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Abstract 

The objective of this study is to investigate the performance of vanadium  redox  flow battery  (VRFB) for the 

different Nafion membrane properties. The most used Nafion membranes in the VRFBs are chosen, such as N105, 

N112, N115, and N117. To accomplish  this objective, a two-dimensional VRFB model for four different types of 

Nafion membrane is studied. The models are made by using COMSOL Multiphysics 5.5, under specified boundary 

conditions and assumptions. The simulation results showed  that the Nafion membrane N105 improved the 

performance of VRFB than other Nafion membrane types as it has the highest ionic conductivity. The coulombic, 

voltage and energy efficiency are deeply examined. 

 

1.Introduction 
Recently, most factories are using electricity from renewable 

energy systems to reduce environmental degradation. 

Renewable energy resources such as solar and wind have 

been developed for environmental friendly. However, 

renewable energy systems are unable to supply certain 

demands due to climate changes. In this regard, a vanadium 

redox flow battery (VRFB) is suitable for a hybrid system 

with renewable energy systems to solve this issue. 

 The VRFB store chemical energy and generate electricity by 

a redox reaction between vanadium ions (V5, V4, V3 and 

V2) dissolved in sulfuric acid (H2SO4). The main 

components of VRFB are positive and negative porous 

electrodes, membrane, current collectors, electrolyte tanks, 

and pumps. The membrane plays a very important role in a 

VRFB system. The membrane in VRFB is used to separate 

two porous electrodes and to transfer hydrogen protons. 

Several parameters are employed to describe the membrane 

in the VRFB applications, such as conductivity, water 

transfer and permeability [1]. The conductivity denotes the 

ability of a membrane to transport protons. The water transfer 

represents the ability of a membrane to absorb water. The 

permeability impacts the water flux passing through the 

membrane. Many types of membrane materials are available 

on the industrial market. Generally, Nafion membrane is used 

for a VRFB system, since it is high ionic conductivity and 

good chemical stability. 

Various study inspects the VRFBs performance an using 

Nafion membrane such us: 

Optimizing membrane thickness for vanadium redox flow 

batteries was studied [2]. The effect of membrane thickness 

on the VRFB performance was evaluated with three different 

thicknesses of 28 μm, 45 μm, and 80 μm. The charge and 

discharge cell voltages were discovered to be controlled by 

membrane thickness. Also, the membrane thickness 

determined the membrane resistance and electrolyte cross-

over, which created the variation of the cell voltage during 

the VRFB operation. In addition, the effective capacity of the 

battery was highly dependent on the membrane thickness and 

VRFB operational conditions. Furthermore, the 45μm 

thickness of the membrane was determined to be the ideal 

thickness for VRFB energy efficiency. 

The influence of Nafion membrane thickness on the 

performance of a vanadium redox flow battery was 

investigated experimentally by Jeong et al [3]. The 

measurements were made using electrochemical impedance 

spectroscopy (EIS) and a spectrophotometer (UV-vis). They  

found that the coloumbic efficiency (CE) decreased with 

membrane thickness. This result is due to the raised 

vanadium crossover rate during the VRFB operations. 

Compared to the thickness of Nafion 177, the CE of thick 

Nafion 117 was found to be superior to that of thin Nafion 

117. Also, it was shown that the electrochemical reaction 

resistance decreased with an increase in membrane thickness, 

which leads to decreased potential efficiency (PE).  

 

The objective of this study is to investigate the performance 

of VRFB for the different Nafion membrane properties. In 

this study, the most used Nafion membranes in the VRFBs 

are chosen, such as N105, N112, N115, and N117 [4].To 

achieve this objective, a two-dimensional numerical model 

for four different types of Nafion membrane is studied. The 

coulombic, voltage and energy efficiency are deeply 

examined. The models are developed with COMSOL 

Multiphysics 5.5. 

 

2. Mathematical Model 
Positive and negative porous electrodes, membranes, current 

collectors, electrolyte tanks, and pumps are the key 

components of the VRFB. 

The electrolyte solutions are containing sulfuric acid and 

vanadium ions. These solutions circulate to VRFB cells using 

pumps, and redox reactions occur during charge and 

discharge processes. 
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Positive electrode:   (1) 

Negative electrode:                      (2) 

2-1  Model assumptions 

In this study a two-dimensionnal  model is developed to 

examine the performance of VRFB with four different types 

of membranes as shown in table 1.  Figure 1 shows the 

geometry model of VRFB and to facilitate the simulations the 

assumptions below are considered. 

 

• The  electrolyte flow is unidirectional, laminar and 

incompressible. 

• Species transport is described using the dilute-

solution approximation. 

• The possible side reaction (hydrogen evolution and 

oxygen evolution) and the bubble formation are not 

taken into account. 

• The membrane is modeled as a proton conductor 

without considering the penetration of other ions. 

• Physical properties of porous electrodes and 

membrane are homogeneous and isotropic. 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Geometry model of VRFB 

 

Table 1 

Membrane properties[4] . 

 

Nafion 

membrane 

Electrolyte Membrane 

thickness 

µm 

Water 

content 

alpha 

N117 Immersed in 

water 100C 

205 22 

N112 Immersed in 

water 100C 

62 22 

N115 Immersed in 

water 100C 

150 22 

N105 Immersed in 

water 100C 

160 27 

 

2-2 Modeling of porous electrodes 

The Nernst-Planck equation is used to describe the molar flux 

of solved ion species  :  

     (3)               

Where  is the molar flux and  is the source term of the 

vanadium species.  denote the concentration of species   

(wıth i representing V5+, V4+, V3+, V2+,   and ). 

