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Abstract: A low-pressure drop stack design with minimal shunt losses was explored for vanadium
redox flow batteries, which, due to their low energy density, are used invariably in stationary
applications. Three kilowatt-scale stacks, having cell sizes in the range of 400 to 1500 cm2, were
built with thick graphite plates grooved with serpentine flow fields and external split manifolds
for electrolyte circulation, and they were tested over a range of current densities and flow rates.
The results show that stacks of different cell sizes have different optimal flow rate conditions, but
under their individual optimal flow conditions, all three cell sizes exhibit similar electrochemical
performance including stack resistivity. Stacks having larger cell sizes can be operated at lower
stoichiometric factors, resulting in lower parasitic pumping losses. Further, these can be operated
at a fixed flow rate for power variations of ±25% without any significant changes in discharge
capacity and efficiency; this is attributed to the use of serpentine flow fields, which ensure uniform
distribution of the electrolyte over a range of flow rates and cell sizes.

Keywords: redox flow battery stack; serpentine flow field; cell size; operating flow rate; discharge
capacity; system efficiency

1. Introduction

Precise compensation of balance between the electricity generation and consumption
requires effective energy storage system. Several key parameters like response time,
capacity, energy and power ratings, cycle life, efficiency and cost should be considered
in selecting a suitable energy storage system [1]. Redox flow batteries (RFB) with their
distinct features such as independent rating of power and energy, long cycling life, low
levelized cost of energy and millisecond response time show great scope in accommodating
intermittency in renewable energy sources and load demand. Among several RFBs, the
Vanadium redox flow battery (VRFB) has seen enormous growth owing to its absence in
cross-contamination of different ionic species and recyclability of the valuable vanadium
content at the end of life cycles [2–6].

In a flow battery, the reversible cell potential is limited by activation and ohmic over-
potential losses. In addition to these losses—which depend primarily on the material
properties—mass transfer or concentration over-potential will become significant at low
state of charge (SoC) in discharge and high SoC during charging, especially in large
cells. Operation of the cell at high current densities will be severely limited under these
conditions. Increase in flow rate may help in reducing the concentration over-potential,
but this will also increase parasitic energy losses leading to a reduction in the overall
system level efficiency. For a given flow battery cell in operation, an optimal flow rate
should be identified to meet the power requirements so as to obtain good overall system
efficiency with high capacity [7–11]. For a flow battery stack, additional considerations
arise; these include uniformity of electrolyte distribution among cells, cell voltage variation,
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shunt current losses, manifolds, leakage and sealing. A number of studies have been
reported on the performance of kilowatt (kW) scale VRFB stacks in the literature. Extensive
focus has been given to the electrolyte flow rate strategies and range [9–17], shunt current
losses [17–22] and engineering aspects of flow battery stacks [23–26].

Ma et al. [9] reported effect of electrolyte flow rate on the performance of a kW-class
VRFB stack made of 15 cells of active area of 875 cm2 without having any flow channels on
the active area. Constant flow rate experiments at 75 mA.cm−2 showed that the discharge
capacity increased (from 10.9 to 18.4 Ah/L) with flow rate (0.25 to 0.9 mL.min−1.cm−2)
with attendant decrease in system efficiency (69.3 to 58.5%). In order to maintain both the
system efficiency and capacity at high level, an optimal strategy of electrolyte flow rate was
proposed with step-up in flow rate. With this strategy, the study reported improved system
efficiency of 66.5% at the current density of 75 mA.cm−2 while keeping the maximum
obtained capacity of 18.4 Ah.L−1. Tang et al. [10], through their simulation studies for
trade-off between electrolyte flow rate and system efficiency on a 5 kW/15 kWh VRFB
system having 40 cells of 1500 cm2 active area (without any flow channel grooves) operating
over the pre-set voltage range of 72 to 36 V (1.8 to 0.9 V at cell level), recommended that
the system should operate at constant flow factor of 2 or variable (with SoC of electrolyte)
flow factor of 7 in order to avail good system efficiency. For an operating current density of
40 mA.cm−2 under charging and 53 mA.cm−2 under discharging conditions, both constant
flow factor and variable flow factor operations have given energy efficiency close to 76%
while the system efficiency was 69% and 73% for the constant and variable flow factor
operations, respectively.

An experimental demonstration of 10 kW VRFB stack by Park et al. [11], using 31 cells
of 2714 cm2 active area (without any flow channel grooves) operating in the voltage range of
49.6 to 31 V (1.6 to 1.0 V at cell level), reported energy efficiencies of 76 and 70% for current
densities of 60 and 90 mA.cm−2, respectively, at a constant flow rate of 1 mL.min−1.cm−2.
Wu et al. [12] demonstrated a 5 kW VRFB stack with 40 cells of 1800 cm2 active area
by using internal flow-frame over the electrode as manifold. At an input flow rate of
0.7 mL.min−1.cm−2 with estimated cell level pressure drop of about 154 kPa, for operating
voltage range of 64 to 32V (1.6 to 0.8 V at cell level), energy efficiency of the stack was 82.8%,
discharge capacity 29.6 Ah.L−1 when operated at 50 mA.cm−2 while they were reduced
to 78.4% and 26 Ah.L−1, respectively, for current density of 80 mA.cm−2. Corresponding
system efficiencies were not reported, but one can anticipate a reduction of about 5 to 7%
based on the cell level pressure drop alone. A similar stack has been demonstrated by
Enrique et al. [13] over the current densities 25 to 112 mA.cm−2 with constant and variable
flow rates. A constant flow rate of 0.21 mL.min−1.cm−2 was compared with the variable
flow rate (0.1 to 0.46 mL.min−1.cm−2) over these current densities and it was found that
the variable operating flow rate option gave a gain of 2% in system efficiency. The reported
energy density was rather low and was in the range 14 to 18 Wh.L−1 with loss of 7 to 10%
energy towards pumping duty.

