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Abstract — Vanadium redox flow battery (VRB) is a new type of battery energy storage system (BESS), which can be used in wind 
farms for: i) smoothing power output, ii) improving he low voltage ride through (LVRT) capability and iii) provide power grid 
stability. In this paper we analyze the electrochemical reaction mechanism and principles of VRB, and propose a new type of 
equivalent circuit model, in which the internal impedance and spurious impedance are taken into account. As a result, this model 
not only accurately represents the input and output characteristics, state of charge (SOC) and transient features, but also is easy to 
implement in terms of engineering. The simulation model of VRB is established in Matlab platform, and its operation 
characteristics analysis is done under the constant current mode (CCM), constant power mode (CPM) and variable current mode 
(VCM). The mathematical model between VRB battery efficiency and charge-discharge current is put forward for the first time, 
and the effects of transient features and temperature on the battery performance are analyzed. The simulation results show that 
VRB has excellent steady and transient features and verifies the correctness of the equivalent circuit model and simulation model. 
The work done in this paper lays good theoretical foundation for further study of the VRB energy storage system (VRB-ESS). 

Keywords - vanadium redox flow battery (VRB); wind power generation; battery energy storage system (BESS); equivalent circuit; 
operation characteristic 

 

I. INTRODUCTION 

 
With the development of economy, the contradiction 

between energy demand and environmental pollution is 
becoming more and more prominent. As a kind of clean, 
environmentally friendly renewable energy, wind energy 
industry in China and other countries is developing rapidly, 
becoming the most effective way to solve the current 
environmental pollution and energy crisis[1]. Because of the 
randomness and volatility of wind speed, the output power of 
the wind power system changes with the wind speed, and the 
grid will have a negative impact on the stability and 
economy of the power system[2][3][4]. At present, the large 
scale wind farm connected to the grid needs to solve two 
major problems: 1) improving the low voltage ride through 
capability of the unit; 2) smoothing the output power of the 
wind farm. 

The development of energy storage technology provides 
an effective way to improve the performance of wind power 
generation, improve the performance of wind power system 
and improve the controllability of wind farm output power 
[5][6][7]. Energy storage technology can not only smooth active 
power fluctuations, but also can adjust the reactive power, 
which can effectively solve the random and volatility of 
wind power. In addition, it also has the function of cutting 
the peak to fill the valley, saving energy and ensuring the 
safety of power system[8]. Energy storage technology mainly 
includes the physical storage, electromagnetic energy storage 
and electrochemical energy storage[9].  

The vanadium redox flow batteries is well suited for 
applications of large-scale power energy storage, because of 
its large capacity, long life, low maintenance requirements, 
and rapid response etc. In recent years, many scholars have 

studied and explored the modeling of the vanadium redox 
flow battery. The open circuit voltage model of the VRB in 
the open circuit self discharge is established in[10], but the 
model error is caused by the neglect of the equilibrium of the 
electrolyte. In [11], the equivalent circuit of the VRB in the 
DC circuit is studied, and the influence of high frequency 
inductance is neglected, but the physical meaning of the 
model is not very clear. The mechanism model of the two 
dimensional single phase transient isothermal model is 
proposed in [12]. But it is not conducive to the simulation 
study due to large calculation. 

The above modeling methods only studied the model 
structure under the action of a single variable, and the 
model's accuracy and rationality were affected by the 
assumption that the model parameters were not reasonable. 
A new model structure considering both the accuracy and the 
complexity is proposed in this paper, the operating 
characteristics and the influence of operating parameters on 
the performance of the model in different modes are 
analyzed.   

II. OPERATING PRINCIPLE OF THE VRB 

 
The main components of VRB include: electric reactor, 

electrolyte storage tank, power pump and cooling device, etc. 
The electric reactor is the core component of the whole 
battery device, which is composed of a series of single 
batteries, and adopts a closed lock structure. The electric 
reactor is divided into positive and negative electrode by ion 
exchange membrane, the positive electrode is V4+/V5+ and 
the negative electrode is V2+/V3+. The electrolyte is 
composed of vanadium material and sulfuric acid, which are 
stored in the positive and negative liquid storage tank 
respectively. The positive and negative electrode is 



XUDONG WANG et al: MODELING AND ANALYSIS OF THE OPERATION CHARACTERISTICS OF VANADIUM ... 

DOI 10.5013/IJSSST.a.17.47.37                                             37.2                             ISSN: 1473-804x online, 1473-8031 print 

transported by the power pump, the reaction is carried out on 
the graphite felt electrode, and the electric current of the 
bipolar plate is collected through the graphite sheet metal 
gate[13]. The operating principle of the VRB is illustrated in 
Fig. 1. 

 

 
Figure 1.  VRB operating principle. 

