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Abstract: Vanadium redox flow batteries are a highly efficient solution for long-term energy storage.
They have a long service life, low self-discharge, are fire safe and can be used to create a large-scale
storage system. The characteristics of the flow battery are determined by the parameters of its main
components: a stack determines the battery power and its efficiency, and an electrolyte determines
the battery’s capacity and service life. Several stacks must be combined into one system to create a
powerful energy storage system; however, the discharge characteristics differ even for two identical
stacks connected in parallel. This article proposes hydrodynamic and electrotechnical methods for
ensuring the parallel operation of several flow stacks under the same conditions.

Keywords: flow battery; vanadium redox flow battery; long-term energy storage; parallel operation;
DC/AC converter; electrolyte supply system; hydrodynamic scheme

1. Introduction

Vanadium redox flow batteries (VRBs) are electrochemical cells that use vanadium ions
in various oxidation states as charge carriers. The stack (flow cell) is the main element of
VRB. It consists of two porous graphite electrodes separated by an ion exchange membrane.
In addition to the stack, the battery includes a hydrodynamic system, which consists of two
tanks with positive and negative electrolytes, which are pumped through the electrodes by
pumps with an adjustable capacity (Figure 1).

Figure 1. Circuit diagram of the VRB cell.

Table 1 shows a comparison of various electrical energy storage (EES) technologies [1–5].
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Table 1. Characteristics of existing EES technologies.

Technology Rated
Power, MW Usage Time Self-Discharge, %

per Day
Gravimetric Energy

Density, Wh/kg
Volumetric

Energy Density, Wh/L Power Density, W/kg Efficiency, %
Lifetime,

Cycles
(No Less Than)

Electrochemical

Lead acid 0.001–50 s–3 h 0.1–0.8 30–50 50–80 75–300 70–90 500–1200
Lithium-ion 0.1–100 min–h 0.1–0.3 75–270 200–600 100–10,000 85–98 1000–25,000

Nickel cadmium 0.1–50 min–h 0.2–1 50–75 60–150 150–230 60–90 1000–2500
Nickel metal hydride 0.01–1 min–h 0.5–1 40–110 220–428 250–2000 50–80 200–1500

Sodium sulfur battery (NaS) 0.05–100 s–h 0.05 150–300 150–300 150–230 70–90 2000–5000
Vanadium redox flow battery 0.1–200 s–10 h 0.06 10–75 20–70 80–150 60–90 12,000–14,000

Zinc bromine flow battery up to 1 s–10 h 0.06 60–85 30–65 50–150 75–80 2000

Electrical

Supercapacitor (SC) 0.01–1 ms–s 2–4 1.5–110 40–100 40,000–120,000 80–98 10,000–100,000
Superconducting magnetic

energy storage (SMES) 0.001–10 s 0 1–60 up to 10 (10,000–100,000) × 103 80–95 100,000

Mechanical

Hydro-pumped storage (HPS) 20–5000 1–24 h 0–0.5 0.3 0.2–2 0.1–0.2 70–85 30–60 years
Compressed air energy

storage (CAES) 10–1000 1–24 h 0–10 10–30 0.5–0.8
(at 60 bar) 0.2–0.6 40–75 20–40 years

Flywheel energy storage (FES) 0.002–400 s–min 1.3–100 5–200 1000–5000 70–95 20,000–100,000

Chemical

Hydrogen (H2) 0.01–1000 s–months 0–4 - 600 0.2–20 25–82 5–10 years
Synthetic natural gas (SNG) 50–1000 s–months 0–1 - 1800 0.2–2 25–56 30 years

Flow batteries have a long service life (2–4 times longer than lithium-ion and 10 times
higher than lead-acid), high flexibility and fast response time. Moreover, the flow batteries
advantages include high efficiency (>75%), a wide operating temperature range (from −30
to +60 ◦C), environmental friendliness, fire and explosion safety. Therefore, flow batteries
are the most efficient for accumulating large amounts of energy (from 1 MWh) indoors,
where for certain reasons it is not possible to install a diesel generator or other fuel source.