Li et al. [14], with their model based non-linear optimization, proposed electrolyte
flow rate trajectories to obtain optimal charging current, using a 5 kW/15 kWh VRFB sys-
tem made of 40 cells of 1500 cm2 active area. Ohmic over-potential losses were dominant
with fast charging, while crossover of vanadium ions was dominant during slow charg-
ing. As the required flow rate and operating current are functions of SoC of electrolyte,
available time and required power, it was proposed to have a combination of slow and fast
charging operation. Current density of 20 to 35 mA.cm−2 with flow rate range of 0.2 to
0.5 mL.min−1.cm−2 was proposed for slow charging and 100 to 150 mA.cm−2 with flow
rate in the range of 0.7 to 1.2 mL.min−1.cm−2 for fast charging. Wang et al. [15], with a
transient model, reported on a dynamic control strategy for the electrolyte flow rate, using
5 kW/30 kWh VRFB stack made of 25 cells of 1800 cm2 active area. It was recommended
that the flow rate optimization should consider the SoC of the electrolyte and that the
system should be operated at as low flow rate as possible in order to maintain good system
level efficiency.
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Recently, based on experimental studies using a 9 kW/27 kWh VRFB system made of
40 cells of 600 cm2 active area having internal flow-frame over the electrode as manifold,
Gaurnieri et al. [16–18] recommended to operate the system at variable flow rate as a
function of SoC of the electrolyte. For an operating current density of 50 mA.cm−2, energy
efficiency of 75.85%, energy density of 24.5 Wh.L−1 and system efficiency of 70.35% were
reported for a fixed flow factor of 8 (0.63 mL.min−1.cm−2). An increase of 2% in system
efficiency was obtained when operated at modulated stoichiometric flow factor compared
to the constant flow factor case.

As stated earlier, shunt losses are also substantial in determining the system efficiency.
Several investigations have been reported on the shunt losses in flow battery stacks with
guidelines to reduce them. Shunt current losses in VRFB stack depend on the variation in
voltage across the cells, number of cells and the ionic resistance of the manifold. Increase
of resistance for electrolyte in the manifold, reduction in number of cells in series, increase
in power of each cell and dividing large stacks into sub-stacks are the given guidelines to
reduce the shunt losses [18–23]. Other engineering factors that need to be considered for
commercialization of flow batteries for grid-level applications include stack designs with
flow channels on active area [24], computational techniques for prediction of electrolyte
distribution and pressure drop in large area cells [25], operating flow rate and current
density [26], effective scale-up in cell size [27], stack layout [28,29], safety features, diagnosis
and remedial actions [30,31], low cost components, simple fabrication procedures and other
techno-economic assessments [32–34].

It can be seen that several stack studies have been reported with cell areas in the range
600 to 1800 cm2. Average current density of operation used in these stack studies is about
75 to 90 mA.cm−2 with flow rate of about 0.7 mL.min−1.cm−2 [9–18]. Single-cell operation
at much higher current densities (in the range of 40 to 400 mA.cm−2) has been reported in
the literature; however, these studies have been conducted on small cells (typical active
area in the range 4 to 25 cm2), at high flow rates (of about 1 to 12 mL.min−1.cm−2) and
using sophisticated chemical/thermal/physical treatments to the electrode and/or the
membrane [35–42]. For example, Pezeshki et al. [35] reported a gain of 13% in energy
efficiency and two-fold increment in usable capacity with heated electrodes in an oxygen
environment compared to untreated felt for an operating current density of 200 mA.cm−2

on a single cell of active area of 5 cm2. Similarly, Monteiro et al. [36] reported a three-fold
increase in discharge capacity and 30% increases in energy efficiency using thermally
activated carbon felt compared to untreated carbon felt for an operating current density
of 40 mA.cm−2 on a single cell of active area of 25 cm2. Zhou et al. [39] reported on
comparative cell performance with treated and raw carbon felts. For an operating current
density of 320 mA.cm−2 at electrolyte circulation rate of 7 mL.min−1.cm−2, the cell with
treated felt gave energy efficiency of 85% whereas it was only 63% with raw felt. In addition
to the loss in efficiency, the raw felt gave discharge capacity of only 25% of the cell with
treated felt due to its much lower window of operating voltage. This was attributed to
the decreased overall cell resistance with the treated felt. Such high operating flow rates
cannot be sustained in large cells because of the high pressure drop. The cost of activation
of electrode and membrane, the possible degradation of active elements in long service
also need to be studied for implementation in grid-scale storage applications.

None of the stacks mentioned above [9–18] have flow channels on bipolar plate for
electrolyte distribution; the bipolar plate in these cases is a thin sheet and the flow of
electrolyte in the electrode is in the conventional flow-through mode. There is abundant
recent literature on the beneficial effect of flow channels on the performance of single
cells, although many of them are in cell areas less than 100 cm2 and a few on cell size
of 900 cm2 and above [43–58]. Very few studies have been reported on stacks with flow
channels [59–61]. Reed et al. [59,60], through their experimental investigation of kW-scale
VRFB stacks made of 3 and 20 cells of active area 780 cm2, using thermally treated felts and
mixed acid electrolytes, reported an increase in energy efficiency of 4% with interdigitated
flow patterns on porous electrode and 9% with interdigitated flow-frame fastened on
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thin bipolar plate compared to flow-through design. Bhattarai et al. [61] demonstrated
performance of 1 kW VRFB stack built with 20 cells of area 625 cm2, using interdigitated
flow slots on the thermally treated porous electrode. An energy efficiency (without pump
losses) of 80%, discharge capacity of 29 Ah.L−1, energy density of 37 Wh.L−1 at an operating
current density of 80 mA.cm−2 were reported for the flow rate of 0.64 mL.min−1.cm−2 with
charge–discharge operation over cell voltage range of 1.65 to 1.1 V. A cell level pressure
drop of about 47 kPa was reported at this flow rate.

As the major portion of weight of the VRFB system comes from external electrolyte
reservoirs in large-scale stationary storage applications, dimensions and weight of the stack
are not a big concern. Fabrication of thick graphite plates with flow channels and feeding
arrangement is very simple and it allows more control over the electrolyte distribution
over the cell. Serpentine flow fields have been demonstrated to have superiority over
interdigitated flow fields when compared in cells in the size range of 900 to 1500 cm2 [57].
The principal focus of the present study is on the performance characteristics of the kW-
scale VRFB stacks equipped with serpentine flow fields and cell sizing for application
in large-scale energy storage. To this end, three stacks made of 410, 918 and 1500 cm2

cell nominal active areas have been studied to obtain data of electrochemical parameters
including cell/stack resistivity and pressure drop while operating at current densities from
45 to 120 mA.cm−2 and over a range of electrolyte flow rates. Results show that these
stacks have the advantage of low pressure drop and negligible shunt losses compared to
the flow frame design. Details of the design, materials, methods, characterization and
results are discussed below.

