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Design, Development, and
Testing of a Low-Concentration
Vanadium Redox Flow Battery
The purpose of this paper is to highlight the design, development, and testing of a low-con-
centration vanadium redox flow battery (VRFB). The low-cost implementation has a 7 cm×
7 cm active membrane area and an electrolyte volume of 450 mL for each positive and neg-
ative electrolyte. The electrolyte concentration is approximately 0.066 M vanadium. An
H-cell for performing electrolysis with the electrolytes is developed, and the process and
method for creating the electrolyte for this low-concentration implementation are described
and documented. The maximum power density and energy efficiency of the battery among
tests between 500 and 800 mA are 1.32 W/L and 28.51%, respectively. Results are pre-
sented in terms of polarization curves, charge/discharge cycles, and voltage, coulombic,
and energy efficiencies. Adaptation of a COMSOL Multiphysics model is implemented to
compare the computational performance figures and the results of our VRFB implementa-
tion. The numerical results agree with experimentation, and differences in the results can be
attributed to the losses present in the experimental tests. The proposed battery and design
are intended to investigate the performance and feasibility of a low-concentration VRFB.
The ultimate long-term objective of this research is the development of a novel, cost-
effective, and safe redox flow battery using hydrogen peroxide as one of the electrolytes.
[DOI: 10.1115/1.4046869]
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1 Introduction
As the demand for sustainable and renewable energy sources

grows, the need for cost-effective and reliable energy storage loca-
tions becomes increasingly important. Renewable energy power
sources seldomly generate the consistent power required by
the grid [1]. Through conversion and storage of renewable energy
power, the energy can be properly deployed in a controlled
fashion and intermitted production concerns can be minimized [1].
Various energy storage techniques are used by utility providers

and industry, all with diverse advantages and disadvantages.
Recently, the nature-derived sodium-ion battery was studied by
Miroshnikov et al. [2], and characterizations of water in the salt
electrolyte for electrochemical double-layer capacitors are per-
formed by Mahankali et al. [3]. The redox flow battery (RFB) is
an emerging energy storage device suited for large-scale applica-
tions. RFBs employ a reversible redox reaction to facilitate the
storage of energy. The novel characteristic of this style of battery
is the independence of the systems’ energy capacity and energy
potential. In some applications, these batteries can fully charge
and discharge without substantial negative effects on the cell’s com-
ponents, giving this technology an advantage over many other
storage techniques [4]. RFBs are a competitive prospect for future
pairing with renewable energy production and a more sustainable,
green energy production/storage [5].

A current challenge RFBs face is their relatively low energy
density trait [5]. Improving the energy density by optimizing the
electrolyte is key to improving RFB technology. Various chemis-
tries have been tested to this effect (Fe/Cr [6], Zn/Br [7–9], V/V
[10–12], and V/Br [13]). Of these chemistries, V/V or all-vanadium
chemistry is the most widely studied and applied and is particularly
attractive due to the lack of negative effects caused by cross-
contamination of active species [10]. Vanadium redox flow batteries
(VRFBs), like other traditional redox flow batteries, use two liquid
electrolytes to facilitate the redox reaction and store/release energy
as required. This is accomplished through the use of four oxidation
states of vanadium (V2+, V3+, VO2+ (otherwise V4+), and VO+

2 (oth-
erwise V5+)). The redox pairs are stored in separate tanks and
circulated through separate half-cells of the battery (shown in
Fig. 1). V5+/V4+

flow through the positive half-cell, and V2+/V3+

flow through the negative half-cell.
During the charging process, blue V4+ ions release an electron and

are oxidized to yellow V5+; the reverse is true while discharging. A
proton is transferred through the membrane where a V3+ ion accepts
the electron and is reduced to V2+. This process is shown in Fig. 2.
The negative and positive half-cell reactions are shown in the follow-
ing equations, Eqs. (1) and (2), while the overall discharge reaction is
shown below in Eq. (3). When the system is in a discharged state, the
negative and positive electrolytes contain only V3+ and V4+ (VO2+).
Rather while in the charged state, the negative electrolyte is reduced
to V2+, while the positive electrolyte is oxidized to V5+ (VO+

2 ) [14].
Positive cell reaction:

VO+
2 + 2H+ + e− ⇌ VO2+ + H2O (1)
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Negative cell reaction:

V2+ ⇌ V3+ + e− (2)

Overall discharge reaction:

