
Fig. 7. Effect of current density on temperature distribution.  
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configuration. Therefore, changes in the area of membrane can change 
temperature of the cell largely. Temperature decreasing at 4 cm2 and 36 
cm2 are obtained as 0.32 and 1.78 ◦C, respectively. Hence, the risk of 
precipitation is proportional to active area. 

Fig. 10 shows the effect of porosity on temperature. Temperature 
decreasing are obtained as 1.8 and 1.67 ◦C at porosity of 0.65 and 0.9. 
The results show that porosity has little effect on temperature. Since the 
definition of porosity is void volume over total volume in the porous 
media, the flow resistance is low when the porosity is high. Therefore, 
the flow rate in electrode becomes high at high porosity. Since the 
amount of heat transfer is proportional to flow rate, it is possible to 
reduce the temperature change due to the endothermic reaction in the 
cell at high flow rate. Moreover, changes in porosity affects specific area 
of VFB. At high porosity, specific area of VFB is increased [35]. There-
fore activation loss is reduced resulting in the temperature decrease. 
Changes in flow rate and specific area due to changes in porosity, 

however, are relative small, so that the temperature change is also small. 
Hence, the risk of precipitation by variation of porosity is negligible. 

3.5. Prediction of minimum temperature in the VFB 

In this section we developed empirical equation to describe mini-
mum temperature of the VFB cell depending on the operating conditions 
and cell geometries. Through the developed empirical equation, we can 
anticipate possibility of precipitation according to changes in current 
density and flow rate at various cell sizes. 

We summarized above results to make empirical equation in Table 8. 
As active area changes from 4 to 64 cm2, the minimum temperature 
decreases from 0.42 to 2.54 ◦C at 100 mA / cm2. At an area of 36 cm2, 
the minimum temperature decreases from 2.27 to 3.12 ◦C as current 
density increases from 50 to 150 mA / cm2. Lastly, the minimum tem-
perature increases from 3.07 to 0.64 ◦C as flow rate increases from 2 to 
14 mL / min. 

To make empirical equation, The least squares method is used. We 
assume that the tank and electrolyte inlet temperatures are equal to 
ambient temperature, because the surface area of the electrolyte tank is 
large enough to reach the same temperature with ambient by heat ex-
change. The empirical equation is shown in Eqn. (24). The developed 
equation can predict temperature for an arbitrary set of conditions, if 

Fig. 8. Effect of flow rate on temperature distribution.  

Fig. 9. Effect of active area on temperature distribution.  

Fig. 10. Effect of porosity on temperature distribution.  

Table 8 
Summary of the results for the empirical equation.  

Active are Current density Flow rate Temperature drop 

4 cm2 50 mA/cm2 5 mL/min 0.217 ◦C 
100 mA/cm2 5 mL/min 0.417 ◦C 
150 mA/cm2 5 mL/min 0.648 ◦C 
100 mA/cm2 2 mL/min 0.617 ◦C 
100 mA/cm2 14 mL/min 0.109 ◦C 

36 cm2 50 mA/cm2 5 mL/min 1.227 ◦C 
100 mA/cm2 5 mL/min 2.18 ◦C 
150 mA/cm2 5 mL/min 3.106 ◦C 
100 mA/cm2 2 mL/min 3.075 ◦C 
100 mA/cm2 14 mL/min 0.639 ◦C 

64 cm2 50 mA/cm2 5 mL/min 1.418 ◦C 
100 mA/cm2 5 mL/min 2.576 ◦C 
150 mA/cm2 5 mL/min 3.647 ◦C 
100 mA/cm2 2 mL/min 3.454 ◦C 
100 mA/cm2 14 mL/min 0.748 ◦C  
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ambient temperature and other conditions are known, the risk of pre-
cipitation can be identified. 

Tamb − Tmin = 0.7486 + f (A) + f (i) + f (Q)
⎧
⎪⎪⎨

⎪⎪⎩

f (A) = − 0.0005A2 + 0.0608A

f (i) = 0.0035i

f (Q) = 0.0229Q2 − 0.3140Q

(24) 

The relationship among operating conditions and cell temperature 
are shown in Fig. 11. Through the results, we can develop proper 
operating strategy to prevent precipitation. For example, when the 
ambient temperature is about 15 ◦C, the flow rate of electrolyte should 
be over 2.5 mL/min for the active area of 61 cm2 to prevent 
precipitation. 

4. Conclusions 

This study analyzed temperature distribution of VFB in cold climate 
to examine possibility of precipitation. By conducting parametric study, 
we can understand temperature distribution depending on the operating 
conditions and cell design and know the location of minimum 
temperature. 

First, temperature changes were examined during charge and 
discharge process at current density of 75 mA/cm2 and flow rate of 5 
mL/min. Upon discharge, the electrolyte temperature increases because 
of the occurrence of an exothermic reaction, while the reverse is true for 
charge. For charging, VFB temperature decreases of 2.11 ◦C at the 
negative electrode and 1.96 ◦C at the positive are observed. Precipita-
tion is likely to occur at the negative electrode (as its temperature is 
lower than that of the positive) and at the corner near the outlet, thus 
disturbing electrolyte flow and causing VFB failure. 

Next, effect of operating conditions on the temperature distribution 
is examined to identify the specific operating condition that shows the 
lowest temperature. With increasing current density, the minimum 
temperature decreases 0.85 ◦C at flow rate of 5 mL/min. Because large 
amount of heat is absorbed by the endothermic reaction. Conversely, 
high flow rates preclude a drop in electrolyte temperature, e.g., an in-
crease in flow rate induces a minimum temperature increase 1.14 ◦C at 
current density of 75 mA/cm2. 

We also examine the effect of cell design on the local temperature of 
VFB at current density of 75 mA/cm2 and flow rate of 5 mL/min. With 
increasing active area, the minimum temperature decreases 2.12 ◦C 
because a large active area results in high current at fixed current den-
sity, and much heat is absorbed by the reaction. The effects of porosity, 
however, on temperature change are negligible. With increasing 

porosity, specific surface area increases, while the contribution of the 
activation heat source decreases. 

Finally, we develop an empirical equation for predicting minimum 
temperature and optimal active area to prevent precipitation. The 
lowest temperature is inversely proportional to area, and proportional to 
current density and flow rate. Based on the results, we developed 
empirical model for predicting minimum temperature of VFB. To pre-
vent precipitation, when the ambient temperature is about 15 ◦C, the 
flow rate of electrolyte should be over 2.5 mL/min for the active area of 
61 cm2. Though our study, we can design cell and find proper operating 
conditions to prevent precipitation in VFBs at low temperature and 
guarantee their stable operation. 
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