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In vanadium redox flow battery (VRFB), the active area for charge-discharge plays an 
important role on the optimization of the system. In this work, the optimum flow rate 
and current density of Nafion 117 membranes were examined and compared using 
5cm2 and 25cm2 size of interdigitated flow field to operate VRFB at maximum 
efficiencies and discharge capacity. During discharge, flow field 25cm2 showed the 
highest discharge capacity of 367.5mAh at 10mAcm-2 as compared to 5cm2 flow filed 
which gave 221.9mAh. For battery efficiencies, three different parameters showed 
significant effects on different size of interdigitated flow field. 25 cm2 size of 
interdigitated flow field gave higher efficiencies than 5.0 cm2 up to 98%. This research 
offers fundamental understandings that bigger active area is needed to fully utilize the 
performance of VRFB.  
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1. Introduction 
 

Due to inutility of solar energy and wind energy, a storage solution such as vanadium redox flow 
batteries (VRFBs) are needed to store large-scale energy generation and balance the voltage 
fluctuations. In moderate climates, short fluctuations in solar system and their strain on the 
electricity grid will become extensive issue in regards to future large-scale application of photovoltaic 
systems [1]. Among all of redox flow batteries available, VRFBs are regarded as the high potential 
alternative devices for large energy storage systems. VRFBs became more attractive since 1980s due 
to their promising long life and low maintenance cost as compared to other redox flow batteries [2-
4]. Recently, lithium-ion battery has jumped into safety controversy with frequent explosion 
incidents which indicate that lithium-ion battery is not robust and requires protection circuitry 
incorporated to ensure that they are kept within their safe operating limits. The vanadium electrolyte 
incorporated in VRFB is a nonflammable aqueous solution and has high heat capacity to restrict the 
temperature rise. Therefore, VRFB does not have risk of explosion and ignition [3]. The performance 
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of VRFB relies mostly on the components and operating parameters of the system; the energy storage 
capacity depends on the concentration and size of the electrolytes, which greatly increases self-
reliance in the energy storage system. 

Flow field or bipolar plate acts as distributor of electrolyte on each half-cell in VRFB system. Due 
to corrosive electrolyte, graphite is often being used as bipolar plate instead of metallic. Bipolar plate 
is usually engraved with pattern on its surface called flow channel to thoroughly distribute the 
electrolyte for charge-discharge cycle. It is important to properly design the flow channel to decrease 
the pressure drop. Increase in pressure drop will drop the battery performance [5]. Battery 
performance is dependent on combination of electrode and flow field [6].  

Study from Kumar et al., [1] found that the size dimensions of bipolar plate, number of channel 
and electrode permeability play important role in the performance of VRFB system. Several in-situ 
experimental researches have been reported on the role of flow field design in fuel cell and VRFB 
system [7-13]. The design of flow field for shift current elimination can lead to inexact design 
parameters, unless the effect of pressure losses can also be involved in the calculated system 
efficiencies [14]. Khazaeli et al., studied the effect of outlet channel width on PEM fuel cell 
performance and found that the narrower outlet channel width shows better performance due to 
uniform distribution of electrolyte [8]. C. Yin et al., developed a 3D multi-physical model of VRFB with 
57.5 cm2 active area with different flow fields design and found that interdigitated flow field shows 
better performance than serpentine and leaf [11]. You et al., studied an active area of 900cm2 using 
interdigitated flow field in RFBs whereby the study found that optimizing the number and size of 
channels is crucial to balance electrolyte velocity and pressure drop in electrode [12]. Zeng et al., 
proposed that the pumping loss of RFBs increases when scaling up to larger active area cells. That 
research also found that interdigitated flow field independently regulates the distribution of 
electrolyte thus enhancing mass transport [13]. Similarly, larger active area is found to provide 
smaller pressure drop as established by Darling and Perry in their study on the influence of electrode 
and channel configurations in flow battery [6]. Larger active area improves the peak power density, 
pressure drop and discharge energy [15]. On top of this, the pressure drops and mass transport study 
regarding the flow field in flow batteries is important to maximize the output performance. However, 
most of these studies focused on the comparison type of flow field design that affects the batteries’ 
performance. Studies of flow field especially the ones that focused on the size of active area affecting 
VRFB performance have not been conducted systematically.  In addition, review study by [27] state 
that right material and specification are crucial to investigate in order to keep the sustainable of a 
system.  

The aim of present study is to compare between two active area using 5 cm2 and 25 cm2 
interdigitated flow field to monitor the performance of VRFB. The optimization of flow rate, current 
density and volume of electrolyte will be observed to match each size of flow field. 
 
