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Abstract: An all-vanadium redox flow battery (VRFB) is an energy storage device that uses
the redox reaction of vanadium ions with different oxidation states. It has the advantages of
quick conversion between charge and discharge processes, long operation life, separate power
and energy capacity designs; as a result, it has been considered as one of potential candidates
as energy storage systems for renewable energies. Because the electrolyte is electrically
conductive, shunt currents occur within a multi-cell stack and within the piping system that
connecting stacks. Shunt currents are affected by cell number in a single stack, stack number,
dimensions of flow channels. In this study, a mathematical model is developed to determine
shunt currents in a multi-stack system. The effect of stack number on charge transfer efficiency
are predicted by this model. Results show that central stacks in a VRFB system provide more
current. The maximum cell current decreases with increasing stack number.
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Introduction

All-vanadium redox flow batteries (VRFBs) are devices that charge and discharge by the redox reaction of
vanadium with different oxidation states. VRFBs have the advantages of long cycle life, low self-discharge, low
maintenance cost, flexible design on stack power and environmental-friendly; as a result, they are considered as a
potential energy storage system for renewable energy sources [1-3]. In a VRFB stack, multiple cells are connected
in series for high voltage requirement. To meet the system voltage requirement, multiple VRFB stacks are
connected in series in a system.

Because the electrolyte is electrically conductive, shunt currents occur in the manifolds and flow channels within
the stacks and also in the piping system. The existence of shunt currents results in the decrease of electric capacity
and energy conversation efficiency. As a result, it is important to understand the effect of shunt current on the
battery performance and the effect of design parameters on shunt currents.

Xing et al. [4] developed a model to study shunt current in a VRFB stack based on the electrical circuit analog
method. Their results suggested that increase of single cell power, reduction of cell number, and increase of the
resistances of electrolytes in the manifolds and channels can help reduce shunt current loss. Tang et al. [5]
investigated the effect of shunt current on efficiency and temperature variation within a 40-cell stack during
standby condition by combining the shunt current model and thermal model. Their results showed that stack
temperature was significantly increased due to the existence of shunt current within the VRFB stack.

It is challenging to measure shunt currents within a VRFB stack because it is not easy to install any current sensor
in the manifolds and flow channels. Fink et al. [6] installed current sensors on the external hydraulic system of a
5-cell stack for the measurement of shunt currents. A mathematical model was also developed for the investigation
of shunt current on coulombic efficiency. Results showed that inner cells within a stack discharge faster than outer
cells. Yin et al. [7] developed a three-dimensional model to investigate the effect of shunt current distribution on
coulombic efficiency. The model was validated by the experimental data and the results showed that short channel
design caused a coulombic efficiency loss of approximately 23%.

Shunt currents could be reduced by increasing the electrical resistance of electrolyte in the flow path between cells;
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as a result, longer and smaller cross-sectional area of flow path are preferred in designing a VRFB. However, the
increase of flow resistance will cause the increase of pump consumption. The trade-off between shunt current loss
and pump power consumption is a key issue on stack and system design. In this study, a mathematical model that
can investigate the effect of flow path design on shunt current of a multi-stack system is developed. The distribution
of shunt currents in the stack and in the piping system is predicted and the charge transfer efficiency is analyzed.

Modeling Methods

In order to simplify the model, the following assumptions were made.

1. Electrical potential is uniform throughout the active area.

2. Shunt currents in the inlet paths and outlet paths are the same in a single cell and in the piping system.
3. Temperature and electrolyte concentrations within the system are uniform.

The shunt currents within a VRFB stack and in the piping system were modeled as an equivalent electrical circuit,
as shown in Figure 1. In the system, there are z VRFB stacks connected in series and each stacks consists of K
cells, resulting in M = Kz cells totally. The parameters Rpcs, Rucs, Rpms, and Rnms represent the equivalent

resistances of electrolyte within the positive channel, negative channel, positive manifold, and negative manifold,
respectively. The resistances of the electrolyte in the piping system are represented by Rpc.p, Ruc,p, Rpm,p, ad Romp-
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Figure 1. The equivalent electrical circuit of the system with multiple stacks in series.

Appling Kirchoff’s law to the i-th cell of the equivalent electrical circuit for the stack results in linear equations.