 
 

Total power available is related to electrode area of the 
cell and total energy stored in VRB, which depends on both 
SOC and amount of active chemical substances. Simplified 
electrode reaction processes are as follows: 

 
(1) For positive electrode, it is 

Charge4+ - 5+

Discharge
V - e Vˆ ˆ ˆ ˆ ˆ†‡ ˆ ˆ ˆ ˆ ˆ  

(2) For negative electrode, it is 
Charge3+ - 2+

Discharge
V + e Vˆ ˆ ˆ ˆ ˆ†‡ ˆ ˆ ˆ ˆ ˆ  

 
In the charging process, the blue V4+ ions are oxidized to 

yellow V5+ ions at the positive electrode surface, while the e- 

are released, and the electronics are transmitted to the outer 
circuit through the electrode. The green V3+ ions are obtained 
from the external circuit, and the surface of the negative 
electrode are reduced to  purple V2+ ions. The H+ ions in the 
positive electrode are transferred to the anode and the excess 
charge through the cation exchange membrane to maintain 
the neutral of the solution. In the discharging process , the H+ 
ions are transferred from the cathode to the positive electrode. 

 

III. VRB MODELING 

A. Equivalent circuit 

Considering the physical and mathematical properties of 
the VRB, the equivalent circuit is shown in Fig. 2. 

The VRB model uses the following equivalent method: 1) 
the stack voltage of the battery Ustack is affected by the charge 
state and the battery voltage of the battery, and it is simulated 
by a controlled voltage source; 2) SOC represents the 
number of active chemical substances, which is equivalent to 

a dynamic update variable; 3) the numerical value of the 
pump loss is related to the battery stack current Istack and 
SOC, and it is simulated by a controlled current source; 4) 
equivalent resistance loss expressed as reaction resistance 
Rreaction and ohmic resistance Rresistive; 5) the external parasitic 
resistance loss includes fixed resistor Rfixed and pump loss 
Ipump; 6) the dynamic response capability of the battery is 
indicated by the electrode capacity Celectrode. 

 

 
Figure 2.  Equivalent circuit model of VRB. 

 

B. Mathematical model 

 
The calculations VRB parameters are based on 

estimating losses of 21% (15 % internal losses +6% parasitic 
losses) in the worse case operating point, for a minimum 
voltage of 42V, and a current of 95A. 

1) Battery terminal voltage 
Battery cell EMF cell Ucell correlates directly with SOC, 

according to the Nerst equation, expression is as following 

 cell

2
ln

1

RT SOC
U E

F SOC
     

  

E is normal cell EMF，T is thermodynamic temperature(K), 
R is Molar gas constant(R=8.314J/(K·mol)), F is Faraday 
constant(F=96500C/mol). 

The battery stack EMF of n cells in series 
 stack cellU nU   

The stack is modeled as a controlled voltage source, from 
expression(1)(2), it is known that the controlled voltage is 
mainly determined by the number of battery cells in series 
and SOC. The battery terminal voltage finally can be 
expressed as following 
 b stack stack reaction resistive= ( )U U I R R   

2) Equivalent internal resistance 
Equivalent internal resistance includes Rreaction and Rresistive 

, their values can be estimated by power losses due to 
internal resistance at maximum discharge current Imax, 
generally they keep constant during overall battery operation 
period. Assuming that the power losses caused by Rreaction and 
Rresistive are 9 % , 6% of battery stack power Pstack separately, 
then 
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3) Parasitic power losses 
Parasitic power losses includes fixed power loss  

modeled as fixed resistance Rfixed and variable power loss 
modeled as controlled current source Ipump , then 

 rating
stack 1 21%

P
P 


 

Prating is the battery rated power, then 

 

stack
fixed

stack

stack
pump

2%

1.011

2U
R =

× P

I
I

SOC


  

4) Electrode capacitor 
By measuring battery cell capacitor, the total electrode 

capacitor Celectrode can be estimated according to the 
connection type of cells, then 

 electrode

6
C

n
   

5) SOC 
SOC value can be forecasted precisely by chemical 

method in practical application. Here refer to Ampere-hour 
method, neglecting the effect of charge-discharge current on 
the actual total capacity, SOC is updated periodically by 
accumulating electrical energy flowing through the battery 
stack. 

 stack stack step

rating rating

( 1) ( )SOC k SOC k SOC

I U T
SOC

P T

  

 
 


  

 
SOC(k+1), SOC(k) are the SOC values of adjacent 

computation interval. ΔSOC is variation of SOC during each 
computation step, it is positive during charge, negative 
during discharge. Tstep is computation step. Trating is time for 
SOC from 0 to 100%. Prating is rated power of the VRB. 