Vanadium redox flow batteries are the most efficient and promising type of flow
batteries for commercial use [6]. Currently, three generations of VRB have been developed,
differing in the composition of electrolytes, as well as with combinations based on Fe
and V ions, such as the vanadium oxygen fuel cell (VOFC) and vanadium hydrogen fuel
cell (VHFC) [7]. The use of vanadium ions in both electrolyte tanks eliminates the cross-
contamination problem faced by other technologies. In addition to VRB, the best-known
flow batteries are iron/chromium redox (Fe/Cr), polysulfide bromine (PSB), zinc-bromine
(Zn/Br) and zinc-chlorine (Zn/Cl) [8].

The capacity of the system is determined by the volume of the electrolyte, and the
output power is determined by the area of the electrodes. Thus, power and capacity can be
increased independently of each other for specific consumer tasks. Table 2 shows the main
parameters of the commercially available flow batteries.

Table 2. Parameters of commercially available flow batteries.

Model Country Company Power, MW Capacity, MWh Lifetime, Cycles (No Less Than)

2015 Uni.System™ (AC) USA UniEnergy Technologies, LLC 0.6 2.2 12,000
VNX1000-10 USA Vionx Energy Corporation 1 10 20 years

GEC-VFB-10kW30kWh China Golden Energy Century Ltd. 0.01 0.03 20,000
Vpower1 China Rongke Power Co., Ltd. 0.5 2 10,000

The disadvantages of flow batteries include their low volumetric energy density, com-
plex design of the hydrodynamic system, as well as the presence of pumps for electrolyte
(consume about 3% of the VRB energy). Unlike traditional electrochemical storage systems
(lead-acid, lithium, gel batteries), they are less subject to self-discharge. Despite this, peri-
odic recharging of the batteries and remediation and remixing of electrolytes is required
to maintain the nominal capacity [9]. Self-discharge and side reactions in the electrolytes
always take place [10,11], so the capacity of flow batteries decreases continuously during
the charge/discharges cycling, due to the vanadium species crossover through the ion
exchange membrane [12], which is confirmed by open circuit voltage tests [13].

High-power EES systems require a large volume of electrolytes, which makes it
possible to use such batteries only as stationary ones, and limits their scope [3]. Thus, flow
batteries are a versatile and efficient way to store energy, both in large, centralized power
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supply systems and in isolated microgrids with their own generation sources, which can
be used to level the load curve and increase the efficiency of power transmission [6,8].

According to the US Department of Energy, more than 100 facilities with a total
capacity of more than 300 MW were installed in the world by 2021 [14]. If there are no
restrictions on the dimensions of the system, large-scale EES systems can be created on
the basis of flow batteries (a project with a capacity of 800 MWh was implemented in
China) [15]. Data on the largest implemented projects of flow batteries are provided in [7].

Flow batteries generate a direct current (DC) voltage, while most electrical consumers
require an alternating current (AC) voltage. DC/AC converters (or inverters) are used to
solve these tasks.

It is necessary to combine several stacks into a single system to create high power EES
systems. To do this, stacks can be connected in series (which is performed when assembling
flow cells into a single stack) or/and in parallel. A series connection permits an increase in
the nominal voltage of the system, and a parallel connection increases the total current of
the system, and the voltage remains equal to the voltage of one stack.

The direct parallel connection of stacks is allowed only if their voltages are equal, and
even in this case it has many limitations. No two batteries are the same; there are always
slight differences in the stack state of charge (SOC), capacity, resistance and temperature
characteristics, even if they are the same type, from the same manufacturer and even from
the same production batch. Equalizing currents can occur even with slight differences in
stack characteristics. In this case, it is not possible to efficiently use each stack, and the
overall efficiency of the system will be significantly reduced. Therefore, converters (usually
DC/DC) must be used to combine several stacks.

