‘ energies

Article

Study on Electrical Characteristics Analysis and Electrical Circuit
Model Design of Vanadium Redox Flow Battery Systems Based
on Current and Flow Rate Conditions

Seongjun Lee !, Hyeonhong Jung 2 and Yoon-Gyung Sung *

check for
updates

Citation: Lee, S.; Jung, H.; Sung, Y.-G.
Study on Electrical Characteristics
Analysis and Electrical Circuit Model
Design of Vanadium Redox Flow
Battery Systems Based on Current and
Flow Rate Conditions. Energies 2024,
17,5841. https://doi.org/10.3390/
en17235841

Academic Editor: King Jet Tseng

Received: 25 October 2024
Revised: 17 November 2024
Accepted: 20 November 2024
Published: 21 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mechanical Engineering, Chosun University, Gwangju 61452, Republic of Korea;
Isj@chosun.ac.kr

Mobase Electronics, Suwon 16648, Republic of Korea; gusghd0707@naver.com

*  Correspondence: sungyg@chosun.ac.kr; Tel.: +82-62-230-7181

Abstract: Recent research has focused on vanadium redox flow batteries (VRFBs) to address the
short lifetimes and fire risks associated with lithium battery systems. While VRFBs offer advantages
in safety, they suffer from low energy density and efficiency compared with lithium batteries. To
improve VRFB performance, studies are exploring improvements in materials such as anodes, cath-
odes, and separators and optimizing operations by controlling electrolyte flow rates. However, the
impact of current magnitude on VRFB efficiency has been less studied, with few analyses addressing
both current and flow rate effects. This research proposes an experimental procedure to evaluate
charge/discharge efficiency, energy efficiency, and system efficiency across varying current magni-
tudes and electrolyte flow rates, using a 40 W VRFB stack composed of four 10 W cells in series. In
addition, we introduce a design method for an electrical equivalent circuit model that simulates the
VREB stack, reflecting experimental findings. The model’s accuracy was validated by comparing it
with data from 11 full charge/full discharge cycle tests, which varied current and electrolyte amounts.

Keywords: vanadium redox flow battery (VREB); energy storage system (ESS); efficiency; electrical
circuit model (ECM); flow rate; electrolyte; current magnitude; charge/discharge cycle test

1. Introduction

Because the use of fossil fuels, such as oil and coal, causes global warming, environ-
mental pollution, and resource depletion, industries that use eco-friendly renewable energy
sources, such as solar and wind power, are attracting attention to solve these problems.
However, renewable energy power generation systems have intermittent characteristics
that depend on environmental conditions such as solar irradiance and wind speed. Energy
storage systems (ESSs) that overcome these renewable energy problems and enable stable
and efficient power and energy management are growing steadily [1,2]. The electrical
energy sources used in ESSs include lead—-acid batteries, lithium batteries, sodium-sulfur
batteries, redox flow batteries, supercapacitors, and compressed air. Table 1 lists the energy
densities, energy efficiencies and lifetimes of the electrical energy sources in an ESS [2].
Currently, lithium-ion batteries with high energy densities and efficiencies are widely used
in ESSs to maximize energy efficiency [2,3].

However, energy storage devices that use lithium-ion batteries have several problems.
As can be seen from the fire accidents of large-capacity batteries applied to electric vehicles,
energy storage devices composed of lithium-ion batteries using flammable nonaqueous
organic solvents face the problem of fire when thermal runaway occurs because of internal
short circuits [4-6]. In particular, energy storage devices manufactured by combining a
large number of lithium-ion battery cells in series and in parallel have a higher possibility of
fire occurrence if the maximum and minimum voltages of the applied battery cells cannot
be managed and if the failure status cannot be accurately predicted to maintain the cells or
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modules. Therefore, when lithium-ion batteries are used in large-capacity energy storage
applications, considerable effort must be made to prevent fires and prevent them from
spreading. Accordingly, to estimate the battery status, recent research on fault detection
using gas sensors and force sensors, as well as voltage and temperature measurements,
has been conducted [7]. In addition, research is being conducted on estimating SOC and
temperature by training an artificial intelligence model using measurement signals using
non-destructive techniques such as ultrasonic sensors [8]. In addition, lithium-ion batteries
cause environmental pollution during disposal after their lifespan ends [9]. To solve
these problems, research is being conducted to improve lithium-ion battery deterioration
diagnosis and reuse. However, this increases the operational complexity and cost of the
system [10,11].

Table 1. Energy and efficiency of energy storage system [2].

Lead-Acid Lithium-Ton Na$ VRFB Super CAES *
Capacitors
Energy Density . . . g . .
(Wh/L) 50-80 200-500 150-250 16-33 2-10 3-6
Energy Efficiency (%) 70-90 85-95 80-90 70-85 90 45-60
]Eé;ectllg)e 500-800 2000-3000 4000-40,000 1500-15,000 50,000 >10,000

* CAES: Compressed Air Energy Storage.