2. Experimental 
2.1 Materials 
 

Commercial Nafion 117 with 183mm thickness membrane were first pretreated with 2.0M H2SO4 

(Merck 98%) at 100 oC for 2 hours followed by immersing the membrane in H2O2 (Merck 30%) at 100 
oC for two hours. 1.5 M VOSO4

 in 3.0 M H2SO4 electrolyte were freshly prepared by dissolving VOSO4 
(Sigma-Aldrich 97%), SGL Graphite Felt electrode 6mm, Scribner single cell for redox flow battery.   
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2.2 Characterization and Measurements 
 

The morphology and structure of the graphite felt electrode were characterized using scanning 
electron microscopy (FEI Quanta 400).  
 
2.3 Pressure Losses in Flow Field and Porous Electrode 
 

The flow field of VRFB usually contains common manifolds which channel that feed electrolyte 
into each half-cell. The pressure losses through manifolds and channels can also be calculated on the 
basic of Darcy friction factor using relevant flow field design parameters. While long length and small 
cross-sectional area in channel and manifolds generally help lower leakage of currents, considerable 
pump losses are correlated with the large pressure drop in the channels which produce low system 
efficiencies. The appropriate arrangement between flow field and pump losses that can bring off 
maximum system efficiencies is thus cynical in VRFB assembly. Further to pressure losses in flow field, 
the porous felt electrode can cause significant pressure drops in the reaction cell. The pressure drops 
through a given porous felt electrode can be calculated by Darcy’s equation [14]: 
 

∆𝑝𝑙𝑜𝑠𝑠 =
𝜇 𝑙 𝑄

𝜅 𝐴
 

 
where Ɩ is the length of the porous electrode, µ is the viscosity (Pa S) A is the cross-sectional area and 
κ is the permeability of the porous electrode that can be decided by Kozeny-Carman equation [16]: 
 

𝜅 =
𝑑𝑓

2 𝜀3

16𝐾(1 − 𝜀)2
 

 
where 𝑑𝑓 is the diameter of fibre, K is Kozeny-Carman constant and 𝜀 is the porosity of the electrode 

[17, 18]. 
 
2.4 Battery Analysis 
 

The study was conducted in the form of a series of experiments, with data being gathered by 
battery analyzer Neware BTS 4000 series. Various flow rates, current densities, and size of flow field 
were carried out to study the performance of battery on discharge capacity, voltage efficiency, 
columbic efficiency and energy efficiencies. Two sizes of interdigitated flow field were investigated 
in this work; 5.0 cm2 and 25 cm2. 

All tests were conducted with pretreated Nafion 117 membranes [2]. The Nafion 117 membrane 
has thicker membrane and practical for VRFB application to slow electrolyte imbalance process [19]. 
 All analysis was conducted with solution of 1.5 M vanadyl sulfate in 3.0 M sulfuric acid. The 
reservoir in anolyte and catholyte were filled with 40 mL and 80 mL, respectively. Both solutions were 
charged to 100% state of charge (SOC) and then half of the electrolyte in positive side were removed 
so that all tests were conducted in the same volume of electrolyte. All tests were conducted at room 
temperature. All parameters used in this study are tabulated in Table 1. 
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Table 1 
Parameters of single VRFB system used in this research  
Specification Value 

No. of cells 1 
Total vanadium concentration 1.5 molL-1 
Volume of half-cell 30mL 
Temperature 24 ºC 
Membrane Nafion 117 
Electrode Rayon 
Type of flow field Interdigitated 
Size of flow field 5 cm2 and 25cm2 

No. of channel 12 and 24 
Electrode porosity  95% 
Kozeny-Carman constant 4.28 

Permeability of electrode 7.04 x 10-6 cm2 
Length of porous electrode 2.5 and 5.0 cm 
Cross-sectional area 5 and 25 cm2 
Diameter of fiber 19 ± 0.2 µm 

 
2.4.1 Discharge capacity 
 

The discharge capacity was determined by discharging the electrolyte solution initially at 100% 
SOC at a constant current until a cutoff voltage 0.8V was reached. Three current densities were 
evaluated: 10 mA/cm2, 20 mA/cm2 and 30 mA/cm2 on two size of flow field with constant flow rate.  
 
2.4.2 Charge-discharge cycle 
 

The performance efficiencies of VRFB were determined by using charge discharge test. The 
charge-discharge test was conducted within a voltage range between 0.8 V and 1.72 V within 10 
cycles. Based on the measurements from the single cell’s charge-discharge performance, the 
coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE) can be calculated as 
below: 
 

𝐶𝑜𝑢𝑙𝑢𝑚𝑏𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ)

𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ)
                                                                            (1) 

                       

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐴𝑣𝑔 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)

𝐴𝑣𝑔 𝑐ℎ𝑎𝑟𝑔𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)
                                                                             (2) 

               

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ)

𝐶ℎ𝑎𝑟𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ)
                                                                                    (3) 

              
3. Results and Discussion 
3.1 Discharge Capacity  
 

Table 2 shows results tabulation for both interdigitated flow field size during discharge of energy 
from VRFB. Our findings show that 25cm2 size of flow has higher discharge capacity together with 
energy discharge. This indicates that the larger active area, the capacity to discharge energy 
increases. In line with the same operating condition found by X. D Wang et al., 2008 [20] which also 
agreed that the cell performance enhances gradually as the channel cross-sectional area increases. 
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At this stage of understanding, the discharge capacity could be improved by conducting more study 
on the optimization of electrolyte and treatment of materials involved in the cycle system. 
 

