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Scale-up studies of a 0.7 kW single stack redox flow battery to a 2.1 kW three-stack assembly based
on shunt current analysis are presented. The influence of the shunt-dependant design parameters on
the energy efficiency of the system has been analysed for a single stack battery. Scale-up studies have
been carried out in order to achieve energy efficiency in the three-stack assembly similar to that
obtained for the single-stack system. The influence of the length of the hydraulic interconnection of
the stacks and the assembly current on energy efficiency has been analysed. A shunt current calcu-
lation model for a three-stack assembly has been developed.

1. Introduction

It is well known that the transmission of electrical
power by high voltage/low current devices is more
efficient than by low voltage/high current transmission.
Thus, bipolar stacks are used in electrochemical elec-
trical power storage systems [1]. Likewise, in large
electrosynthesis processes [2], this better energy
efficiency of bipolar assemblies is an important factor
in process design. In bipolar assemblies, the stack has
a parallel flow distribution and the reactants are fed
and collected by manifolds.

These reactant-filled pipes make up a secondary
resistor network. The existence of a voltage gradient
inside each cell produces an iomic shunt current
through these conductive paths. Thus, in batteries in
charge or in electrolytic cells, a fraction of the energy
supplied to the system is shunted through the electro-
lyte network and is not used in the electrolytic process.
In the same way, fuel cells and batteries in discharge
also suffer a loss in energy efficiency due to shunt
currents. The shunt currents are located in the elec-
trode zones near the electrolyte ports and the electro-
chemical reactions carried out by these currents may
take place at very high current densities.

These reactions can affect electrodes, reagents and
the supporting electrolyte producing electrode cor-
rosion and even disintegration. Undesirable gas evol-
ution may also arise from the supporting electrolyte or
solvent electrolysis. These reactions produce loss in
energy efficiency, component wear, security problems
and non-uniform current and voltage distribution.
Moreover, if metallic deposition processes are involved,
this non-uniformity in voltage and current distri-
bution causes dendritic growth which may produce a
short-circuit between two cells. This can be very
dangerous when the electrochemical system to be
treated is a battery due to the decrease of the output
voltage in discharge.

In the literature, several solutions for diminishing
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shunt currents have been proposed. These solutions
usually include increase of the path length of the
electrolyte and decrease of its cross section. However,
the increase in the electrical resistance of the elec-
trolyte path implies an increasing loss in pumping
power [3-5]. Therefore, the influence of the dimen-
sions of manifolds and feeding ports on shunt currents
is important in system design. The use of a multiple-
stack assembly against a single stack containing the
same number of cells presents some advantages in
order to minimize parasitic losses of energy due to
pumping power.

Voltage efficiency is defined as the ratio betwéen the
voltage of the battery in discharge and charge oper-
ations at a fixed state of charge. This state of charge
has been fixed at 50% in agreement with the results
reported in the literature {3, 16]. Current efficiency is
defined as the ratio between the charge returned and
mmtroduced in the system between two fixed states
of charge. Energy efficiency is defined as the ratio
between the energy returned and introduced in the
system between two fixed states of charge. This last
parameter can be calculated approximately by multi-
plying the voltage and current efficiencies.

The aim of this paper is the analysis of the shunt-
dependant parameters of an Fe/Cr redox flow battery
formed by an assembly of three-stacks of filter press
cells. The analysis was two-fold. First, an analysis and
selection of the design parameters for a single-stack
battery was made. Once these parameters were opti-
mized, the battery was scaled-up to a three-stack
assembly and the new characteristic design parameters
of this kind of assembly, the hydraulic interconnection
length and the total current, were also analysed.

The criterion used for analysis was a more energy
efficiency than 70% using ports and manifold cross-
sections as large as possible in order to diminish para-
sitic losses due to pumping. These energetic losses due
to electrolyte pumping have not been considered in an
explicit form in our optimization model due to the low
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Fig. 1. (a) Schematic of a redox flow cell single-stack assembly.
(b) Circuit analog.

pressure drops presented in the prototypes built at this
laboratory. Moreover, the high concentration of our
electrolytes allows low electrolyte flows to be used.
Analysis of shunt currents have been made by several
authors by applying Kirchoff’s laws to electrical cir-
cuit analogs of the stacks of cells.

Most investigators use linear elements (resistors and
d.c. voltage sources) [14, 17-23]. However, Katz [24]
and Kuhn et al. [25] incorporate Zener diodes with
different polarization curves. The Zener diode response
18 a good approximation to electrode polarization
processes. The effect of conducting manifolds on
shunt currents and system performance has also been
studied by Burney er al. [26]. Recently, Szpak et al. [27]
have proposed a model to evaluate shunt currents of
bipolar stacks electrically connected in parallel.