The fluid velocity  can be expressed using Darcy’s 

law as: 

      (4)               

Where  is the electrolyte viscosity,  is the pressure.  is the 

permeability of a porous medium can be described by the 

Carman-Kozeny equation [5]. 

        (5)               

Where  ,  and  are the fiber diameter, the Carman-

Kozeny constant and the porosity, respectively. The values 

are given in Table 3.  

 in equation Eq.3 describe the effective diffusion 

coefficient of the VRFB species and is determined by the 

Bruggemann equation. 

                                                  (6)    

Nernst equations are used to determine the electrode 

equilibrium potential: 

   (7)  

    

       (8)           

 Where  and  are the reference potential for the 

negative and positive electrode reaction, R is molar gas 

constant, T is the cell temperature and F is the Faraday’s 

constant. 

Electrode reactions in positive and negative electrode 

processes are described by Butler-volmer type kinetic 

expressions: 

(9)   

  

            (10)           

 

Where  and the positive and negative reaction rate 

constant. 

The positive and negative electrode overpotential is as 

follows:  

                (11)          

        

                 (12)          

      

Where the  is the electrode potential and  is the 

electrolyte potential. 

The porous electrode current is given by Ohm's law: 

                  (13) 

                 (14) 

Where and  denotes the electrolyte and the electrode 

effective conductivities respectively and they are expressed 

as follows. 

                  (15)                
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                        (16)            

   

and the effective membrane conductivity is calculated as 

follow: 

                    (17)           

 

2-3 Modeling of membrane 

Since the hydrogen proton is the only mobile ion pass 

through the membrane, the conservation equation is: 

                  (18)               

where and are the conductivity and electronic 

potential of the membrane. 

3- Results and discussions 

3-1 Model validations 

Fig.2  shows the simulated model of VRFB discharge voltage 

and the experimental data [5] at different SOC for applied 

current densities of 40 mA cm−2.  It is seen that the model 

captures the trends quite well. At the end of SOC, the slight 

differences in discharge voltage between numerical and 

experimental results may be due to the presence of side 

reactions that are not accounted for in the current model. 

 

 

 

 

 

 

 

 

 

Fig.2. Comparison of simulated and experimental data. 

 

3-2 Performance of VRFB 

Fig.3 shows the variations of cell voltage with SOC for 

different Nafion membranes of N105, N112, N115 and N117 

during discharge processes at the applied current density 

I=40mA/m2. It is seen that the Nafion membrane N105 has 

higher performance compared to those other Nafion 

membrane types due to the highest ionic conductivity of 

Nafion membrane N105. It is concluded that the membrane 

ionic conductivity affects more impact on the performance of 

VRFB rather than thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. Discharge voltage of VRFB. 

3-3 Efficiency results of VRFB 

The most common performance metrics for VRFBs are 

Coulombic efficiency (CE), voltage efficiency (VE), and 

energy efficiency (EE). 

The CE can be used to monitor side reactions (ions 

crossover) or other faradaic losses by describing how well 

electrons are transported into and out of the system. The VE 

describes losses result of both overpotential and electrolyte 

crossover. And the EE indicates the VRFB's overall 

efficiency. The CE, VE and EE of the VRFB are calculated 

by the equations below. 

                  (19)               

                 (20)               

                  (21)               

Where,  denote the discharge current and  the charge 

current.  and  are the discharge and charge voltage 

respectively. 

3-3-1 Coulombic efficiency 

Fig.3 displays the CE of VRFB for the different membranes 

with the SOC range from 0.1 to 0.95. It is seen that the CE 

for the different membranes is almost identical about 99%. 

Since the models are computed without any side reaction pass 

through the membrane as described in assumptions.    

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Coulombic efficiency. 
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3-3-2 Voltage efficiency  

It can be seen from the fig.4 that the Nafion membrane N117 

has the smallest VE compared to the other membranes. The 

N117 has thinker thickness, which is attributed to the higher 

resistance and increased ohmic loss. While the Nafion N112 

possesses the highest VE throughout the SOC. The VE 

difference between N105, N112, N115, and N117 Nafion 

membranes is about 10%. This result is due to the constant 

applied current density of 40mA/cm2 used during VRFB 

simulation. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. Voltage efficiency 
 
3-3-3 Energy efficiency 

Fig.5 shows the EE of VRFB with different Nafion 

membranes. It is observed that the EE of the Nafion N105, 

N112, N115, and N117 are 91.08%, 91.25%, 90.98% and 

90.85% respectively. The EE for the different membranes is 

almost the same. This result is due to the side reactions were 

not considered in the models.  

 
 
 
 
 
 
 
 
 

4 Conclusions  

In this study, the effect of Nafion membrane properties on the 

performance of VRFB is investigated.  VRFB models are 

examined for Nafion membranes N105, N112, N115, and 

N117. 

The results showed that Nafion membrane N105 improved 

the performance of VRFB than other Nafion membrane types 

as it has the highest ionic conductivity. The CE and EE 

values for the various membranes are almost identical. Since 

no side reactions flow across the membrane, the models are 

computed without them. The VE difference between N105, 

N112, N115, and N117 Nafion membranes is about 10%. 

Because of the constant applied current density of 40mA/cm2 

used during VRFB simulation.  
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Fig.5. Energy efficiency 
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