 

C. Model validation 

 
VRB is configured for basic block of BESS, rated power  

Prating=5kW, rated capacity Ecapacity =5kW×4h. Battery stack 
is composed with 39 battery cells in series, each battery cell 
normal EMF E=1.225V, maximum discharge current 
Imax=95A, operation temperature T=298K. From the above 
data, it can be estimated that the equivalent parameters 
Rreaction=0.045Ω, Rresistive=0.03Ω, Rfixed=13.889Ω. If the 
measured battery cell capacity is 6F, then equivalent 
electrode capacitor for 39 battery cells in series 
Celectrode=6F/39=0.15F. 

Charging the VRB continuously at a constant current of 
95A for 2 hours, and then discharging the VRB at the same 
current for 2 hours. At a whole charge-discharge cycle, the 
simulation results are shown in Fig. 3. 

According to the analysis of the above results: 1) Ipump is 
inversely proportional to SOC. In the charging process, with 
the increase of SOC, the flow rate of the pump is slowed 
down, and the Ipump is reduced. In the discharging process, 
with the decrease of SOC, the flow rate of the pump 
increases, and the Ipump increase accordingly; 2) with the 
change of SOC, the stack voltage of Ustack changes 
continuously, which reflects the concentration of vanadium 
in the electrolyte. In the charging process, Ub is greater than 
Ustack; In the discharging process, Ub is less than Ustack; 3) at 
the switching instant from charging to discharging, Ub is 
discontinuous due to the different current direction and 
voltage drop on the internal resistance. Moreover, during 
0~20% SOC and 80~100% SOC, Ub and Ustack dramatically 
vary whether charging or discharging. However, VRB 
voltage is stable during 20~80% SOC, which provides a 
possibility for VRB to work in the range of 20~80% SOC in 
order to avoid over-charge or over-discharge in practical 
applications. The simulation results are in agreement with 
the VRB experimental characteristics in [14], which verify 
the correctness of the model. 

 

 
Figure 3.  Simulation waveforms of VRB charge-discharge. 

 

IV. OPERATION CHARACTERISTICS ANALYSIS OF VRB 

A. Constant current charge-discharge mode 

 
A charge-discharge experiment of 5kW/20kW·h battery 

system is carried out with constant current of 65A, 75A, 85A 
and 95A respectively, and the range of SOC is 20%~80%. 
Experimental results are shown in Fig. 4. 
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According to the results: 1) the stack voltage of different 
charge-discharge current is equal, but the response speed is 
different. Because the stack voltage Ustack depends only on 
the charge state SOC; 2) charge-discharge time is 
approximately proportional to the value of the current, and 
the charge time is slightly larger than the discharge time, 
which is caused by the parasitic loss of the VRB system and 
the loss of the pump; 3) the greater the constant charge 
discharge current I, the greater the difference between the 
terminal voltage Ub and the stack voltage Ustack. Because the 
greater the current, the greater the loss on the equivalent 
series resistance; 4) the input power Pb is greater than the 
absorption power of the battery pack Ps in the charging 
process, and the output power Pb is less than the release 
power of the battery pack Ps in the charging process. 
Because the equivalent loss in the charging process is 
provided by an external power supply, the battery is provided 
by the battery itself in the discharging process; 5) the greater 
the constant charge-discharge current, the greater the 
difference between the input-output power and the 
absorption-release power. 

 

Figure 4.  Simulation waveforms under constant current mode. 

B. Constant power charge-discharge mode 

A charge-discharge experiment of 5kW/20kW·h battery 
system is carried out with constant power of 3kW, 4kW, 
5kW, 6kW and 7kW respectively, and the range of SOC is 
20%~80%. Experimental results are shown in Fig. 5. 

According to the results: 1) the greater the charge-
discharge power P, the shorter the charge-discharge time; 2) 
the greater the constant charge-discharge power P, the 
greater the difference between the terminal voltage Ub and 
the stack voltage Ustack. Because the greater the current, the 
greater the loss on the equivalent series resistance; 3) VRB 
battery terminal input and output current Ib and the stack 
current Is has a similar change law. The greater the charge-
discharge power P, the greater the value of Ib and Is. In the 
charging process, due to the increase of the battery terminal 
voltage, the current must be reduced to maintain constant 
power; In the discharging process, the battery terminal 
voltage Ub falling, in order to maintain constant power, the 
current must be increased to compensate for the voltage drop. 
4) the input power P is greater than the absorption power of 
the battery pack Ps in the charging process, and the situation 
is the opposite in the discharging process.  

 

Figure 5.  Simulation waveforms under constant power mode. 
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C. Variable current charge-discharge mode 

Assuming that the charge current during 0~3000s is 65A, 
the charge current during 3000~7200s is 95A. The discharge 
current during 7200~10200s is 95A, the discharge current 
during 10200~14400s is 65A. The results are shown in Fig. 
6. 

   

 
Figure 6.  Simulation waveforms under variable current mode. 