From the results reported by these workers, it must
be pointed out that manifold currents flow in the
opposite direction to the cell current when the battery
is in charge and in the same direction when the battery
is in discharge. Thus, cell currents during charge are
smaller than total current and cell currents during
discharge are larger. Both facts produce a non-uniform
voltage distribution in the cells of the stack. Cell vol-
tage reaches a minimum at the central cell of the stack.
Shunt currents in bipolar stacks electrically connected
in series with parallel feeding have not been treated
yet.

In this paper, a model to evaluate shunt currents in
an assembly formed by three bipolar stacks with par-
allel electrolyte feeding is proposed.

2. Models
2.1. Single stack model
In Fig. 1, a diagram of a single-stack redox flow cell

assembly (a) and its analog circuit (b) is shown. In this
model, the following assumptions have been made:

(1) Electrolyte frames and pipes are made from a non-
conducting material and the electrolyte-filled pipes are
represented by a resistor, resistors placed in equivalent
places being identical.

(ii) Electrodes have zero specific resistivity.

(iii) Cells are represented by an ideal d.c. voltage
source (no electrode polarization processes are
involved) and the internal cell resistance is represented
by a resistor, resistors placed at equivalent places
being identical.

(iv) Energy losses due to reactant cross-diffusion
through the membrane are neglected.

(v) No competitive reactions are considered.

The various components are represented as follows:
R;, internal cell resistance; V,, open-circuit cell vol-
tage; R, port feed and exit resistance; R, manifold
segment resistance; and /,, charge-discharge current.
Each cell, except the two terminal ones, generates four
independent current loops, these loops having their
own cell as a common element. Terminal cells only
generate two current loops due to the fact that the
electrolyte network is interrupted in the pumping
section.

Therefore, the circuit described above 1s defined by
a set of 4N-4 loop currents that must satisfy the same
number of Kirchoff equations (1):

P

YiR —V, = 0 (1)

J

where p is the number of resistors in each loop. Real
currents J can be calculated as a function of loop
currents [, using Equation 2:

j = z L @)

where ¢ is the number of loop currents in each circuit
branch.

The value of each equivalent resistor R; may be
calculated using Equation 3:

R, = pL;j/A, 3)

where p is the specific resistivity of the electrolyte, L is
the pipe length and A is the pipe cross-sectional area.
Shunt current has been defined as the difference
between total current 7, and the effective current cir-
culating through each cell. A more detailed descrip-
tion of the system of equations generated and its
resolution may be found in the literature cited [22].

2.2. Three-stack model

The diagram of a battery formed by three stacks
connected in series with parallel electrolyte flow distri-
bution (a) and its analog circuit (b) are shown in
Fig. 2. The same assumptions used in the preceding
model have been made. However, in order to minimize
the number of equations to be solved, a new approxi-
mation has been made. This approximation consists in
the treatment of each stack as composed by undivided
cells. Thus, the value of the new resistor R (manifold
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MANIFOLD Table 1. Nominal design specifications for the single-stack redox flow
(@) \ battery
Nominal power 0.7kW
ELECTRODE . Gross power 1.6kW
Voltage (0.c., 50% state of charge) 18.6V
Number of stacks 1
ELECTROLYTE
PORT ~——{ | | Number of cells per stack 18
Cell active area 1000 cm?
I 1 | | ' wp Frow Nominal current density 40mA cm~?
I Cell resistivity 3Qcm?
INTERGONNECTION Equivalent resistors
Port 221Q
Manifold 1.73Q
row mpl— | | [ ] . o
input parameters as in the literature [22]. Total agree-
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Fig. 2. (a) Schematic of a redox flow cell three-stack assembly.
(b) Circuit analog.

resistance) is assumed to be the equivalent resistor of
a parallel coupling of two R,, values calculated for the
two different electrolytes flowing inside the cell. The
value of the new resistor R, may be calculated in
an equivalent way. A suitable performance of this
assumption has previously been tested by White et al.
[22].

The components of the system have been represented
in the same way as in the preceding model. The new
element introduced, R, , represents the resistor corre-
sponding to the hydraulic interconnection of the
stacks (Fig. 2). The electric circuit generated is defined
by a set of 6N-2 Kirchoff equations (Equations 1 and
2). The value of each resistor can be calculated using
Equation 3.

The mathematical resolution of this equation sys-
tem was carried out using the software developed in
our laboratory based upon the simple iteration method
[28]. The results obtained for the single-stack battery
were compared with that obtained using the same

3. Results and discussion
3.1. Single-stack assembly analysis

The design parameters of a 0.7 kW single-stack Fe/Cr
battery are presented in Table 1. The parameters
analysed were the number of cells, current, manifold
and port cross-section.