Table 2 
The comparison of discharge capacity, energy discharge and time taken between 5cm2 and 
25cm2 size of interdigitated flow field 
Size of flow 
(cm2) 

Current Density 
(mA/cm2) 

Discharge Capacity 
(mAh) 

Energy Discharge 
(Wh) 

Time taken 
(h) 

5 10 221.9 0.2578 4.27 
20 70.7 0.0747 1.08 
30 78.6 0.0870 0.39 

25 10 367.5 0.5008 1.28 
20 299.7 0.3925 0.36 
30 253.5 0.3188 0.20 

 
The discharge capacity decreases with the increase of the current density as shown in Figure 1. 

This result proves that energy density decreases when current density increases and power density 
increases as mentioned by Sangwon Kim [21]. This appears to be the case where decrease in energy 
density will increase the power density, thus it will lower the energy discharge from the battery. This 
is due to the stronger polarization effects derived from large current density point to low discharge 
capacities. These findings specify that discharge capacities are increased by lowered the current 
densities which cause fading acceleration for the discharge capacities. Therefore, to increase the flow 
rate by increasing the current density can be considered to be equivalent for large scale battery that 
requires high current density.  
 

 
Fig. 1. Discharge curve of 5 cm2 and 25 cm2 at different current density 

 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 89, Issue 2 (2022) 128-138 

 

133 
 

3.2 Effects of Flow Rate 
 

The flow field introduces an adjacent to the electrode in VRFB system as a direct path to reduce 
the pressure drop. The pumping system is needed for continuous flow of electrolyte during charge-
discharge cycle in VRFB. Figure 2 shows the efficiencies of VRFB with different size of flow field.  
 

 
Fig. 2. Effects of flow rate on the efficiencies of VRFB (a) 5cm2 size of interdigitated flow field (b) 25cm2 
size of interdigitated flow field (all efficiencies are at average of 10 cycles, temperature:24ºC, 30mAcm-2 
of current density, 30 mL volume of electrolyte) 

 
The optimum flow rate for 5 cm2 is at 10 mLmin-1, 25 cm2 flow field is 20 mLmin-1 that give the 

highest performance efficiencies of the cell. From the graph, 25 cm2 active area has higher columbic 
efficiencies and voltage efficiencies than 5 cm2 active area at about ~20% differences. This trend is 
similar with study from Y. Zeng et al., [13] which found that the section area of 5 mm2 has higher 
performance than 1.0 mm2 of conventional flow field channel. This is due to higher active area lowers 
the pressure drop in flow channel. On the other hand, 5cm2 size of flow field shows increase in 
columbic efficiency when flow rate increases but both voltage efficiency and energy efficiency 
perform low below 60%. Increasing flow rate raises the cell voltage and depth of discharge [8]. In this 
case, flow rate and current density are directly proportional to each other. Hence, to use higher flow 
rate, the increase of current density is needed too.  

 
3.3 Effects of Current Density 
 

Figure 3 shows that 5cm2 size of interdigitated flow field best works at 40 mAcm-2 current density 
with highest columbic efficiency. Both voltage efficiency and energy efficiency are optimum around 
70%, whereas 25cm2 size of interdigitated flow field shows that highest energy efficiencies operate 
at low current density of 10 mAcm-2. The bigger size of flow field can be operating at higher current 
density parallel with increasing the flow rate. For 5 cm2 size of flow field, the columbic efficiency 
increases by increasing the current density. 
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Fig. 3. The effect of the current density on the battery performance (a) 5cm2 size of interdigitated flow 
field (b) 25cm2 size of interdigitated flow field (all efficiencies are at average of 10 cycles, 
temperature:24ºC, 30 mLmin-1, 30 mL volume of electrolyte). 