VO+
2 + V2+ + 2H+ ⇌ VO2+ + V3+ + H2O (3)

Vanadium chemistry was used in this work to develop a
proof-of-concept cell design template which can be used for
future studies with varying chemistries. To the authors’ findings,
there is little reported literature on the design, preparation, and
testing of a simple, low-concentration VRFB for preliminary
research. This study aims to fill that gap and thereby broaden the
accessibility of the technology. The paper is organized as follows.
Section 2 provides an overview of the literature related to vanadium
redox flow batteries and a summary of the electrolyte, membrane,
electrode, and peripheral battery components. The experimental
procedure and corresponding results are shown in Secs. 3 and 4,
respectively. A computational study is performed in Sec. 5, and
the results are discussed and compared with the experimental
results in Secs. 6 and 7. Section 8 the paper is then concluded,
and future work is discussed.

2 Literature Review
A VRFB has four main components that compose its structure:

the electrolyte, electrode, membrane, and bipolar plate. Addition-
ally, the gaskets, collector plates, end plates, and pumps must be
considered. The electrolyte in a VRFB is crucial to the energy
storage capability of the battery. Since the electrolyte storage is
kept separate from the battery stack, the capacity and power bank
of a flow battery can be independently scaled. The typical limiting
factor of flow batteries, however, is the energy density: this is
dependent on the concentration of the active species in the electro-
lyte. The other components provide structure to the battery and
allow transport of electrons between the stack and the external
circuit. A VRFB’s membrane is intended to inhibit cross mixing
of opposing electrolytes while allowing ion exchange to occur.
Particularly, important traits of the membrane include high ion

conductivity, high chemical stability, and good ion selectivity.
Chemical stability in the membrane is necessary for ensuring a pro-
longed lifespan of the battery, while high proton conductivity and
ion selectivity are required for increasing the efficiency of the
battery. The latter two traits allow for the completion of the internal
circuit, and to inhibit cross-contamination and resulting self-
discharge, respectively [15]. The electrode acts as a catalyst for
the oxidation and reduction reactions that occur within the cell
while also completing the electrical connection between the mem-
brane and bipolar plate. For this, the electrode requires a high reac-
tive surface area while also permitting ample electrolyte flow
through the cell and maintaining low electrical resistance and chem-
ical reactivity. Porous forms of carbon (felt [16], paper [17], and
cloth [18]) are thus typically used. The bipolar plates are akin to
the poles of a standard battery cell. These graphite plates are the
cell’s connection to the external electrical circuit and act to separate
adjacent cells in a stack of cells. In a discharge cycle, electrons
released from the negative half-cell are collected by the bipolar
plate and are transferred to the positive half-cell; the reverse is
true while the battery is charging. The bipolar plate is required to
have a high electrical conductivity and low chemical reactivity to
extend the life span of the cell. Electrolyte flow paths are often
cut into the bipolar plate to reduce the pressure drop through the
porous electrode. Sections 2.1–2.7 describe different components
of RFB and related researches.

2.1 Electrolyte. With the all-vanadium chemistry, the concen-
tration of vanadium is typically limited to 2 M in commercial appli-
cations due to the relatively low solubility of the range of vanadium
ions in the supporting electrolyte [19]. This low solubility is

Fig. 2 (a) Charging and (b) discharging process depictions of a VRFB

Fig. 1 Redox flow battery diagram
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especially apparent at high temperatures (above 40 °C) for vana-
dium (V) and low temperatures (below 5 °C) for vanadium (II)
and (III) [19]. There are numerous studies on improving the concen-
tration with supersaturated solutions [20], additives [21–24], and
other contributors for chemical stability [20] as well as alterations
to the electrolyte chemistry [19,25–28]. The electrolyte used in
this experimental work is composed of 0.066 M vanadium pentox-
ide and 2 M sulfuric acid.

2.2 Membrane. There are two commonly used membranes:
ion exchange membranes (IEMs) and nanofiltration membranes.
IEMs selectively allow ions to pass through based on the ion’s
charge and whether the membrane is anionic or cationic [29],
while nanofiltration membranes utilize geometry to impede the
exchange of larger ions like vanadium while allowing smaller
ions like hydrogen to pass [30]. Membrane research currently
relates to improving ion selectivity while reducing the overall
cost of the materials, which is a significant contribution to the lim-
itation of flow battery commercialization [30]. The membrane used
throughout the experimental procedure is a VANADion™ mem-
brane: an IEM developed by DuPont with a thickness of 254 μm.