2. Details of Materials and Methods

The method of construction and characterization of the stacks is illustrated in Figure 1.
A redox flow battery requires the circulation of negative and positive electrolytes through
respective electrodes which are separated by an ion-exchange membrane. Uniform circu-
lation of electrolyte species across the active area of electrode can be achieved by using
serpentine flow channels in large area cells [56], which can be engraved on graphite bipolar
plates. Graphite plates (SGL Carbon of grade R7510) of dimensions 30 cm × 30 cm ×
1.5 cm, 40 cm × 40 cm × 1.5 cm and 40 cm × 60 cm × 1.5 cm (width × length × thickness)
were engraved with serpentine flow field of geometry (5 mm × 2 mm × 3 mm) (channel
width × rib width × channel depth) [54] over the active areas of 20.5 cm × 20 cm, 30.6 cm
× 30 cm and 30 cm× 50 cm, respectively, leaving approximately 5 cm runoff width on each
side as shown in Figure 1C to overlay a silicone gasket (Figure 1F) to prevent leakage and
mixing of the electrolytes. The serpentine area over which the electrolyte flows through
was overlaid with graphitized felt (GFA 6EA from SGL Carbon), and this constitutes the
nominal active area of the cell (Figure 1G). The same felt was used as cathode and anode
electrode material without any further activation treatment. Based on previous studies [55],
the electrode was compressed by 35% after assembly of the stack. Nafion 117 is used as
ion-exchange membrane as well as physical separator for cathode and anode. The mem-
brane was hydrated in de-ionized water for about 24 h and the stack was assembled with
these wet membranes. As shown in Figure 1C, each graphite plate was fabricated with
inlet/outlet tubes across thickness of the plate from which the electrolyte enters/leaves the
reaction zone (porous electrode) via the serpentine flow path (Figure 1D) without requiring
further manifold arrangement over the electrode. These feed tubes (Viton rubber) were
fitted to the graphite plates by drilling at the mid-section of plate thickness (Figure 1E) and
fastened with adhesive Loctite-418 glue for leak proof joint. The end graphite plates are in
direct contact with current carrying copper plates and have the flow channels engraved
only on one side whereas the middle plates act as bipolar plates with flow channels en-
graved on both sides. An assembled single cell is shown in Figure 1J. The cell was made
leak proof by tightening the battery materials between two metallic (aluminum) end-plates,
using bolts. The bolts were used to connect only the end-plates, which were insulated
from the battery materials, using Silicone/Viton gaskets. This process is expanded to the
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assembly of stack by piling single cells in series and a photograph of an assembled 8-cell
stack is shown in Figure 1K. A separate manifold is required to distribute the electrolyte
from reservoir to each cell equally. This was done by using a T-split manifold of the type
shown in Figure 1B. Equal average velocity along the length of manifold branch can be
maintained to minimize pressure losses by having the diameters of feeding tube and those
of the branching T’s in the ratio of

√
2:1 [27]. The actual values of the diameters used are

based on available stock of Teflon and Polyethylene fittings and the ones chosen are listed
in Table 1. Electrolyte inlet/outlet tubes of the graphite plates are connected to the T-split
manifold as shown in Figure 1K.
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pressure-drop measurement in the stack, (C) graphite plate with serpentine flow field and inlet/outlet feed tubes, (D,E)
details of arrangement of flow feed through a Viton tube inserted into the side of the graphite plate, (F) overlaying of
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assembled single cell and (K) integrated 8-cell stack with split manifold.
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Table 1. Details of materials used in stack fabrication.

Component Description

Electrode Graphite felt (GFA 6EA SGL Carbon)
Electrolyte 1.61 M Vanadyl sulfate in 5 M Sulfuric acid
Membrane Nafion 117

Gasket Silicone
Tubing Silicone, Viton and Tygon

Graphite plate SGL Carbon (R7650), Thickness-1.5 cm
Current collector Copper pates of thickness 3 mm

Diameter (cm) of manifold
components

T1-19.05, T2-12.7, T3-9.53 and T4-6
E1-12.7, E2-7.4, E3-4.5 and E4-3.5 (E-Elbow, T-split)

2.1. Stacks Fabricated

Two small stacks with 4 cells in series were initially fabricated, each with cells of size
410 and 918 cm2. Corresponding T-split manifold was fabricated and tested for feeding of
electrolyte. Mechanical arrangements, leak testing and preliminary electrochemical tests
were performed to verify implementation in bigger stacks. The instantaneous cell voltage
across the cells of stack was measured and was found to give equal voltage up to second
decimal which can be attributed to equal split of electrolyte across the cells. Bigger stacks
of kW power rating were then fabricated by using 16, 8 and 8 cells of electrode sizes of 410,
918 and 1500 cm2, respectively, with nominal power rating of about one kW, one kW and
two kW, respectively. Cell voltage variation in these stacks also was found to be uniform
over a range of testing conditions. Details of materials are summarized in Table 1.

A recent study by the present authors [56] on the effect of electrolyte velocity on
electrochemical performance shows that a sufficiently high circulation rate is required
for optimal performance, and this was obtained at different stoichiometric flow factors
(defined based on stoichiometric flow rate at a nominal current density of 60 mA.cm−2) for
different cell areas (due to varying fractional split to the porous zone). The optimal flow
rate was found to be in the range of stoichiometric flow (SF) 7 to 9, SF 5 to 7 and SF 3 to
5 for the cell sizes of 410, 918 and 1500 cm2, respectively. In view of this, electrochemical
measurements of the present stack level studies were conducted for area-specific flow
rates between 0.24 and 0.81 mL.min−1.cm−2 for the small cell (SF 4 to 9), between 0.24
and 0.50 mL.min−1.cm−2 (SF 4 to 7) for the medium size cell, and in the narrower range
between 0.12 and 0.36 mL.min−1.cm−2 (SF 2 to 5) for the large cell. The results at these
flow rates on the stacks are presented and discussed in Section 3.