3.1.1. Number of cells. The number of cells forming a
bipolar stack is an important design parameter due to
the fact that it determines the voltage of the resulting
stack. In Fig. 3a the shunt current in the central cell of
the stack is shown as a function of the number of cells.
A notable increase of the shunt current with the number
of cells is observed. The values obtained in charge are
larger than in discharge due to the fact that the cell
voltage in charge is also larger. The difference between
these two values is larger when the number of cells is
increased because the difference between the charge
and discharge voltages also increase.

In Fig. 3b the overall efficiencies of the stack as
a function of the number of cells are represented.
Voltage efficiency showed no significant variations
when the number of cells was increased because, in
this case, internal cell resistance is the predominant
factor. This result is due to the low voltage drops
produced by internal cell resistance compared with the
open-circuit cell voltage.

Logically, current efficiency diminishes with the
number of cells as a consequence of the increase of the
shunt currents. As voltage efficiency stays constant in
the range studied, the variation of energy efficiency as
a function of the number of cells is similar to that
presented by current efficiency.

From these results, it can be concluded that working
with stacks formed by 18-20 celis, energy efficiencies
higher than 77% may be expected. If power demand
was greater, the designed stack could be incremented
to 40 cells, maintaining over 75% energy efficiency.

3.1.2. Charge-discharge current. Current density and
the number of cells are the parameters which must
satisfy the power requirements of the system. In
Fig. 4a shunt current at the central cell of the stack is
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Fig. 3. (a) Representation of the shunt current at the central cell
of the stack as a function of the number of cells. (O) Charge,
(O) discharge. (b) System efficiencies as a function of the number of
cells. (O) Voltage, (O) current and (<) energy. System: single-stack
assembly. Input parameters: Ry = 1.73Q, R, = 221Q, R, =
0.003Q, I, = 40A, V, = 1.032V.

shown as a function of the charge-discharge current.
Linear dependence has been found since each cell is
considered as an ideal d.c. voltage source and its
voltage is a linear function of the current. For the
same reason, shunt current decreases when the dis-
charge current is increased. The fact that the absolute
values of the slopes are less than one implies that the
shunt current/stack current ratio is smaller when the
stack current is increased and therefore the current
efficiency increases (Fig. 4b).

However, this increase of the stack current provides
a predictable decrease of voltage efficiency. As a direct
consequence of the inverse behaviour presented by
current and voltage efficiencies at an increase in the
total current, energy efficiency reaches a maximum at
a total current of around 10 A (10mA cm~?). From
these results, it can be concluded that over 75% energy
efficiencies can be reached working with total currents
up to 40 A. If power demand is increased, the designed
system could work at total currents of 60 A with a
close to 70% energy efficiency.
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Fig. 4. (a) Representation of the shunt current at the central cell

of the stack as a function of charge-discharge current. (O) Charge,

(O) discharge. (b) System efficiencies as a function of the charge-

discharge current. (O) Voltage, (O) current and () energy. System:

single-stack assembly. Input parameters: Ry = 1.73Q, R, =
221Q, R, = 0.003Q, N = 18 cells, ¥, = 1.032V.

3.1.3. Manifold and port cross-section. The influence of
manifold and port cross-section on energy efficiency
has been studied. Manifold and port length was pre-
viously fixed due to the fact that these parameters are
related to other design factors such as mechanical
stability of flow distribution frames, electrode and
gasket thickness, etc. In Fig. 5 energy efficiency as a
function of manifold and port cross-section is shown.
When the manifold cross-sections are increased, energy
efficiency becomes dependent on the port cross-section
only. On the contrary, when the port cross-sections
are increased, energy efficiency is very dependent on
the manifold cross-section.

From these results, one may be expected to operate
with a wide range of manifold and port cross-sections
with energy efficiency consistently over 70%.

3.2. Three-stack assembly analysis

The design parameters of a 2.1 kW three-stack battery
are presented in Table 2. The parameters studied were
the length of the hydraulic interconnection pipe and
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Fig. 5. Level-line diagram corresponding to the system energy
efficiency as a function of port and manifold cross-section. System: 1000
single-stack assembly. Input parameters: R, = 0.003Q, [, = 40A,
N = 18cells, V, = 1.032V.
800+
the total current. Figure 6 shows the shunt current as €
a function of cell position for charge (Fig. 6a) and 600+
similarly for discharge (Fig. 6b). As found for a single 3
stack, shunt currents flow in the opposite direction to @ 4004
the stack current when the battery is in charge. In
discharge, shunt currents flow in the same way as the
stack current. 200
However, an enhancement of shunt currents has
been found at the central stack in comparison to the O R e
0 2 4 6 8 10 12 14 16 18

terminal ones as a consequence of their connection in
series with parallel flow distribution. Logically, this
fact has a notable influence on the energy efficiency of
the system. Therefore, once the design parameters of
a single stack have been fixed, an analysis of the
characteristic design parameters of the assembly of
stacks (hydraulic interconnection length and total cur-
rent) must be carried out.