Topologies of hybrid energy storage devices (HESDs), which help to combine different
types of EES devices into a single system, are presented in [16]. EES are connected in
parallel and DC/DC converters are installed at their output. Having converters for each
EES device will permit each battery to function optimally. The correct converter topology
must be selected to achieve the optimum operating conditions for flow battery stacks.
H. Tao et al. (2008) proposed a multiport structure and three-port topologies converters
with the ability to connect several batteries to one converter at once [17]. Transformers for
isolation or for efficient voltage boosting are used in the topology of converters. Examples
of the use of these devices for flow batteries are not available.

C.-C Wu et al. (2020) proposed a method for combining two fuel cells with different
I-V characteristics for parallel operation [18]. The use of transistor DC/DC converters with
an inner power feedback loop was proposed. The disadvantage of this method is the large
power losses in the converters, which do not allow for the use of this method to create high
power systems.

B. Müller (2010) proposed a scheme for combining eight flow stack modules with
a power of 250 kW (980 V, 252 A), which uses a single hydrodynamic system with four
groups of pumps (one group of pumps for two stack modules) [19]. The flow batteries are
combined into two groups of four modules connected in parallel, which are connected in a
series and connected to one 2 MW (2 kV, 1 kA) DC/AC inverter. Data on the effectiveness
of the proposed solutions are not available.

Thus, combining stacks of flow batteries on the DC side using DC/DC converters is a
standard solution [20]; however, it is also possible to combine them on the AC side after
the DC/AC inverter. This solution makes it possible to exclude an extra conversion stage
from the circuit.

The purpose of this article was to develop a system to ensure the efficient parallel
operation of a group of VRB stacks, due to a single hydrodynamic EES system and an
interface circuit based on DC/AC converters.

2. Materials and Methods

A stack of a GEC-VFB-5kW vanadium flow batteries (China) was used in the experi-
ments. The stack consists of 37 single cells connected in series with a total active electrode
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area 8 m2 and rated current density of 18.75 A/m2. It provides a nominal stack voltage of
48 V at a current of 110 A.

A 1.85 M solution of vanadium in a mixture of hydrochloric and sulfuric acids was
used as an electrolyte. The average valence of vanadium ions was +3.5. The sulfuric acid
concentration was 25% and that of hydrochloric acid was 14%. The solution was prepared
by mixing the reagents in a reactor with an overhead stirrer. Vanadium pentoxide with a
purity of 99.95% was used as a vanadium precursor. The reduction was carried out at room
temperature with 99.97% pure oxalic acid. Phosphoric acid at a concentration of 0.4% was
added to the electrolyte as a stabilizer [21,22].

After the reduction of vanadium pentoxide to vanadyl sulfate (vanadium valence +4),
the electrolyte was charged until complete oxidation of vanadium in the positive circuit to
valence 5+ and the reduction of vanadium in the negative circuit to valence 3+. Afterwards,
the electrolyte from the positive circuit was repeatedly reduced to valence 4+ with oxalic
acid and mixed with the electrolyte from the negative circuit with valence 3+ in proportions
of 1:1. The desired electrolyte was then ready.

2.1. Flow Stack Test Bench

Two test benches (6 kWh and 30 kWh) were developed to test the operating modes
of the VRB stack [23]. These benches differed in the volume of electrolyte tanks used,
with 2 × 200 L for a 6 kWh bench and 2 × 1000 L for a 30 kWh bench. A photo of the
6 kWh bench is shown in Figure 2, and its hydrodynamic system is shown in Figure 3.
The hydraulic system of benches consisted of 2 tanks with electrolyte, 2 frequency-driven
pumps for pumping electrolyte, a balancing pump and flow, pressure and temperature
sensors in each circuit.

Figure 2. 6 kWh VRB test bench.

A balancing pump was installed to equalize the levels of positive and negative elec-
trolytes in the tanks, due to the fact that part of the electrolyte from one circuit passes into
another through the proton membrane during VRB operation.

The tests were carried out on a 30 kWh bench. The volume of the tanks of positive
and negative electrolytes was 1 m3 or 1.3 t. The specific energy stored in electrolytes was
11.54 kWh/t. The stack was tested at an electrolyte pumping rate of 1.5–2 m3/h. The
pumping speed was maintained by pumps with an accuracy of 0.1 m3/h and controlled by
flow sensors. Charge voltage 54–58 V, charge current 100–150 A. The achieved level of SOC
was 20 kWh or 66% of the rated capacity. Cut-off voltage 28 V.