2.2. Electrochemical Studies

Electrolyte of concentration 1.61 M of vanadyl sulfate in 5 M of sulfates was prepared
by dissolving VOSO4·xH2O (99.5% wt. purity, x = 2~2.3, Noah Technologies) in H2SO4.
The anolyte (V2+/V3+) and catholyte (VO2+/VO2

+) redox couples were then prepared by
the two-step charging method [31]. In view of equal voltage across the cells of stack, pre-set
voltage cutoff was maintained at 1.75 and 0.9 V per cell (stack voltage limits are proportional
to number of cells) for charging and discharging, respectively. Configurations of the stacks
and the electrolyte volume on each side of reservoir for different stacks are reported in
Table 2. The anolyte solution was maintained in inert atmosphere by purging nitrogen gas
through it and the electrolyte temperature was maintained constant at 26 ± 2 ◦C. All the
electrochemical data were measured by using a Bitrode battery tester with voltage and
current limits of 72 V and 200 A, respectively. Life-cycle tests were conducted at fixed
current densities of 60, 75 and 90 mA.cm−2, at different flow rates and at a fixed flow
rate, with current density varying in steps from 45 to 120 mA.cm−2. At each operating
condition defined by current density and electrolyte flow rate which were held constant
during that test, three charge–discharge cycles were conducted and the average of the three
is reported here.
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Table 2. Details of stacks configured.

Preliminary Stacks

Average Power
Rating (kW) Number of Cells Electrode Area (cm2)

Volume of
Electrolyte (L)

0.25 4 410 (20.5 × 20) 1
0.50 4 918 (30.6 × 30) 2.25

Kilowatt-scale stacks

1 16 410 (20.5 × 20) 8
1 8 918 (30.6 × 30) 8
2 8 1500 (30 × 50) 8

2.3. Pressure Drop Studies

Pressure drop was measured separately in the single cells and stacks for the circulation
of electrolyte (in VO2+ form) at various flow rates, using inverted U-tube manometer.
A simple schematic of pressure drop measurement in a stack is shown in Figure 1B.
The pressure drop between points A and B comprises the losses for the flow in the inlet
and the outlet manifold and the cell itself for one side of the stack. The measured stack
pressure drop between A and B was subtracted from the pressure drop obtained in single-
cell measurements to get the pressures losses attributable to flow in the manifolds. Since
identical flow rates and flow arrangements are made on the anode and the cathode sides,
the total pumping losses are taken to be twice those measured as per the above scheme.

3. Results and Discussions

This section presents the choice of flow rates used to investigate the performance of
configured stacks and corresponding results with discussions.

3.1. Operating Flow Rate

Our previous studies with serpentine flow fields on cells of 400 and 900 cm2 area [54–56]
reported standard electrochemical performance for flow rate in the range 0.18 to
0.80 mL.min−1.cm−2 for current densities up to 120 mA.cm−2. The serpentine flow field,
when attached to a porous substrate, exhibits certain desirable flow features that are benefi-
cial for an electrochemical reaction occurring in the porous substrate [44,54]. The electrolyte,
when introduced into the serpentine flow field, will split into two streams: one passing
through the flow channels and the other passing through the porous substrate. Detailed
computational fluid dynamics (CFD) simulations show that this split happens right at the
inlet channel itself and the part going through the substrate will flow towards the outlet
channel with partial mixing with the electrolyte flowing in the channels. The fractional
flow split between the two parallel pathways depends on the flow resistances in each path
and may vary in the range of 25 to 75% [45,51,54,56]. A predictive lumped parameter
model was proposed based on CFD simulations and validated by using the experimentally
measured pressure drop in single-cell studies of the similar sizes [54,56]. The velocity of
the electrolyte in the electrode predicted by using this lumped parameter model [54] is
shown in Figure 2 for the three cell areas as a function of area-specific flow rate, i.e., flow
rate per unit active area of the cell. It may be noted that for the same area-specific flow rate,
a large cell requires higher volumetric flow rate compared to a small cell. For example, for
an area-specific flow rate of 0.3 mL.min−1.cm−2, cells of size 410, 918 and 1500 cm2 require
electrolyte circulation rates of 123, 275 and 450 mL.min−1, respectively. Since the channel
dimensions are the same for all three cell sizes, the pressure difference between adjacent
channels will be higher and as a result higher amount of flow will go through the porous
substrate for higher cell sizes at the same area-specific flow rate or for the same cell as the
flow rate increases. Thus, we see from Figure 2 that electrode electrolyte velocity of about
0.2 cm.s−1 would be obtained at 0.66, 0.42 and 0.30 mL.min−1.cm−2 for the small, medium
and large size cells, respectively.
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Figure 2. Predicted electrolyte velocity in the electrode over the cell areas 410, 918 and 1500 cm2.
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Figure 2. Predicted electrolyte velocity in the electrode over the cell areas 410, 918 and 1500 cm2.

3.2. Performance of 4-Cell Stacks

Preliminary stacks with 4 cells in series were developed with cell sizes 410 cm2

and 918 cm2 of power rating 0.25 and 0.5 kW, respectively. Typical charge–discharge
curves obtained for a current density of 75 mA.cm−2 and electrolyte circulation rate of
0.37 mL.min−1.cm−2 in the two stacks are compared in Figure 3. When the SoC of elec-
trolyte is high, the ohmic over-potentials of the two stacks are nearly the same showing that
scaling-up the cell area by a factor 2.25 does not change the local performance. The charge–
discharge behavior of the two stacks is however different towards the end of the charging
and discharging sections. One can see that the smaller cell stack having cell active area of
410 cm2 has earlier onset of mass transfer polarization leading to a discharge capacity of
only 23 Ah.L−1 compared to about 26.5 Ah.L−1 for the larger cell stack having cell active
area of 918 cm2. This is attributed to the fractional split of electrolyte between the porous
path and serpentine path. Although the serpentine flow field has proved to be providing
uniform circulation over the electrode cross-section for large cell sizes [56], the flow rate of
electrolyte through the porous zone is lower for a smaller cell for the same area specific
flow rate. For good electrochemical performance sufficient local convective velocity in
the electrode is essential, and to obtain this, smaller cells need to be operated at high
stoichiometric flow factor or area-specific flow rate compared to a large cell. The choice of
electrolyte circulation rate of 0.37 mL.min−1.cm−2 is close to the optimal flow condition
for the larger cell (0.36) and is too low for the smaller cell optimum (0.67) for the operated
current density of 75 mA.cm−2 [56]. Higher velocity in the electrode in the larger cell
(see Figure 2) would have delayed the onset of mass transfer polarization, leading to higher
discharge capacity. Round-trip life-cycle efficiencies for the energy, voltage and coulombs
are determined by using instantaneous and simultaneously measured values of current
and voltage during testing (the equations are described in detail elsewhere [58]). Based on
average over three successive charge–discharge cycles, it is found that both the stacks show
coulombic efficiency of ~96.5% and energy efficiency of ~76.5% with marginal differences
between the two. As expected, there is more difference in the discharge energy, with it
being 30.1 and 34.2 Wh.L−1, respectively, for the stacks fabricated with smaller and the
larger cell size.
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Figure 3. Voltage-capacity curves obtained during charge–discharge cycle test at operating current
density of 75 mA.cm−2, flow rate of 0.37 mL.min−1.cm−2 on 4-cell stacks made with cells of size
410 cm2 and 918 cm2.