Iy, ~Ig, =2 g ~21, g, =0 0
Logi+ g =1 =0 @
LogitTmg: —Lungin =0 3)
Vgi~R I g +R I o +R.I o =0 @
Vai = Rucliesji + R Lo + Roclnesjinn =0 (5)

where Is;; and Vs;; represent the current and voltage of j-th stack in the system and i-cell in the stack.

In each stack, the positive electrolyte is connected with the positive channel of the positive piping system. The
current and voltage relations can be modified as:

Iy, — 1y =21, =0 (6)
Lesio * omsia = Lyepy = 0 (7)
VS/’,I - Rpc]pc,S/',l + Rpm[pm,S/',l + RpC[pC,S[,Z = 0 (8)

where I7; is the overall current of a single stack. Similarly, the negative electrolyte is connected with negative
piping system:

I nesi2 I mSj,2 I nePj 0 )
The last single cell in each stack does not have a complete positive loop, the related equations are modified as:
Iy =Ly =210 =20 =0 (10)
Ly pers = Lsjpm1 =0 (11)
Inc,M+1 _[nm,M =0 (12)
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In the piping system, similar equations for the current balance and voltage balance can be obtained by the same

method:
Loer + Lompy = Lomp 1 =0 (13)
Inc,P,j+1 + ]nm,P,/'+1 - ]nm‘P,j = 0 (14)
VSj - Rpc,SIpc,Sj,l - Rpc,PIpc,P,i + Rpm,PIpm,P,j + Rpc,P[pc,P,/'H + RpC,SIpC,Sj+l,l = 0 (15)
(I/Sj - I/Sj‘l ) - Rnc,SInc,Sj,2 - Rnc,PInc,P,/'H + an,Plnm,P,/H + Rnc,PInc,P,/+2 + Rnc,Slnc,Sj+2,2 + I/Sj+l,1 = O (16)
The first and last stacks are special cases in this system:
]pc,P,l +1pm,P,] :O (17)
1nc,P,j+l +1nm,P,f+l = 0 (18)
]pc,P,z + Ipm,P,zfl = O (19)
]nc,P,zH - ]nm,P,z = 0 (20)
The system voltage is the summation of stack voltage:
VSYS = z Vs,/

Jj=1

2n
The system current is the same with the stack current:
Lsys = 1Ir; (22)
The cell voltage is assumed to be a function of operating current:
V= fU) =V~ R, 23)

The resistance of the electrolyte can be determined by the dimension and geometry of the flow path. Shunt current
and cell current are determined by this model. The overall unknown of the system is SM-2. The linear equations
can be expressed in a matrix from:

V=Al 24
where V is the vector, consisting of cell voltages, A is the matrix with resistances, and I is the current vector to be
solved. The solution process is similar to the previously published paper [8].

Results and Discussion

Voltage and current of each cell and shunt currents in the system are coupled together in this model. An iteration
procedure was applied to solve this model. All cell currents were initially assumed to be the same; therefore, the
initial cell voltages were the same. The cell voltages obtained from first and second calculations were very closed,
as shown in Figure 2. In order to obtain accurate results, the results obtained by the second time calculation were
used for analysis.
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Figure 2. Convergence test of the model for (a) 5 20-cell stacks; and (b) 10 10-cell stacks.

There could be different configurations of cell number and stack number in a system. The following shows an
example of designing an approximately 100-volt VRFB system with 100 cells. The stack number was designed as
5, 10, and 20 with cell numbers of 20, 10, and 5, respectively. The electrolyte conductivity and dimension of the
flow channel and manifold in the stack can be obtained from our pervious study. The length of connected pipes
varied with respect to stack size. Some distance was left between stacks for piping connection and maintenance,
as shown in Fig. 3. The channel distance from the manifold of piping system to each stack is estimated as 15 cm.
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Each cell thickness is estimated as 1 cm. The dimension of the piping system and corresponding electrolyte
resistances are listed in Table 1.
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Figure 3. Dimension of piping system for electrolyte.

Table 1: Pipe length and resistance for various stack number.