2.3 Electrode. The field of electrode research contains various
work improving performance using thinner electrodes [17], heat
treatments [31–33] and other surface treatments [34–38], structural
modifications [39], new materials [40–42], and reducing contact
resistance with compression [43,44]. Despite the porosity, the
high compressions required for optimal electrical conductivity
tend to cause a large pressure drop across the electrode. The elec-
trodes in this work are graphite felt with a total uncompressed thick-
ness of 9 mm.

2.4 Bipolar Plate. There have been many studies (experimen-
tal [45], mathematical [46,47], or a combination [48,49]) comparing
conventional, parallel, interdigitated, and serpentine flow fields for
use in VRFBs, though the optimal choice is ultimately dependent on
the scale of the battery being constructed. These flow fields are
depicted in Fig. 3. The ideal path is one that minimizes electrical
shunt currents while still minimizing the pressure drop [50].
Further bipolar plate research is conducted to improve the

material properties. By using carbon composites instead of plain
graphite, the dissolution of the plates into the electrolytes could
be prevented [51]. Additives like carbon black used by Lee et al.
[51] and ketjenblack nanoparticles used by Park et al. [52]
showed comparable or improved efficiencies to regular graphite
while also improving the chemical stability in the acidic electrolyte.
There has also been success in bipolar plates without carbon, such
as an IrOx coated TiO2 plate developed by Han et al. [53]. The
bipolar plates used for this design are plain graphite plates with a
thickness of 2.8 mm.

2.5 Gasket. Gaskets are crucial for the structural integrity and
functionality of the VRFB cell/stack. Most commonly, polytetra-
fluoroethylene (PTFE), polyvinyl chloride (PVC), and silicone are
used as gasket materials; the material used and overall gasket
design depend on the required cell compression.

2.6 Current Collector Plate. Current collectors are similar in
function to bipolar plates but are typically made from a highly con-
ductive metal like copper and are placed only at the ends of the
stack. The simplicity of a single cell design often allows the func-
tion of the metallic plate to be performed by the bipolar plate, so
the term is sometimes used to describe either. The experimental
cell described in this work did not use a current collector. As a
single cell configuration, the external wiring was attached directly
to the bipolar plate.

2.7 Pumps. Due to the acidic nature of the electrolyte, peristal-
tic pumps are often used for electrolyte circulation to avoid electro-
lyte contact with mechanical components. With this, an optimal
flowrate is crucial to the efficiency of a VRFB. Tang et al. [50]
and Ma et al. [54] show the benefits of variable flowrates, particu-
larly toward the end of charging and discharging cycles, which tend
to improve efficiencies. The electrolyte flow direction is also impor-
tant; having the electrolytes enter the battery cells from opposing
directions allows for similar drops in electrolyte charge among
cells, which improves operating conditions [55].

3 Experimental Procedure
This section describes the experimental procedure, materials

used, design, and development of different components, followed
by the assembly and preparation of a VRFB.

3.1 Materials

3.1.1 H-Cell. An H-cell is an electrolysis cell with two half-
cells that is used to charge either one or both electrolytes at a
time. The H-cell was used in this application in order to reduce
the exposure time of the electrolyte within the cell. The acidic
and destructive nature of the sulfuric acid within the electrolyte
can damage the membrane and gaskets throughout the cell, com-
promising the end results. The two half-cells are separated such
that there is no direct mixing of the contents in each half cell,
but a transfer of protons can still occur. The concept of this is illus-
trated in Fig. 4 and the implementation in Fig. 5. A VANADion™

membrane was used in the present design. Size 2 PVC pipe,
T-connections, flanges, and end caps (McMaster-Carr) were used
to assemble the H-cell reservoirs. The PVC material was chosen
for this due to its resistance to degradation with sulfuric acid
and its low cost. Silicone gasketing was used to seal the two res-
ervoirs together between the membranes. Two electrodes were cut
from the stock graphite used for the bipolar plates and were
attached to an INSTEK laboratory DC power supply during oper-
ation. Rubber was wrapped around the electrodes to prevent the
electrical contact between the electrodes and supports; the elec-
trodes were then suspended in the H-cell reservoirs. The process
of charging the electrolyte in the H-cell took longer than charging
within the battery due to the low electrical conductivity created
from the gap between the positive and negative electrode, but
this time tradeoff was deemed beneficial due to the lesser cell
damage applied.