 
The same trend shows in the research by Mohamed et al., [22] indicating an improved charge-

discharge cycle at higher current density. For 25 cm2, the voltage efficiency drops slightly as the 
current density increases from 10 mAcm-2 to 40 mAcm-2. This is due to the internal resistance drop 
during discharge of energy. The internal resistance of chemical batteries like VRFBs is typically due to 
the resistance of the electrolytic system. These findings conclude that bigger size of flow field might 
suffer from the precipitate occurs at the graphite felt. This causes some blockage for the electrolyte 
to freely flow as further discuss in section 3.5. As for 5 cm2 smaller size, the flow of electrolytic is 
quite different as the pressure is higher, lead to low internal resistance. The overall energy efficiency 
is more than 85% for both size at 40 and 50 mAcm-2 current density, and it is comparable to other 
studies for VRFB systems [22, 23]. One limitation of these findings however is that the current density 
is not able to achieve 80 mAcm-2. This is particularly important when investigating the power 
generated because high current density is needed for fast charging the bigger scale of battery. The 
upscaling work can be investigating to increase the current density for the batteries.   
 
3.4 Effects Volume of Electrolyte 

 
The volume of electrolyte was tested on 5cm2 size of interdigitated flow field as the current 

density and flow rate did not give significant effect to the optimum battery efficiency. From Figure 4, 
it shows that low volume of electrolyte is suitable to operate in smaller size of flow field. The highest 
columbic efficiency was achieved with voltage efficiency and energy efficiency around 60% of battery 
performance. This study is new to this research area, where most of research identified the effects 
of the concentration of electrolyte and state of charge of the electrolyte. Thus, this finding will be an 
added knowledge on the electrolyte used for VRFB system. 

The electrolyte is the medium where the energy has been stored. Low volume of electrolyte 
indicates that only small energy can be stored. Thus, smaller size is not preferable to operate for 
upscaling the VRFB system.  
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Fig. 4. Effects of volume of electrolyte on the efficiencies of VRFB (a) 10mL of electrolyte on 20mAcm-2 
with different flow rate (b) 50mL of electrolyte on 20 mAcm-2 with different flow rate (all efficiencies are 
at average of 10 cycles, temperature:24ºC, 5cm2 size of flow field) 

 
3.5 Pressure Losses in Flow Frame and Porous Electrode 
 

Pressure losses are tightly related to energy losses in the system. Figure 5 illustrates the 
increasing flow rate in each flow field that produce additional pressure losses to reduce the mass 
transport differences. The pressure loss at 50 mLmin-1 flow rates shows significant differences 
between 5 cm2 and 25 cm2 size of flow field. The bigger size of flow field shows lower pressure losses 
than the smaller size while increasing the flow rate. This result leads to similar conclusion as reported 
in [14, 19]. The same condition appears in [26], the study affirmed the pressure loss increased with 
smaller area. The resistance to flow affects the overall system efficiencies [28]. Hence, the suitable 
size of flow field is important to ensure the performance of the VRFB is maximized.  
 

 
Fig. 5. Calculated pressure losses versus flow rate for 5 cm2 and 
25 cm2 size of interdigitated flow field 
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3.6 SEM Results 
 

From the scanning electron microscopy (SEM) analysis of the graphite felt electrode, it can be 
seen that after 100 cycles of charge-discharge of VRFB are done, the precipitate appears on the fiber 
surface of porous electrode as can be seen in Figure 6. The precipitation appeared from the 
deprotonation of vanadium electrolyte as it is easy to crystallize when V(V) ion reacts with SO4

2- 
complexes [24]. Unlike V(V) ion, V(II), V(III), and V(IV) ions are prone to precipitate as sulfates at low 
temperature [25]. The pump efficiencies can get affected with the resistance of electrolyte while the 
viscosity of electrolyte will influence the rate of distribution of electrolyte in the VRFB system. The 
stability of electrolyte in VRFB system can be further investigated to overcome this limitation.  
 

 
Fig. 6. SEM image of graphite felt electrode used in single cell VRFB (a) and (b) before used in 
VRFB (c) and (d) after 100 cycle at 50mAcm-2 in VRFB 

 
4. Conclusion 
 

A significant study of single cell of interdigitated flow field dimensions on a cell active area of 
about 5 cm2 and 25 cm2 has been performed. The measured parameters included the flow rate, 
current density, volume of electrolyte, evaluating the performance of the cell and characterization 
of the graphite felt electrode. The following conclusions can be drawn from these studies: 
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i. 25 cm2 size of interdigitated flow field is preferable to operate in VRFB than 5 cm2 as the 
optimum  performance of the battery is achieved.  

ii. 25 cm2 size of interdigitated flow field capable to discharge energy more than 5 cm2 due 
to larger active area. 

iii. Higher flow rate of 50 mlmin-1 increased the voltage efficiencies up to 98% for 5 cm2 size 
of interdigitated flow field and lowest flow rate of 20 mL min-1 for 25 cm2. 

iv. The current density for 5 cm2 size of interdigitated flow field for optimum efficiencies is 
40 mAcm-2 whereas for 25 cm2 is 10 mAcm-2. 

v. The pressure losses of 25 cm2 size of flow field is 3 times lower than 5 cm2 for 50 mLmin-

1 flow rate that will lead to better efficiencies of the batteries.  
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