 
According to the analysis of the above results: when the 

charge current or discharge current mutate, the battery output 
voltage Ub will obviously mutate, and cell stack voltage 
Ustack only appear smaller non smooth change. In the rapid 
response of the charge and discharge process, the output 
voltage of the battery is a dramatic mutation according to the 
input and output current value. This characteristic presents 
higher requirements for the design of DC/DC bidirectional 
converter. 

D. VRB efficiency analysis 

The charge-discharge efficiency of the VRB is an 
important factor affecting the system efficiency. In the 
process of constant current charge-discharge, the battery 
efficiency is closely related to the charge-discharge current. 
Therefore, it is necessary to study the effect of charge-
discharge current on the performance of the battery.  

Coulomb efficiency is defined as 

 2
e

1

Q

Q
    

Charge efficiency is defined as 

 stack
charge

cell

E

E
    

Discharge efficiency is defined as 

 cell
discharge

stack

E

E
    

Q1 and Q2 are the charge and discharge capacity, Estack and 
Ecell are the input and output energy of the battery. 

Based on constant current charge-discharge experiment, 
the effect of different current on the efficiency of the VRB is 
obtained, the results are shown in Table 1. 

 
 
 

TABLE I.  VRB EFFICIENCY UNDER CCM 

Current/A 
Coulomb 

efficiency/% 
Charge 

efficiency/% 
Discharge 

efficiency/% 

25 76.77 60.37 41.58 

35 82.86 67.93 50.11 

45 86.88 92.35 88.46 

55 89.62 90.75 86.24 

65 90.8 89.27 83.98 

75 93.37 87.77 81.45 

85 94.68 86.34 79.32 

95 95.83 84.73 76.11 

 
The fitting curves of the coulomb efficiency, charge 

efficiency and discharge efficiency can be obtained under 
different charge-discharge current, and the results are shown 
in Fig. 7. 

According to the analysis of the above results: 1) the 
coulomb efficiency increases with the charge-discharge 
current. Because the higher the current, the shorter the charge 
discharge time, the smaller the self discharge capacity of the 
battery; 2) if the charge-discharge current is small, the 
charge-discharge efficiency increases with the current. When 
the current reaches a certain value, the polarization of the 
battery will increase, and the energy loss will increase 
sharply, which leads to the decrease of the battery charge-
discharge efficiency. 

 

 
Figure 7.  Simulation waveforms of VRB efficiency. 

 
Based on the data of Table 1, the expression among the 

coulomb efficiency, the charging efficiency, the discharge 
efficiency and the charge-discharge current is  as following: 
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E. Transient characteristic analysis 

Assuming that the charge current during 0~0.3s is 95A, 
and  the VRB discharge with 95A current at 0.3s. The VRB 
charge again with 95A current at 0.4s. The output voltage of 
VRB is shown in Fig. 8. 

 
Figure 8.  Transient characteristic of VRB. 

 
According to the analysis of the above results, the 

transient characteristic of VRB is related to the concentration 
of the electrode and the electrolyte. During the process of 
state transition, the VRB need only about 20ms to reach the 
stable state, which reflect the excellent transient 
characteristic of VRB step response. 

 

F. The effect of temperature on the stack voltage 

 
The VRB is exothermic when it is running, and the heat 

transfer coefficient of the pipeline and the solution storage 
tank is small, so the measured temperature of the electrolyte 
is about 10 ℃  higher than the ambient temperature. 
Assuming that the VRB complete a charge-discharge cycle at 
a constant current of 95A, while the ambient temperature is -
5℃, 25℃ and 35℃ respectively. The battery stack voltage 
varies with temperature is shown in Fig. 9. 

According to the analysis of the above results: 1) the 
change of environmental temperature has no effect on the 
VRB constant current charge-discharge cycle; 2) the higher 
the ambient temperature, the higher the VRB stack voltage 
during the charge-discharge process, i.e., the higher the 
concentration of vanadium in the electrolyte. But when the 
electrolyte temperature is higher than 40℃ , it is easy to 
decompose into V2O5 precipitation; Vanadium solution can 
precipitate out the crystal at low temperature. Two extremes 
of temperature can reduce the performance of the battery. 
The working temperature of the VRB can be set at 15~35℃, 
and the cooling system can be used to control and adjust the 
reaction temperature. 

 

 
Figure 9.  VRB stack voltage at different temperature. 

 

V. CONCLUSION 

 
The output characteristics and modeling complexity of 

the VRB model structure presented in this paper are taken 
into account. The model not only reflects SOC, internal loss 
and transient characteristics of VRB, but also is convenient 
for simulation and engineering realization. The mathematical 
model between VRB battery efficiency and charge-discharge 
current is put forward for the first time, and the effects of 
transient features and temperature on the battery 
performance are analyzed. The work done in this paper lays 
the good theoretical foundation for further study of the VRB 
energy storage system. 
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