Fig. 3 (a) Conventional, (b) parallel, (c) interdigitated, and (d ) serpentine flow fields
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3.1.2 Battery Cell and Electrolyte. 0.066 M of vanadium pent-
oxide (+98%) and 2 M sulfuric acid (Fisher Scientific) in de-ionized
water composed the electrolyte. This amount of vanadium was
chosen due to the solubility limit of the element. All components
were added and stirred in a beaker using a Fisher Scientific mag-
netic stirrer. The solution was stirred until all vanadium was fully
dissolved as shown in Fig. 6. Graphite sheets (2.8 mm thickness,
TDM FuelCellStore) were cut to 10 cm× 10 cm for use as the
bipolar plate (Fig. 7(a)). Holes were drilled and filled with silicone
for the electrolyte to flow in to the half-cell. These pathways will
prevent the electrolyte contact with the graphite plate, improving
the component’s life. Silicone gasketing (3 mm thickness, Apple
Silicone USA, shown in Fig. 7(b)) was used to separate the
bipolar plate and the membrane, providing a gap for the electrode
to reside. This was compressed against a PTFE flow frame (MTI
Corporation) used to distribute the electrolyte. The PTFE flow
frame used is shown in Fig. 7(c). It possesses an active area of
7 cm×7 cm and was 2.1 mm thick.
Graphite felt (FuelCellStore, shown in Fig. 7(d )), placed in

series, was used for the electrode. In this setup, two electrodes
with thicknesses of 2.5 mm and 6.5 mm were placed in series to
achieve this thickness. The total, uncompressed thickness of each
electrode segment was 9 mm in order to obtain sufficient compres-
sion once assembled.
A VANADion™ membrane (Nafion™ Store) was used as a

separator. This membrane was cut into a 10 cm× 10 cm square, a
larger area than the 7 cm×7 cm active area to ensure proper adhe-
sion against the silicone seals. Two PVC endplates (McMaster-
Carr) were used as inlets/outlets for the electrolyte, for binding
the cell together and applying compression. The entire assembly
was held together with 16 threaded rods. This is shown below in
Figs. 8(a) and 8(b). Two peristaltic pumps (OEM 206, CR pump)

were used to circulate the electrolyte at an arbitrary flowrate of
200 mL/min for all tests. The pumps can be seen below in Fig. 9.

3.2 Cell Design. Figure 10 depicts an exploded view of the
SolidWorks cell model. The cell utilizes a conventional flow
through configuration, implying that the electrolyte comes
through the inlet, is forced through the electrode then out through
the outlet.

3.3 Assembly and Preparation. The electrolytes were ini-
tially prepared using the H-cell. A low-concentration vanadium
solution composed of 6 g V2O5 dissolved in 1 L of 2 M H2SO4

(approximately 0.066 M vanadium) was poured in the negative
half-cell such that the membrane was fully covered (450–
500 mL), and the same volume of 4 M sulfuric acid was added to
the positive half-cell. The power supply terminals were connected

Fig. 5 H-cell during the electrolyte charge process
Fig. 6 Electrolyte (vanadium V) solution during the stirring
process

Fig. 4 Description of the electrolysis process
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to the appropriate electrodes, and 1.6–1.8 V was applied across the
graphite rods. An electrolyte solution of V3+ and another electrolyte
solution of V4+ were created separately after leaving the h-cell with
the applied voltage for many hours. The states of the electrolyte
throughout all experiments were determined through visual indica-
tion; as V5+ is yellow in color, V4+ is blue, V3+ is green, and V2+ is
violet [56,57]. The separate V3+ and V4+ solutions were then run
through the flow battery cell and charged fully (to the V5+ and
V2+ states) applying a voltage of 1.8 V. Approximately 50 mL of
the electrolyte remained in each half cell and tubing while the cell
was operating, leaving 400 mL of solution in each storage reservoir.