3.3. Performance of kW Scale Stacks

Three stacks, namely, 16 cell—410 cm2, 8 cell—918 cm2 and 8 cell—1500 cm2, were
fabricated and tested for the performance. Pressure-drop studies were also conducted
on these stacks to determine the pumping power requirement. Results of pressure drop
measurements are plotted in Figure 4 as a function of area-specific flow rate for each stack.
The contributions of the cell and the manifolds are shown separately. One can see that
the stack pressure drop is increasing with cell size at the same area-specific flow rate.
However, the increase is not commensurate with the flow rate through the serpentine
channel. For example, for an area specific flow rate of 0.29 mL.min−1.cm−2, the total
pressure drops in the smallest, medium and the largest cell stacks are 26.9, 32.2 and
45.7 kPa, even though the flow rates are in the proportion 1.00:2.24:3.66. This is due to
the existence of a parallel flow path through the electrode that the flow can take [54].
As the pressure drop increases, the bypass flow rate increases reducing the channel flow
rate and hence channel pressure drop. Another observation that can be made is that the
contribution of the manifold pressure drop is much higher than the cell pressure drop
for the smallest stack while the case is reversed for the larger stacks. The contribution
of T-split manifolds is about 70% of the total pressure drop for the 16-cell small stack
while it is about 40% of the total for the 8-cell larger stacks. Higher contribution in the
16-split manifold is attributed to increased branching and high velocity in the last elbow
which feeds electrolyte to the inlet of the graphite plate. Careful dimensioning is therefore
required to minimize pressure losses in the manifolds. Finally, even though the overall
pressure drop is the lowest in the smallest stack at the same area-specific flow rate, smaller
cell stacks need to be run at a higher stoichiometric flow factor than larger cell stacks to get
the similar electrochemical performance [56]. Thus, there are several contributing factors
that determine the stack pressure drop. A comparison of the stack pressure drops will be
made later after establishing the optimal flow condition for each stack.
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Figure 4. Measured pressure drop as a function of the area specific flow rate for (a) 16 cell—410 cm2 stack, (b) 8 cell—918 cm2

stack and (c) 8 cell—1500 cm2 stack. The contributions of pressure drop in cell and manifolds are marked separately. Note
that the flow rate range for each stack is different.

Several electrochemical life-cycle tests were conducted at a fixed current density of
60 mA.cm−2 for electrolyte circulation rate in the range of 0.24 to 0.54 mL.min−1.cm−2,
at 75 mA.cm−2 for circulation rate in the range of 0.30 to 0.68 mL.min−1.cm−2 and at
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90 mA.cm−2 for circulation rate in the range of 0.36 to 0.81 mL.min−1.cm−2 (each flow
rate window corresponds to SF 4 to SF 9 at the respective current density), using the
stack of configuration 16 cell—410 cm2. Discharge performance over these respective
optimal flow rate conditions is plotted in Figure 5a,b in terms of capacity and energy
efficiency with (closed symbols) and without (open symbols) including pumping losses.
Supplementary Material has been provided with procedure to calculate the pumping losses
in the battery life cycle operation for a known electrolyte flow rate and the pressure drop.
It also gives the electrochemical data of the kW-scale stacks described in this paper at
typical operating range of current densities and electrolyte flow rates. It can be seen that
the capacity (Figure 5a) and energy efficiency (Figure 5b) increases monotonically with
the flow rate at all the current densities although there seems to be some saturation or
even slightly lower performance at high flow rates. Different explanations have been given
in the literature [36,56,62,63] for the saturated/decreased performance at very high flow
rates, including the intrinsic mass transport limitation of the electrode, accumulation of
product species in the electrode region, electrolyte imbalance resulting from higher osmotic
pressure and removal of surface functional groups from the electrode.
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Figure 5. Electrochemical performance data for the 16 cell—410 cm2 stack as a function of area specific flow rate and current
density: (a) discharge capacity and (b) energy efficiency, including pumping energy consumption (closed symbols) and
excluding pumping energy consumption (open symbols). (c) Charge–discharge life-cycle behavior of the stack for various
flow rates in mL.min−1.cm−2 (with corresponding stoichiometric flow (SF) factors) at fixed current density of 90 mA.cm−2.
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Typical charge–discharge life cycles of the stack (16 cell—410 cm2) are presented in
the Figure 5c for various electrolyte circulation rates. It can be seen that the capacity of the
cycle increases with increase in flow rate, and this can be attributed to the decrease in con-
centration over-potentials with increase in electrolyte velocity in the electrode. Our earlier
studies [56,57] on the effect of electrolyte velocity and electrolyte distribution pattern on the
electrochemical performance of the single-cell VRFBs found that the velocity of electrolyte
corresponding to a Reynolds number of 2 gives optimal electrochemical performance and
the flow rate far from this will results in poor performance due to high mass transport resis-
tance. As shown in the Figure 5c, flow rates of 0.63 and 0.81 mL.min−1.cm−2 are close to the
optimal electrolyte flow rate range [56] and other flow rates are far from the recommended
range and therefore gave low capacity. Although the capacity and the energy content of the
cycle increases with flow rate, the pressure drop and corresponding pumping power con-
sumption increases parallelly. Therefore, when pumping losses are taken into account, the
overall system efficiency shows a distinct peak indicating the existence of an optimal flow
rate. For a fixed current density operation, the energy efficiency without considering the
pumping losses shows only a small increase with flow rate unlike discharge capacity and
discharge energy. For example, with increase in flow rate from 0.24 to 0.54 mL.min−1.cm−2