Therefore, research is being conducted on battery systems that can replace lithium-ion
batteries in ESSs, and the Vanadium Redox Flow Battery (VRFB), which uses an aqueous
solvent with a longer lifespan than lithium batteries, is being studied extensively [12-19].
In a VRFB system, positive and negative electrolytes are stored in two electrolyte tanks,
and the flow is supplied in parallel to the series-connected cells inside the stack through
a pump. The transferred electrolyte undergoes an oxidation/reduction reaction at the
electrode, ions move to the ion exchange membrane of the Nafion material, and energy is
stored in the electrolyte. The oxidation/reduction reaction of the VRFB is shown in Figure 1
and can be expressed by the anode, cathode, and overall electrochemical reaction formulas
in Equations (1) to (3). The ionic reaction of the vanadium electrolyte is that when charging,
the V3* ions at the negative electrode are reduced to V?* ions, and the V** ions at the
positive electrode are oxidized to V°* ions. During the discharging process, the V°* ions at
the positive electrode are oxidized to V4t jons, and the V2" ions at the negative electrode
are oxidized to V3* ions, thereby performing charging and discharging.

VO +2H" +e~ < VO*" + Hy0 @Positive Electrode (1)
V¥« V3t 4 e” @Negative Electrode )
VO +2H' + VT & VO*' + HyO + V3 @Overall ?3)

The output of the VRFB was determined by the area of the electrode, and the voltage
of the system was determined by the number of cells connected in series. Unlike lithium-
ion batteries, which increase capacity by connecting cells with the same characteristics in
parallel, the VREB is determined by the amount of electrolyte stored in the tank. Therefore,
VRFBs have the advantages of increasing capacity and being more flexible in mechanical
design than existing cylindrical, square, and pouch-shaped lithium-ion battery packaging
designs [13]. However, VRFBs have a lower energy density and efficiency than lithium-ion
batteries, and to achieve the same energy capacity as an ESS using lithium-ion batteries,
the VRFB system requires a larger installation area and initial investment costs.
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Figure 1. Diagram of VRFB energy storage system [19].

In order to overcome the disadvantages of low energy density and efficiency of VRFBs,
research is being conducted on the materials of vanadium electrolytes and felt electrodes,
as well as on membranes that affect crossover by ion selectivity [20,21]. To this end, VRFBs
require an analysis of system efficiency, including charge/discharge Coulomb efficiency,
energy efficiency, and pump loss through charge/discharge experiments according to
current and flow conditions. In addition, to analyze the electrical characteristics of the
VREB system according to the flow rate and current conditions, electrical equivalent circuit
modeling of the VRFB and parameter analysis are required. Unlike the electrical ECM
model of a lithium battery, the VRFB must be modeled such that the shunt current loss that
occurs as the electrolyte is connected in parallel to the cells inside the stack and a capacity
change depending on the amount of electrolyte is possible.

Previous studies on improving the VRFB efficiency are as follows. Kim presented
the discharge characteristics of a 1 kW /1 kWh VRFB using mixed-acid electrolytes and
the advantages of using electrolytes [22]. The study presented the VRFB discharge char-
acteristics and efficiency results according to the current and flow rate conditions but
did not present the parameter analysis results of the electrical equivalent circuit model.
Karrech analyzed charge and discharge experimental results according to variable flow rate
conditions and presented a flow rate control method for optimal efficiency [23]. However,
the shunt current loss was not considered because it was conducted on a single cell and
its characteristics depended on the current size. Ma. X conducted a study on the optimal
flow condition at the VRFB stack level but did not mention the influence of the current
size for optimal efficiency control in detail [24]. Thus, to improve the efficiency of the
VREB battery system, it is necessary to comprehensively consider the influence of the shunt
current and analyze the VRFB system characteristics on the charge/discharge current and
flow conditions during operation.

Previous studies on the design of electrical equivalent circuit modeling are as follows:
Fornaro presented the same electrical equivalent circuit model used in this study and
estimated its parameters using recursive least squares (RLS) [25]. However, the study
presented parameter estimation results from short-term simulations that did not consider
the influence of the shunt current loss. However, in a series-connected stack system,
the influence of shunt current should be considered. Yu Zhang also presented the same
electrical equivalent circuit model considering the shunt resistance and showed that the
stack could be well simulated with the estimated parameters using RLS [26]. This study
considered the influence of the shunt current and flow rate; however, because the simulation
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results were for a short period, a method to simulate the change in electrolyte volume
owing to crossover was not presented.

Therefore, in this study, we propose an experimental method that can analyze the
charge/discharge Coulombic efficiency, energy efficiency, and system efficiency according
to the current size and electrolyte flow rate conditions and present the results of the system
efficiency analysis for a 40 W VRFB stack composed of four 10 W cells in series. In addition,
we systematically present an electrical equivalent circuit model that can simulate the VRFB
stack and an experimental procedure and analysis method for estimating its parameters.

2. Experimental Setup and Characteristic Experimental Profile Design of VRFB
2.1. VRFB Experimental Setup

The VRFB stack used in this study has the configuration shown in Figure 2. The stack
was manufactured with a structure in which a pair of bipolar plates, flow frames, electrodes,
and membranes formed a cell, and four pairs were connected in series. The VRFB cell/stack
used in this study has four input/output ports on one endplate for electrolyte transport.
The four ports comprise two inlet ports through which the electrolyte is transferred to
the cells inside the stack and two outlet ports through which the electrolyte that has
undergone oxidation/reduction reactions inside the cell is transferred to the outside. The
felt and bipolar plate are made of graphite for electrical conductivity, and the ion separation
membrane is NR212, with a thickness of 50 pm [27].