4 Experimental Results
4.1 Polarization Curve. Using a range of resistors between

1 Ω and 10 kΩ, the cell’s output voltages were measured and
plotted against the calculated currents to create the polarization
curve in Fig. 11. The short circuit current was measured with a mul-
timeter. All measurements were taken at an approximate full state of
charge, and the steady-state voltage was recorded across each resis-
tor. The state of charge was determined through the spike in voltage
reading during the charging process along with the color state of
each electrolyte. Through a deep and extended, charging and dis-
charging cycle, the colors of the electrolytes would change,
giving us a supplementary visual indication. The experimental
polarization curve shows an activation polarization drop of approx-
imately 0.16 V before ohmic losses dominate above 3 mA/cm2.
Limitations in equipment restricted measurements at higher
current densities, so a curve was fitted to provide an estimate of
this region. Evidently, increased mass transport losses above
current densities of 20 mA/cm2 are likely due to the low active
species concentration. It is speculated that the overall performance
is also dominated by concentration losses, which could cause the
short circuit current density <35 mA/cm2.

4.2 Charge/Discharge Studies. A high-resolution computer-
ized battery analyzer (CBA HR, West Mountain Radio) was
acquired to perform discharge tests with a controlled current.
Charge tests were performed with a DC power supply and multim-
eter for monitoring the current; the charge data were collected with

Fig. 7 Components used in the battery stack: (a) graphite bipolar plate, (b) silicone gasket,
(c) PTFE flow frame, and (d ) carbon felt electrodes

Fig. 8 (a) Front assembled view of the cell’s endplate and
(b) side assembled view of the cell

Fig. 9 Top view of peristaltic pumps and the pumps electrical
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an oscilloscope. Figure 12 depicts the charging experimental
configuration.
Figure 13 shows the charge/discharge curves at four different

current values between 500 mA and 800 mA (10.20–16.33
mA/cm2) produced by the created VRFB. The cutoff voltage for

the discharge tests was limited by the equipment and set to 0.5 V;
charge tests were run until both electrolytes visually appeared to
be in their charged oxidation states. The cell’s discharge voltage
remains relatively level throughout the course of both the 12.24
and 14.29 mA/cm2 discharge tests.

Fig. 10 SolidWorks assembly of individual cell components: (a) endplate, (b) silicone
gasket, (c) bipolar plate, (d ) graphite felt, (e) PTFE flow frame (MTI Corporation), and
(f ) VANADion™ membrane

Fig. 11 Polarization curve of VRFB

Fig. 12 Experimental charging setup with (a) motor power supply, (b) motor circuitry, (c) battery
cell and auxiliary tubing, (d ) electrolyte storage tanks, (e) charging power supply, and ( f ) oscillo-
scope for data acquisition
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4.3 Efficiency. The voltage, coulombic, and energy efficien-
cies (ηV, ηC, and ηE, respectively) were calculated with Eqs.
(4)–(6), respectively, for each of the currents tested

ηV =
∫VDischargedt

∫VChargedt
× 100 ≈

VDischarge,Avg

VCharge,Avg
× 100 (4)

ηC =
∫IDischargedt

∫IChargedt
× 100 =

tDischarge
tCharge

× 100 (5)

ηE = ηV × ηC (6)

Table 1 and Fig. 14 show the voltage, coulombic, and energy
efficiencies for each of the tested current densities. Despite the
increased voltage efficiency at lower current densities, it is
evident that the overall efficiency is higher between 12.24 and
14.49 mA/cm2. It is to be expected that the voltage efficiency is
higher at lower current densities since the discharge and charge
voltages are higher and lower, respectively, as shown in Fig. 13.
At higher current densities, the required voltages diverge.
However, the current efficiency is decreased at lower current densi-
ties likely because the difference in the time required to fully charge
and discharge becomes greater. The efficiency shows to rapidly
reduce between the 14.29 mA/cm2 and the 16.33 mA/cm2 tests; it
is hypothesized that this represents a limit due to the low
concentration.

5 Computational Procedure
A computational model of a single cell VRFB is developed in

order to compare the results obtained from the experimental
setup. Cell running parameters can be adjusted in the model to
see the output effects without having to run the battery.
The computational model takes into consideration the following

components: the positive electrolyte, the negative electrolyte, the
positive electrode, the negative electrode, and the ion exchange

Fig. 13 Voltage versus time charge/discharge plots for 10.20, 12.24, 14.29, and 16.33 mA/cm2

Table 1 Efficiencies of experimental VRFB at four current
densities

Current
(mA)

Current
density

(mA/cm2)
Voltage

efficiency (%)
Coulombic

efficiency (%)
Energy

efficiency (%)

500 10.20 31.46 78.52 24.70
600 12.24 35.12 76.31 26.80
700 14.29 39.36 72.44 28.51
800 16.33 25.69 26.59 6.83

Fig. 14 Voltage, coulombic, and energy efficiencies of experimental VRFB
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membrane, all shown in Fig. 15 (Note: the above figure is not to
scale). The bipolar plate was not considered in this model. Govern-
ing equations have been formed for each component and will be dis-
cussed in Sec. 5.1.