at 60 mA.cm−2, the increase in capacity and energy amount to about 60% whereas the
increase in energy efficiency is just 4%. Similar results were reported by Ma et al. [9]
who found a capacity increase of 60% but energy efficiency increase of only 5% when the
flow rate is increased from 0.25 to 0.9 mL.min−1.cm−2 at current density of 75 mA.cm−2.
Similarly, Kim et al. [20] reported increase of 20% for discharge energy but only 3% for
energy efficiency when the circulation rate is increased from 0.17 to 0.51 mL.min−1.cm−2

for a current density of 80 mA.cm−2. However, as the flow rate increases, the pressure drop
increases and this may negate some of the gains in efficiency. Indeed, as can be seen in
Figure 5b, the system efficiency, i.e., energy efficiency after accounting for pumping power
(estimated here as 2Q∆P/ηp, where Q is the volumetric flow rate on one side of the cell,
∆P is the stack pressure drop on one side and ηp is the pump efficiency (taken here to be
75%)) decreases at high circulation rates. In addition to system energy efficiency, one needs
to take account of discharge energy while determining the optimal flow rate condition.
In summary, for this 16 cell—410 cm2 stack, optimal circulation rate is in the range of 0.5
to 0.6 mL.min−1.cm−2 for current density range of 60 to 90 mA.cm−2. These values are
similar to those obtained in single-cell studies [56].

Similar experiments have been conducted in the stacks of configuration 8 cell—918 cm2

and 8 cell—1500 cm2, but in a lower flow rate window, and the results are plotted in
Figure 6a–d. The trends of discharge capacity and energy efficiency with increasing flow
rates are similar to those for the 16 cell—410 cm2 stack. Optimal circulation rate is found
to be in the range of 0.4 to 0.5 and 0.25 to 0.35 mL.min−1.cm−2 for current density range
of 60 to 90 mA.cm−2, respectively for the stacks fabricated with cell sizes of 918 and
1500 cm2. The good performance at lower area-specific flow rates in large cells is attributed
to increased split of electrolyte to electrode resulting in sufficient velocity in the electrode at
low specific flow rates itself [56]. The coulomb and voltage efficiencies of the investigated
stacks are presented in Table 3 for the chosen operating conditions.
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Figure 6. Discharge performance of 8-cell stack of 918 cm2 cell area (a,b) and 8-cell stack of 1500 cm2

cell area (c,d) at various electrolyte flow rates and current densities. The filled symbols in (b,d)
correspond to energy efficiency, including energy consumption by pumps, and the open symbols
correspond to energy efficiency, without considering the pumping power losses.
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Table 3. Coulombic efficiency (CE) and voltaic efficiency (VE) of the life cycles of stacks operated at various fixed current
densities (J) and flow rates.

Stack 16 Cell—410 cm2 8 Cell—918 cm2 8 Cell—1500 cm2

J
(mA/cm2)

Flow Rate
(mL/min/cm2)

CE
(%)

VE
(%)

Flow Rate
(mL/min/cm2)

CE
(%)

VE
(%)

Flow Rate
(mL/min/cm2)

CE
(%)

VE
(%)

60 0.24 97.2 78.2 0.24 95.4 78.0 0.12 93.9 75.0
60 0.30 97.1 80.2 0.30 96.7 79.8 0.18 95.9 80.4
60 0.42 95.2 82.7 0.36 95.6 81.8 0.24 95.1 83.6
60 0.54 95.1 83.1 0.42 96.2 80.8 0.30 95.6 82.3

75 0.30 97.1 75.1 0.30 95.8 76.7 0.15 95.7 74.5
75 0.38 97.0 77.1 0.37 96.0 79.8 0.22 95.5 79.4
75 0.53 96.3 80.1 0.45 96.5 80.0 0.30 96.7 78.8
75 0.68 96.4 80.5

90 0.36 97.7 73.0 0.18 97.3 73.6
90 0.45 97.0 75.5 0.27 97.1 76.2
90 0.63 96.9 77.8 0.36 97.5 77.0
90 0.81 96.6 77.8

In addition to the characterization of stacks at various flow rates and current den-
sities, long-term performance testing was also conducted for over 125 charge–discharge
cycles on the stack 8 cell—1500 cm2 at current density of 60 mA.cm−2 and flow rate of
0.24 mL.min−1.cm−2. The results are shown in Figure 7 for the loss in capacity and energy
efficiency. It can be seen that the efficiency is constant throughout but that the capacity
fades at the rate of about 0.2% per cycle which is within the limits of values reported in
the literature [36,64]. Similar results were reported in our previous studies on a single
cell [55]. Stability in the performance of a VRFB can be affected by several parameters
like crossover of vanadium species leading to imbalance of active reactants, precipitation
of vanadium ions, differential rates of gas evolutions and changes that can happen to
activity of materials (membrane/electrode/solution) [36,64]. There are methods reported
to recover the lost capacity like periodic remixing of electrolytes [65] and auto-rebalancing
by creating hydraulic shunt between electrolyte reservoirs [61].
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Figure 7. Capacity fade and energy efficiency of the 8 cell—1500 cm2 stack over 125 cycles at current density of 60 mA.cm−2

and flow rate of 0.24 mL.min−1.cm−2.

Comparison of these three stacks at an operating current density 60 mA.cm−2 at
their respective optimal conditions is shown in Table 4 It can be seen that the discharge
performance in terms of specific capacity, energy density and energy efficiency is nearly
the same at the respective optimal conditions. The difference can be seen only in terms
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of system efficiency and the power traded. The energy consumed for pumping element
in a duty of one kW power trading is about 3% of its discharge energy in the smaller cell
size (410 cm2) stack while the larger cell size (1500 cm2) stack consumed less than 1% of its
discharge energy. When the power is compared for stacks having equal number of cells
connected in series, the 8 cell—1500 cm2 stack configuration has discharged nearly twice
the power of the 8 cell—918 cm2 stack configuration at equal expense of pressure drop.
In this way, the stacks assembled with our optimized serpentine flow field geometry on
graphite bipolar plates benefited in terms of low pressure drop, marginal loss in capacity
and gain in system efficiency while scaling-up the cell size from 400 to 1500 cm2.