The main technical characteristics of the test bench are outlined in Table 3.
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Figure 3. Hydrodynamic scheme of the VRB test bench: 1—VRB stack; 2—tanks with elec-
trolyte; 3—main pumps for pumping electrolyte; 4—balancing pump; 5—electrolyte flow sensors;
6—pressure sensors; 7—outlet pipes; 8—branch pipes with an outlet in the form of a fitting; 9—branch
pipes with pressure relief valves.

Table 3. 30 kWh test bench characteristics.

Parameter Value, Unit

Main pumps maximum performance 4 m3/h
Balancing pump performance 20 L/h
Range of electrolyte flow rates 1 . . . 2.5 m3/h

Electrolyte pressure measurement range at stack inlet 0.1 . . . 100 kPa ± 3%
Operating pressure range in tanks −7.5 . . . +7.5 kPa
Volume of tanks with electrolyte 1 m3

2.2. Test Bench for Two Flow Stacks

Experiments were carried out to combine two VRB stacks into one system (Figure 4).
Two stacks of GEC-VFB-5kW connected in a series were selected for testing. Table 4 shows
the initial parameters of the system during the tests.

Table 4. Initial data for tests.

Parameter Value, Unit

Discharge current 100 A
Pressure (−) 36 kPa
Pressure (+) 43 kPa

Electrolyte is charged up to 40 A
Charge of stack #1, U1 53.42 V
Charge of stack #2, U2 53.18 V
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Figure 4. Scheme of a test bench with two flow stacks: 1, 2—VRB stack; 3—positive electrolyte tank;
4—negative electrolyte tank; 5—pumps.

3. Results
3.1. Single Flow Stack Tests

Figure 5 shows the discharge characteristics of the flow stack as well as its I-V charac-
teristics obtained on a test bench. The load current was changed during the discharge phase
to build the current–voltage characteristic of the stack. This characteristic is important for
tuning the power converters and algorithms of the RFB control system.

Figure 5. Characteristics of the GEC-VFB-5kW stack: (a) discharge; (b) I–V characteristic.

From Figure 5b it can be seen that the I-V characteristic of the GEC-VFB-5kW stack is
linear in its operating range. The duration of the discharge was 4.5 h.

Experiments were also carried out to evaluate the effect of the electrolyte pumping rate
on the stack characteristics. Figure 6 shows the stack power as a function of the electrolyte
flow rate through the stack.
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Figure 6. Dependence of stack power on electrolyte flow rate.

The electrolyte pumping speed has a significant effect on the stack power at low speeds
(up to 1 m3/h). The stack power changes insignificantly from the electrolyte flow rate after
reaching a pumping rate of 1 m3/h. Thus, the rate of electrolyte pumping can significantly
affect the output characteristics.

3.2. Two Flow Stack Tests

Figure 7 shows the discharge characteristics of the stacks when they are connected in
series, obtained for the initial conditions detailed in Table 4.

Figure 7. Discharged characteristics for stacks #1 and #2.

Despite the same nominal characteristics of the stacks and the common hydrodynamic
electrolyte supply system, the same discharge conditions, and the level of initial SOC, the
rate of voltage decrease of the stacks differed significantly. There is a significant difference
in their voltage, which increases as the discharge progresses, reaching 22.27 V or 41.7% of
the initial charge. The reasons for this difference may be as follows:

1. Stack internal resistance. The resistances may differ due to the imperfection of the
design and electrochemical parameters of the stacks (thickness and dimensions, den-
sity and structure of the electrodes, etc.). During the stack operation, a change in the
internal resistance and a decrease in the efficiency of their work may be observed due
to the influence of the membrane and/or electrodes [13,24]. The degree of influence
depends on the number of hours of operation, charge–discharge cycles and their
operating conditions.
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2. Electrolyte pumping speed. In the presence of a single hydrodynamic system for both
stacks, it is difficult to maintain the same rate of electrolyte pumping, caused by the
impossibility of fine manual adjustment.