5.1 Model Equations

5.1.1 Electrolyte and Electrode Reaction Equations. Two
steps of dissociation of the sulfuric acid to sulfate occur during
the operation of the battery. This occurs due to the water content
in the electrolyte

H2SO4 � H+ + HSO−
4 (7)

HSO−
4 � H+ + SO2−

4 (8)

Equations (7) and (8) can be characterized using the following
formula, in order to account for changes in concentrations during
the two stages of dissociation [58,59]

rd = kd
αH+ − αHSO−

4

αH+ + αHSO−
4

− β

( )
(9)

The reaction at equilibrium can be modeled from the Nernst
equation shown below [58], governing the potential of the positive
and negative half-cells due to the Nernst equation, respectively

E = E0,Pos +
RT

nF
ln

CV5+ · (CH+ )2

CV4+

( )
(10)

E = E0,Neg +
RT

nF
ln

CV3+

CV2+

( )
(11)

In the above equations, the value of R is 8.31 J/(mol K) and F is
96,485 A/mol, CV2+ is the concentration of V2+ (mol/m3), CV3+ is
the concentration of V3+ (mol/m3), CV4+ is the concentration of
V4+(mol/m3), CV5+ is the concentration of V5+ (mol/m3), and CH+

is the concentration of H+ (mol/m3).
For the determination of the cell current, the Butler–Volmer

equation [58,60] is used to draw the relationship between the elec-
trode properties and the current produced in the positive and

negative side, respectively

i pos = AFkpos(C
e
V4+ ) 1−α pos( )(Ce

V5+ ) α pos( )

×
Cs
V4+

Ce
V4+

( )
exp

1 − α posFη pos

RT

( )
−

Cs
V5+

Ce
V5+

( )
exp

1 − α posFη pos

RT

( )[ ]

(12)

ineg = AFkneg(C
e
V2+ ) 1−αneg( )(Ce

V3+ ) αneg( )

×
Cs
V2+

Ce
V2+

( )
exp

1 − αnegFηneg
RT

( )
−

Cs
V3+

Ce
V3+

( )
exp

1 − αnegFηneg
RT

( )[ ]

(13)

The electrochemical overpotential variable can be defined and
calculated for the positive and negative side as follows [52]:

η pos = ϕs − ϕl − Eeq,pos (14)

ηneg = ϕs − ϕl − Eeq,neg (15)

The catalytic performance of the electrodes governs the overall
electrochemical performance of the redox flow battery cell. The
overall system power is calculated by the reaction rate of the
redox species involved (at the electrode) and the associated
surface area of the electrode [37]. In order to maximize the output
power, the total area/surface area of the electrode must be consid-
ered and expanded accordingly [15]. This is one of the reasons
why highly porous materials with large surface areas such as graph-
ite felt and carbon structures are used for this component.

5.1.2 Ion Transport Equation. In order to take into consider-
ation of the concentration changes, the Nernst–Planck equation
can be used to calculate the total flux via diffusion [54]

Ni = −Deff
i ∇Ci −

ziF

RT
CiD

eff
i ∇ϕl + vCi (16)

Calculating the total current density in the electrolyte can be done
using the following equation [60]:

i =
∑
i

ii =
F2

RT
∇ϕ

∑
i

z2i D
eff
i ci − F

∑
i

ziD
eff
i ∇ci (17)

where i is the current density in the electrolyte.
Due to the nature of the membrane, a charge will exist within the

component that must be included to further the model accuracy.
This is accounted for in the following equation [54]:

ρ fix + F
∑n
i=1

zici = 0 (18)

where ρfix is the fixed charge from the membrane.