Table 4. Performance of the kW scale stacks at operating current density of 60 mA/cm2 for optimal flow rate conditions
with 8 L of electrolyte solution on each side of the stack.

Stack
Configuration

Power
Rating (kW)

Optimal
Flow Rate

(mL/min/cm2)

Pressure
Drop (kPa)

Coulombic
Efficiency

(%)

Energy Efficiency (%) Discharge

Without
Pump

With
Pump

Capacity
(Ah/L)

Energy
(Wh/L)

16 cell—410 cm2 1 0.54 51.6 94.8 79.8 76.7 26.3 32.8
8 cell—918 cm2 1 0.36 39.4 95.6 78.2 76.6 25.8 33.4
8 cell—1500 cm2 2 0.24 38.7 95.1 79.5 78.5 25.6 33.0

3.4. Cell and Stack Resistance

Cell resistivity is a useful parameter of an electrochemical cell; it is an overall char-
acteristic that reflects the choice of the materials used, the design of the cell (including
electrode thickness, compression and its interaction with the flow channels, if any) and the
operating conditions such as the temperature and state of charge (SoC). The cell resistance,
Rcell, can be measured from the following relation [10,66]:

ï = I·Rcell (1)

where ï is the cell over-potential (i.e., the difference between the cell voltage and its open
circuit voltage), and I is the cell current. Since the current density rather than the cell
current is a more intrinsic quantity in an electrochemical reaction, the cell resistance is often
expressed in the more comparable form of area specific resistance (ASR) defined as ASR =
Rcell × nominal electrode surface area, which, for a planar electrode of length, L, and width,
W, is given by the following:

ASR = (ï × L ×W)/j (2)

where j is the cell current density [10]. For a stack, the overall ASR can be determined
from assuming that all cells are operating uniformly so that Equation (2) can be applied
on a per cell basis. ASR determined from Equation (2) can be expected to vary, for a given
cell, with both flow rate and the state of charge (SoC). However, careful experimental
studies [55] show that for SoC in the range of 40 to 60% and for flow rates under near
optimal conditions, ASR is not sensitive to these parameters. Thus, in the present study,
ASR at the cell-level and stack-level were calculated from power density measurement
data for cells [55,56] and stacks [31,67]. In these experiments, the cell was operated for a
brief period (30 to 60 s) at a current density and the cell voltage was measured. At the end
of each such short-duration experiment, the open circuit voltage (OCV) was measured for
60 s; this duration was found to be sufficient for the OCV to reach a steady value. Another
way to calculate the ASR is from a plot of the voltage vs. capacity curves obtained during
charging and discharging of the type shown in Figures 3 and 5c. The voltage difference
between charging and discharging part of the curves at half-capacity is a good measure
of (2ï), where ï is the average overpotential at the current density and at intermediate
values of SoC. The ASR estimated this way based on the voltage window at half-capacity
is found to agree very well (within ±10%) with that obtained from direct measurement of
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the over-potential. Table 5 lists the data of ASR obtained for the three cells and five stacks
discussed in the present study.

Table 5. Estimated area specific resistance (ASR) in mΩ.cm2.

Configuration Cell Area (cm2)
ASR from

Polarization Data
ASR from Voltage at

50% Capacity

Single-cell studies
410 2.08 1.83
918 2.32 2.08

1500 2.41 2.25

Stack-level studies

4 cell—410 cm2 1.90 1.95
4 cell—918 cm2 1.86 2.08

16 cell—410 cm2 2.17 1.93
8 cell—918 cm2 2.14 2.05

8 cell—1500 cm2 2.10 2.02

It can be seen that, since all the cells and stacks use the same materials and same cell
design and are operated at their respective optimal flow rate conditions, the ASR values
vary in the narrow range of 1.8 to 2.4 mΩ.cm2 with smaller cells showing lower ASR.
The slightly lesser values of ASR for the stacks may be attributed to the losses in the end
plates which are shared among the cells in the case of stacks. The ASR values are broadly
in agreement with those reported in the literature. Zhang et al. [68] reported an ASR of
about 1.8 mΩ.cm2 for the cell of area 5 cm2 fabricated with high compression ratio of 75%
of an electrode thickness 6 mm (SGL), Nafion 115 membrane by circulating electrolyte of
concentration 1 M vanadyl sulfate in 4 M sulfuric acid.

4. Fixed Flow Rate Operation

Irrespective of the cell size, the optimal flow rate is found to change with current
density to some extent. This would imply that in a dynamic situation where the power
at which the battery needs to be charged or discharged changes with time, there is a
need to dynamically vary the circulation rate even if the battery was to be operated at a
constant stoichiometric factor. Variable flow rate strategy requires dynamic measurement
of changes in power levels and SoC of electrolyte. In addition, most pumps have a limited
range of parameters in which the pumps operate at high efficiency. If there is a fixed
flow rate which can give good performance for a range of current densities, the life of the
pump can be increased and complexity in online measurement of dynamic power and
SoC can be reduced. In view of this, charge–discharge tests were conducted in the stacks
(8 cell—918 cm2 and 8 cell—1500 cm2) at a fixed flow rate of 0.36 and 0.30 mL.min−1.cm−2,
respectively, for various current densities in the range of 45 to 120 mA.cm−2. At each
current density, three charge–discharge cycles were conducted and the average of the
three is reported in Figures 8 and 9. The stack 8 cell—918 cm2 exhibited specific discharge
capacity in the range of 27 to 20 Ah.L−1, energy density in the range of 35 to 24 Wh.L−1