3.2.1. Hydraulic interconnection length. The hydraulic
interconnection length was selected as design par-
ameter versus its cross-section, because this last par-
ameter is strongly influenced by other factors of a
mechanical nature. In Fig. 7a, shunt current at the
central cell of each stack is shown as a function of the
interconnection length in charge operation. The cal-

Table 2. Nominal design specifications for the three-stack redox flow
battery

Nominal power 2.1kW
Gross power 4.8kW
Voltage (o.c., 50% state of charge) 558V
Number of stacks 3
Number of cells per stack 18
Cell active area 1000 cm®
Nominal current density 40 mA cm™?
Cell resistivity 3Qcm?
Equivalent resistors
Port 221Q
Manifold 1.73Q
Hydraulic interconnection 20Q

Cell

Fig. 6. Representation of shunt current at the central cell of each
stack as a function of cell position for (a) charge and (b) discharge.
(0) Stack 1, (O) stack 2 and (<) stack 3. System: three-stack
assembly. Input parameters: Ry = 1.73Q, R, = 221Q, R, =
0.003Q, R, = 200, N = 18 cells, [, = 40A, V, = 1.032V.

culations were made from a length of 0.5m as this
length is the minimum available if the external size of
the stacks is considered.

A great influence of shunt current on the central
stack is observed, but it is less significant on the termi-
nal ones. The system has behaved in an identical
manner in discharge. However, the calculated shunt
currents were lower than those calculated in charge
due to the fact that the voltage of each cell is always
lower in discharge.

Figure 7b, shows the variation of the system
efficiencies as a function of the interconnection length.
No significant variations in voltage efficiency are
observed because the limiting factor is the internal cell
resistance due to the low voltage variations induced by
shunt currents compared with the open-circuit cell
voltage. It must also be pointed out that the three-
stack assembly almost reaches the same current
efficiency as the single-stack with the minimum inter-
connection length tested.

3.2.2. Total current. The influence of the total current
on the energy efficiency has been studied. The current
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Fig. 7. (a) Representation of shunt current at the central cell of each
stack as a function of hydraulic interconnection length in charge
operation. (O) Stack I, () stack 2 and (O) stack 3. (b) System
efficiencies as a function of the hydraulic interconnection length.
(0) Voltage, (O) current and () energy. System: three-stack
assembly. Input parameters: Ry, = 1.73Q, R, =221Q, R, =
0.003, N = 18 cells, I, = 40A, I; = 1.032V.

and the number of cells of the assembly are the power-
fixing parameters of the system. Therefore, it is inter-
esting to analyse the response of the system to several
charge-discharge currents. In Fig. 8a shunt current at
the central cell of each stack is shown as a function of
the charge current. From the shunt current and vol-
tage distribution observed in the previous analysis, a
linear increase of the shunt current must be expected
with the total current due to the ohmic nature of the
voltage variations of the cell.

The decrease in shunt currents observed when the
discharge current is increased is due to the same
reason. The absolute values of the slopes are less than
one and, therefore, when the total current is increased,
the shunt current/total current ratio is decreased.
Thus, an increase in the current efficiency must be
expected when the operation current is increased.
However, the diminution of the voltage efficiency as a
consequence of the rise in the ohmic drop leads to the
fact that energy efficiency reaches a maximum around
20 A. An approximately 75% energy efficiency may be

1.4 - (
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Fig. 8. (a) Representation of shunt current at the central celf of each
stack as a function of the charge-discharge current. {O) Stack 1,
{0} stack 2 and (O) stack 3. (b) System efficiencies as a function
of the charge-discharge current. (O) Voltage, (00) current and
(C) energy. System: three-stack assembly. Input parameters:
Ry = 1L73Q, R, = 221Q, R, = 0.003, R, = 20Q, N = 18 cells,
v, = 1.032V.

expected when operating at a current of 50 A.
4, Conclusions

A simple method to perform scale-up studies of a
redox flow battery based on shunt current analysis has
been presented. The application of this model to the
design of a 0.7kW redox flow battery has yielded an
over 77% energy efficiency, using the shunt current
calculation model presented in the literature [22]. A
model for calculating shunt currents in assemblies
formed by bipolar stacks connected in series with
parallel electrolyte feeding has been developed. The
model needs only moderate programming or hard-
ware requirements and it is in good agreement with
calculations reported in the literature [22].

From the results herein, the enhancement of shunt
currents as a consequence of the connection in series
of several bipolar stacks with parallel electrolyte
feeding must be pointed out. These shunt currents are
significantly more important in the central stack. The
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scale-up of the single-stack battery to the three-stack
assembly using this model has yielded an energy
efficiency similar to that obtained for the single-stack
system using a short hydraulic interconnection of the
stacks.
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