Fig. 15 2D model schematic diagram

Table 2 Sensitivity analysis of model

State of
charge

Number of elements

5871 4616 3511 2556 1196 314 176

10 1.3202 1.3202 1.3202 1.3202 1.3202 n/a n/a
15.15 1.3352 1.3352 1.3352 1.3352 1.3352 n/a n/a
20 1.3471 1.3471 1.347 1.347 1.347 n/a n/a
30 1.3683 1.3683 1.3683 1.3683 1.3683 1.3869 1.3869
40 1.3878 1.3878 1.3878 1.3878 1.3878 1.3869 1.3869
50 1.4074 1.4074 1.4074 1.4074 1.4074 1.4065 1.4065
60 1.4286 1.4286 1.4286 1.4286 1.4286 1.4277 1.4277
70 1.4537 1.4537 1.4537 1.4537 1.4537 1.4528 1.4528
80 1.4873 1.4873 1.4873 1.4873 1.4873 1.4863 1.4863
84.85 1.5103 1.5103 1.5103 1.5103 1.5103 1.5092 1.5092
90 1.5461 1.5461 1.5461 1.5461 1.5461 1.5446 1.5446
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5.1.3 Membrane Equations. To effectively model the concen-
tration and potential shifts at the membrane and electrolyte inter-
face, the Donnan equation can be used [52]

Δϕ =
RT

F
ln

cec
cmc

( )
(19)

5.1.4 Model Parameters. The model created replicating the
geometry shown in Fig. 15 used a total of 4616 elements over the
three components. An average mesh quality of 0.9733 was gener-
ated with the chosen element parameters, indicating a strong
mesh. In order to further test the models sensitivity, a sensitivity
analysis was performed in Table 2. The results show that the
model converged quickly. Reviewing the data below, the values
converged quickly over the 3511 element mark. In setting the
boundary conditions for the model, the negative electrode was
grounded. A constant current density was to be selected as
desired. The model created is to represent a 2D (as displayed in
Fig. 15) approximation. Due to the 2D design of this model, any
parameter variation in the z direction (third dimension) is neglected.
Fluid flow throughout the cell is treated and assumed to be incom-
pressible and steady. Volume changes resulting from the multiple
reactions (and unwanted side reactions) are ignored in these calcu-
lations. All reactions/transactions within the cell are isothermal.
Any hydrogen and oxygen evolution reactions within the cell are
neglected within this model. This point is to be considered as a lim-
itation of the model as gas evolution may occur during the reaction.
The parameters were modeled off of the values provided in the
stock vanadium redox flow battery COMSOL model. The parame-
ters were then adjusted to further suit the created VRFB for better
overall accuracy.

6 Computational Results
Figure 16 shows the output from the modified COMSOL vana-

dium redox flow battery model. The model was produced using
the parameters from Table 3, with a state of charge of 90% and a
current density of 14.29 mA/cm2. It is important to note the
current density value used in this model and obtained from our
created cell is smaller than other common experimental setups
seen in the literature. This is largely accredited to the low concen-
tration of vanadium within the electrolyte. Most laboratory setups
use vanadium concentrations around 2 M, where our setup was
limited to 0.066 M of vanadium. The current density of
14.29 mA/cm2 was chosen for the model output results section as
a result of the Sec. 5.3 efficiency. This was the optimum case
with the highest net efficiency.

The state of charge noted through this section is reflected through
the vanadium initial concentration values. Figure 16 varies the state
of charge value across four different current densities, plotting the
results for a complete charge and discharge cycle. The curve in
Fig. 16 displays the theoretical charging and discharging voltages
throughout the batteries’ state of charge. Under all current density
conditions, the charge/discharge voltages trended similarly. As
the charge/discharge current increased, the charging voltage
increased and discharging voltage reduced, suggesting the voltage
efficiency reduces in our model as the current density increases.

Fig. 16 Simulation model potential of the charge and discharge cycle

Table 3 Model parameters

Value Description

9.312 × 10−9 m2/s H(+) diffusion coefficient
7 × 10−8 m/s Rate constant, negative reaction
6.9 S/m Electrode conductivity
6.6 mol/m3 VO(2+) initial concentration
6.6 mol/m3 V(3+) initial concentration
59.4 mol/m3 VO2(+) initial concentration
59.4 mol/m3 V(2+) initial concentration
4.9 × 105 L/m Electrode specific area
40 A/m2 Average current density
0.0088183 m/s Inlet velocity
3.9 × 10−10 m2/s VO2(+) diffusion coefficient
3.9 × 10−10 m2/s VO(2+) diffusion coefficient
293.15 K Cell temperature
2000 mol/m3 HSO4(−) initial concentration, positive electrode
2000 mol/m3 HSO4(−) initial concentration, negative electrode
2000 mol/m3 H(+) initial concentration, positive electrode
2000 mol/m3 H(+) initial concentration, negative electrode
2.5 × 10−8 m/s Rate constant, positive reaction
2.54 × 10−4 m Membrane thickness
2.4 × 10−10 m2/s V(3+) diffusion coefficient
2.4 × 10−10 m2/s V(2+) diffusion coefficient
10,000 mol/(m3 s) HSO4(−) dissociation rate constant
1990 mol/m3 Membrane proton concentration
1.33 × 10−9 m2/s HSO4(−) diffusion coefficient
1.065 × 10−9 m2/s SO4(2−) diffusion coefficient
1.004 V Standard potential, positive reaction
0 mol/m3 (0[M] used during current distribution