with system efficiency in the range of 77 to 69% for current density in the range of 45 to
120 mA.cm−2 at a fixed flow rate of 0.36 mL.min−1.cm−2. The corresponding values for
the stack 8 cell—1500 cm2 are 27 to 18 Ah.L−1, 35 to 21 Wh.L−1 and 79 to 67% at the lower
fixed flow rate of 0.30 mL.min−1.cm−2. For current densities of up to 75 mA.cm−2, both
the stacks have given equal performance, but at higher current densities, the large cell
stack gave marginally lower performance due to higher ohmic over-potentials arising from
high current values and high rate of depletion of active reactant with low replenishment
compared to 918 cm2 cell size. Taken together, these results show that at close to the optimal
flow rate conditions, a stack can be operated at ±25% rated power without affecting the
electrochemical performance in a significant way. For variations of ±50% from the rated
power, there is an appreciable change; however, the degradation in performance is not too
severe in terms of efficiency. In a low pressure drop stack such as the present one, constant
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flow rate operation is therefore possible for integration with renewable energy sources and
dynamic power demands.
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Figure 8. Electrochemical performance of 8 cell—918 cm2 stack at different current densities at a
constant electrolyte flow rate of 0.36 mL.min−1.cm−2: (a) discharge capacity and energy density and
(b) system energy efficiency.
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Figure 9. Electrochemical performance of 8 cell—1500 cm2 stack at different current densities at a
constant electrolyte flow rate of 0.30 mL.min−1.cm−2: (a) discharge capacity and energy density and
(b) system energy efficiency.

Comparison of the performance characteristics of the VRFB stacks designed with
serpentine flow fields on thick bipolar plates of the present study with those using conven-
tional flow through mode on thin bipolar plates is shown in Table 6 For current densities
up to 120 mA.cm−2, stack pressure drop of about 30 to 50 kPa at operated flow rate range
over the cell sizes 900 and 1500 cm2 is low compared to that in stacks with thin graphite
plates [12,13,60]. This leads to a relatively small loss of efficiency of only about 1 to 2%
because of low pumping power compared to about 5% or higher for thin graphite plate
stacks. Pressure drop can be further reduced by improving the design of split manifold
or using other designs such as a tapered manifold. Preliminary measurements indicate
that a reduction of about 40% in manifold pressured drop can be obtained by using a
tapered design. This helps in improving the overall system efficiency marginally in large
stacks. As stated earlier, enhancement in electrochemical performance also can be achieved
by using thermally treated felts [35,36,59–61], mixed acid electrolytes [20,59] and other
activation techniques.

Table 6. Comparison of serpentine configured Vanadium redox flow battery (VRFB) stacks with that configured with
conventional flow through mode and others.

Stack Configuration Flow Field
Operating
Flow Rate

(mL/min/cm2)

Total
Pressure

Drop (kPa)

Current
Density

(mA/cm2)

Discharge
Capacity
(Ah/L)

EE (%)
System

Efficiency
(%)

15 Cell—875 cm2 [9] No
Constant-0.90

75
18.4 77.9 58.5

Step-up flow
rate 18.4 73.7 66.5

40 Cell—1500 cm2 [10] No
Constant-0.60 108

50
76.0 69.0

Variable 76.0 73.0
31 Cell—2714 cm2 [11] No Constant-1.0 60 76.0

40 Cell—1800 cm2 [12] No Constant-0.70
154

(Cell level)
50 29.6 82.8
80 26.0 78.4

40 Cell—1800 cm2 [13] No
Constant-0.21

75
73.7 64.0

Variable 73.7 65.5
40 Cell—600 cm2

[16–18]
No

Constant-0.63
50 24.5 75.8

70.3
Variable 68.3

3 Cell—780 cm2 [61] *
Interdigitated on

bipolar plate Constant-0.51 15 160 17.5 78.0

20 Cell—625 cm2 [62] *
Interdigitated on

electrode Constant-0.64 47
(Cell level #) 80 29.0 80.0

8 Cell—1500 cm2

(Present)
Serpentine on
bipolar plate Constant-0.30 49

60 25.5 78.6 76.9
90 22.5 72.6 71.6

EE—energy efficiency, *—electrode is thermally treated, #—pressure drop is reported for water circulation and for electrolyte circulation it
is approximately twice that of with water [45].
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5. Conclusions

Three kilowatt-scale vanadium redox flow battery stacks, one having 16 cells with cell
area of 410 cm2 each, one having 8 cells of area of 918 cm2 each and another having 8 cells
of area of 1500 cm2 each, were built with thick graphite plates grooved with serpentine
flow fields. The individual cells were provided with inlets and outlets on the sides which
were connected to a T-split manifold to ensure uniform feeding of all cells. The stacks were
tested for electrochemical performance over a range of current densities and flow rates.
The following conclusions can be drawn from these studies.

1. Stacks of different cell sizes have different optimal flow rate conditions. Under
their optimal flow conditions, stacks of all three cell sizes exhibit good and similar
electrochemical performance of discharge energy density >30 Wh per liter and energy
efficiency >75%. This can be attributed to the use of optimized serpentine flow field.

2. Manifold pressure losses constitute a significant part of the total pumping power
consumption. Careful design of split manifolds can reduce pressure losses, while
maintaining uniform distribution to all cells.

3. Stacks having larger cell sizes have the advantage of being able to operate at lower sto-
ichiometric flow factors in obtaining good electrochemical performance. This reduces
the power spent on pumping compared to smaller cell size stacks.

4. Stacks designed with serpentine flow fields can be operated at a fixed flow rate for
power variations of ±25%, with no significant changes in discharge capacity and
efficiency. A wider window of operation of up to ±50% can be executed with minor
changes in the electrochemical perfor-mance.

5. Stacks of the present design can be operated at considerably lower pressure drops
for a 2 kW stack, resulting in efficiency loss of 1 to 2% only when pumping power
is considered. This is in contrast to a loss of 5 to 7% for flow frame-supported thin
graphite sheet design.

6. Cells of 1500 cm2 active area can be used to develop kilowatt-scale VRFB stacks with
serpentine flow fields.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/batteries7020030/s1, Figure S1: Polarization study of the stack 8 cell—1500 cm2 (a) charging at
constant current density of 60 mA/cm2 followed by discharge at intervals of current density and (b)
broad visualization of the discharge curves with OCV measured between the discharge steps, Table S1:
Pump loss calculations for the stack 16 Cell—410 cm2, Table S2: Electrochemical characteristics of the
stack 16 Cell—410 cm2, Table S3: Electrochemical characteristics of the stack 8 cell—900 cm2, Table S4:
Pump loss calculations for the stack 8 Cell—1500 cm2, Table S5: Electrochemical characteristics of the
stack 8 cell—1500 cm2.
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