Stack number, Z | Cell number in a stack, K | Pipe manifold length | Pipe manifold resistance
Lm=40+K (cm) Rpm, Rom (Q)
5 20 60 39.52
10 10 50 32.93
20 5 45 29.64

Figures 4(a), 4(b), and 4(c) present cell current distribution in each stack for 5, 10, and 20 stacks in series when
the system is charged at 54 A. It can be seen that the cell currents are lower than 54 A. Part of charge was lost due
to shunt current. For the 5-stack system, the lowest cell current in each stack is located at the central cells. However,
for the 10-stack and 20-stack systems, the cell current of the first and last stack gradually decreases. It is due to
the shut current exiting in the flow channels of piping system. Figures 4(d), 4(e), and 4(f) present cell current
distribution in each stack for 5, 10, and 20 stacks in series when the system is discharged at 54 A. The cell current
distribution shows similar distribution as that in the charging process. Most central cells need to generate more
current to compensate shunt current loss. It can also be observed that the cell current decreased with increasing
stack number and the cell current distribution for most stacks became uniform. This is because the voltage
difference between cells was reduced with decreasing cell number in a single stack.
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Figure 4. Cell current distribution during charge process for (a) 5 20-cell stacks; (b) 10 10-cell stacks; and (c) 20
5-cell stacks and during discharge process for (d) 5 20-cell stacks; () 10 10-cell stacks; and (f) 20 5-cell stacks.

Figures 5(a), 5(b), and 5(c) present shunt current in the flow channel and manifold of each stack for 5, 10, and 20
stacks in series when the system is charged at 54 A. In each stack, the maximum shunt current is located in the
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manifolds due to the smallest electrolyte resistance. As the stack number increases, the shunt currents in the flow
channel or manifold decrease. Due to the potential difference between cells and stacks. During the discharge
process, the shunt current distribution shows similar trend.
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Figure 5. Shunt current distribution within the stacks during charge process for (a) 5 20-cell stacks; (b) 10 10-
cell stacks; and (c) 20 5-cell stacks and during discharge process for (d) 5 20-cell stacks; (e) 10 10-cell stacks;
and (f) 20 5-cell stacks.

Figures 6(a), 6(b), and 6(c) present shunt current in the flow channel and manifold of the piping system for 5, 10,
and 20 stacks in series when the system is charged at 54 A. The maximum shunt current is located in the central
manifold. In addition, the shunt currents in the first flow channel and last channel also showed relatively larger
than those in the other flow channels. Because of the special location of first flow channels, shunt currents in the
first stack converged to the first flow channel and first manifold. Similar Explanation can be applied for the
discharge process, as shown in Figures 6(d), 6(¢), and 6(f).
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Figure 6. Shunt current distribution within the piping system during charge process for (a) 5 20-cell stacks; (b)
10 10-cell stacks; and (c) 20 5-cell stacks and during discharge process for (d) 5 20-cell stacks; (e) 10 10-cell
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stacks; and (f) 20 5-cell stacks.

The charge efficiency is defined as the ratio of the power charged to each cell to the power applied to the system:

£y = Z(Vcen]cen) (25)
charge V ]

sys™ sys
whereas the discharge efficiency is defined as the ratio of net power generated from the system to the power
generated from each cell.

o (26)
gdischarge - Z(V [ce” )

cell

The power difference between cells and system results from shunt current loss. The effect of stack number in a
system with overall 100 cells on the efficiencies is shown in Table 2. As can be seen, the efficiencies increase with
increasing stack number. As cell number in a single stack decreases, the maximum cell potential difference also
reduces, resulting in lower shunt current. In addition, the electrolyte resistances in the piping system are usually
larger than those within a stack, causing less shunt current. Although shunt current in a system can be reduced by
increasing stack number, the pump power also increases due to increased pipes. A trade-off between pump power
and shunt current need further investigation.

Table 2: Comparison of efficiencies of the system with various stack number.

Stack number | Charge efficiency | Discharge efficiency Overall efficiency
5 0.896 0.926 0.830
10 0.943 0.957 0.902
20 0.975 0.968 0.944

Conclusion

Electrolyte of the VRFB is electrically conductive, causing shunt currents in the manifolds and flow channels

within the stacks and also in the piping system. The existence of shunt currents results in power loss and

performance drop. Shunt current is affected by cell number in a stack and stack number in a system. In this study,

the effect of system configuration on shut current is investigated by a mathematical model. The following

conclusion can be drawn.

(1) Shunt current shows quasi-symmetrically distribution within the connected stacks and the maximum shunt
current is located in the central manifold of the piping systems.

(2) Charge transfer efficiency increases with increasing stack number under a predetermined overall cell number
in a system.
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