initialization, −cHm used after auxiliary sweep)
0.55 Transfer coefficient, positive reaction
0.45 Transfer coefficient, negative reaction
−0.255 V Standard potential, negative reaction
0.25 Dissociation constant
0.07 m Cell depth
0.07 m Cell height
0.0081 m Electrode thickness
0.93 Electrode porosity
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7 Experimental Versus Computational Results
Figures 17(a)–17( f ) show the experimental and simulation

output voltage versus state of charge plots. Due to the nature of
the model, the state of charge could not be computed lower than
10% or higher than 90%, and this is reflected amongst the plots.
As expected, the experimental voltages were higher than the simu-
lation voltages during the charging cycle, and the experimental volt-
ages were lower than the simulation voltages during the discharge
cycle. The large discrepancy between the two datasets is believed
to be because of the large losses associated with our setup and
the low concentration of vanadium in the two electrolytes.
As predicted in the model, the voltages during charging and dis-

charging were higher and lower, respectively, at higher current

densities. This was reflected in the experimental results, though
the effects were more drastic. A very noticeable drop in experimen-
tal performance was observed between tests.

8 Conclusion
The successful creation of a VRFB electrolyte and the design/

construction of a VRFB cell have been outlined in this paper. It
serves as a proof of concept for the cell design and testing
methods. Of the tested current densities, the VRFB showed a
highest overall efficiency of 28.51% at a current density of
14.29 mA/cm2. The present study further describes the modeling
and performance of a low-concentration vanadium redox flow

(e)

(c)

(a) (b)

(d )

(f )

Fig. 17 Experimental results versus simulation results at: 10.20 mA/cm2 (a) charging; (b) discharg-
ing; 12.24 mA/cm2 (c) charging, (d ) discharging; and 14.29 mA/cm2 (e) charging, and (f ) discharging
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battery. The experimental battery consistently performed as the
COMSOL model predicted, though the experimental values
tended to be exaggerated. Another flow battery with the same
parameters will be developed in future and created to allow for
the testing of a variety of electrolyte chemistries and electrolytes
that include hydrogen peroxide.
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Nomenclature
n = number of electrons transferred in the cell reaction,

unitless
v = velocity vector of the electrolyte, m/s
A = electrodes active area, m2

E = electrode potential, V
F = Faraday constant, C/mol
R = universal gas constant, J/mol K
T = temperature, K
il = electrolyte current density, A/m2

ipos = positive electrode current density, A/m2

ineg = negative electrode current density, A/m2

kd = dissociation reaction coefficient, unitless
rd = dissociation source term, mol
zi = valence charge for species i, unitless
Ci = concentration of species i in the electrolyte, mol/m3

E0,Pos = standard reduction potential (positive electrode), V
E0,Neg = standard reduction potential (negative electrode), V
Eeq,pos = equilibrium potential (positive terminal), V
Eeq,neg = equilibrium potential (negative terminal), V

Ni = flux of the species i via diffusion, V m
cec = species concentration in the electrolyte, mol/m3

cmc = species concentration in the membrane, mol/m3

Ce
V = bulk concentration of vanadium, mol/m3

Cs
V = surface concentration of vanadium, mol/m2

Deff
i = effective diffusion coefficient for species i, m2/s
αi = chemical activity of species i, unitless

αpos = charge transfer coefficient in the positive half-cell,
dimensionless

αneg = charge transfer coefficient in the negative half-cell,
dimensionless

β = degree of dissociation, %
ηpos = positive half-cell overpotential, V
ηneg = negative half-cell overpotential, V
ϕs = electric potential of the solid phase of the electrode, V
ϕl = electrolyte potential, V
ρfix = fixed charge from the membrane
ϕl,m = potential shift at the electrolyte/membrane interface, V

Subscripts

c = species concentration
m = membrane

Superscripts

e = electrolyte
m = membrane
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