Therefore, from Figure 7 we can conclude that the parallel operation of stacks without
additional converters is unacceptable. The operation of this system is inefficient, and will
lead to the overload of stack #2, which means that special methods must be used to combine
several stacks into a single system.

4. Discussion
4.1. Unified Hydrodynamic Electrolyte Supply System

An independent hydrodynamic system with its own electrolyte tank for each stack
can be used to maintain the same rate of electrolyte pumping through parallel connected
stacks. The adjustment of the electrolyte supply rate will be maintained using pumps and
controlled by flow sensors in this case. However, this method leads to additional costs, both
in terms of materials and equipment, and for the allotted area for the placement of tanks.

Figure 8 shows a single hydrodynamic scheme that allows one to connect an unlimited
number of flow stacks to one set of electrolyte tanks.

Figure 8. Hydrodynamic scheme for connecting multiple flow stacks: 1—VRB stack (n pieces); 2 and
3—electrolyte tanks; 4—main electrolyte pumps; 5—balancing pump; 6—electrolyte flow sensors;
7—input valves; 8—outlet valves.

Setting the same rate of electrolyte pumping through all stacks is carried out in the
following order:

1. All stacks except one are disconnected from the electrolyte supply system using
shut-off valves 7.

2. The pumping speed is adjusted using inlet valve 7 and by controlling the flow rate
using sensor 6. When the required speed is reached, output valve 8 is closed.
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3. Adjustment is made for the next stack. Step 2 is repeated as many times as needed.

It should also be noted that the same flow rate of negative and positive electrolytes
should be maintained using the main electrolyte pumps and electrolyte flow sensors.

4.2. Electrical Circuit for VRB Parallel Operation

Figure 9 shows a proposed circuit that allows one to combine flow stacks for parallel
operation on the AC side. A bi-directional three-phase bridged DC/AC converter is used
to convert the stacks’ DC voltage to AC. Its schematic diagram is shown in Figure 10.

Figure 9. Functional diagram of circuit for VRB parallel operation.

Figure 10. Three-phase bridge DC/AC converter.

The advantage of using DC/AC converters and combining stacks on the AC side is
that it is possible to exclude an extra conversion stage from the circuit and increase overall
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system efficiency compared to a standard solution when DC/DC converters are installed
first to combine several stacks, and then the common DC/AC inverter when used to supply
the load with an AC current.

A three-phase transformer T can be installed after DC/AC converters for further
voltage conversion to the level required by the consumer (grid). It also provides galvanic
isolation between the batteries and the AC grid. The electrical grid is connected to the AC
voltage bus which is connected to the secondary winding of the transformer.

The system and DC/AC converters are managed by a control system consisting of the
following two modules: a single control signal setting system (Control) and own converter
control units (CS). A single control system is needed to synchronize the output voltage of
the converters and control the power flow of the stacks to the grid (from the grid in charge
mode). Own converter control units are used to generate PWM signals to form the output
voltages of the converters and equalize the voltage amplitudes of the stacks.

A Matlab Simulink model was developed to test the performance of the proposed
circuit. Figure 11 shows a plot of the voltage change when three VRB stacks are connected
in parallel using the proposed circuit.

Figure 11. Changing the stack voltage when they are connected in parallel using a group of
DC/AC converters.

The initial voltages of the stacks were different, and the maximum difference reached
8.5 V or ~18% of the nominal value of the stack voltage. The system required 10 s to
equalize the voltage of all stacks.

5. Conclusions

Flow stacks must be combined into a single system to create high power storage
systems based on flow batteries. Direct connection on the DC bus without the use of
intermediate converters is not allowed due to the difference in the output voltages of
the stacks.

Bidirectional DC/AC converters must be used to combine stacks and equalize their
output voltage. The required voltage level at the output of the inverter is provided by a
transformer. In addition, the use of a single hydrodynamic electrolyte supply system is
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proposed, which, without additional capital costs, ensures the same rate of electrolyte is
pumped through each stack.
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