Bipolar

Plate \F elt

Insulation
Plate

Outlet (-)
Outlet (+) 2

Current

Collector

i
Inlet (+)
Inlet ()
Endplate

Figure 2. VRFB stack configuration diagram.

The charge/discharge experimental configuration of a 40 W VRFB stack with four 10 W
cells connected in series used in this study is shown in Figure 3a, and a diagram of the
actual constructed system is shown in Figure 3b. The VRFB stack system had two tanks
for storing the electrolyte consisting of 1.6 M V35*/2 M H,SOy, a diaphragm pump, and a
flowmeter to measure the flow rate. Additionally, both electrolyte tanks were connected to
a flow tube to balance the electrolyte in case of electrolyte imbalance due to crossover. The
volume of the electrolyte was measured every 5 min during the experiment using cameras
applied to positive and negative electrolyte tanks. The VRFB was charged and discharged
using a battery cycler, and the measured stack voltage, current, temperature, flow rate,
voltage, and current consumed by the pump were stored in a data logger at a sampling
time of 100 ms. Table 2 lists the main specifications of the VRFB stack and the peripheral
devices used in the experiment described above.



Energies 2024, 17, 5841 50f19

Temperature Sensor 2-Way Valve
-

‘ I—D—

ouT

ouT

Inlet

Camera

2-Way
Valv

1]

Battery

| —l Cycler
L]
joreie

Rebalancing
Tube 111l Sensor Signals

-
é Power —

Bubbler Supply

Data Logger

(a) Experiment conﬁﬁ‘raﬁon‘ of VRFB s ystem

M| DataLogger &
. i

(b)‘ Experimental setup

Figure 3. VRFB stack system configuration; (a) experiment configuration of VRFB system, (b) experi-
mental setup.

Table 2. Specification for VRFB stack system.

40 W VRFB Stack System

Electrode Area 100 cm? (10 x 10)
Electrolyte 1.6 M V35* /2 M H,S0,
VREFB Stack Membrane Nafion-212
Electric Collector Brass
Electrode Carbon Felt
Battery Cycler Maccor 4300 K
Electrolyte Volume 210 mL (£5 mL)
Pump KNF, NF60
Flowmeter Omega, FTB-312
Thermal Sensor Teflon PT100/ Thermocouple (T-type)

2.2. Design of Experimental Procedure for Electrical Characteristics of VRFB

It is difficult to experiment with VRFBs under the same capacity (electrolyte volume)
conditions because of electrolyte crossover when the experiments are conducted over a
long period. This is because the VRFB operating point changes, making it challenging
to analyze the characteristics under various experimental conditions. The crossover of
the electrolyte can be reduced through improvements such as ion concentration control,
changes in membrane thickness, and material modifications [28,29]. However, since this
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paper analyzes the electrical characteristics of an already-constructed VRFB system, the
experiments were conducted following the procedure shown in Figure 4, minimizing the
impact of crossover.

( Charging and Discharging Cycling ) (

Shunt Current Measurement
Experimental Procedure

Experimental Procedure

Flow rate condition setting
(Inthis case: 200, 250, 300, 350, 400 ml/min)

Flow rate condition setting
(In this case: 200, 250, 300, 350, 400 ml/min)

"y
CC Discharge to Vmin (3.2 V) voltage
(CC current: 3 A)

CC-CV Charge to Vmax (6.4 V)
(CC Current: 1 A, CV cut-off current: 0.18 A)
CC Discharge to Vmin
(CCcurrent: 1 A)

CC-CV Charge to Vmax (6.4 V)
(CC Current: 3 A, CV cut-off current: 0.18 A)
CC Discharge to Vmin
(CC current: 3 A)

CC-CV Charge to Vmax (6.4 V)
(CC Current: 6 A, CV cut-off current: 0.18 A)
CC Discharge to Vmin
(CC current: 6 A)

>y

CC Discharge to Vmin (3.2 V) voltage
(CC current: 3 A)

v

CC-CV Charge to Vmax (6.4 V)
(CC Current: 3 A, CV cut-off current: 0.18 A)

v

No load operation

until voltage reaches Vmin

All flow rate ranges
completed?

C w5

(b)

CC-CV Charge for 30 min
(CC current: 3 A)

No All flow rate ranges
completed?
( End )

3 Rest time of 2-10 minutes is applied
between each step.
3 Adjust rest time according to dynamic

ECM Parameter Measurement
Experimental Procedure

CC Discharge to Vmin (3.2 V) voltage
(CC current: 3 A)

v

CC-CV Charge to Vmax (6.4 V)
(CC Current: 3 A, CV cut-off current: 0.18 A)

> v
CC Discharge until SOC decreases by 5%
(CCcurrent: 3A)

v

characteristics |

()

Rest for 2 ~ 10 min |

( End )
(0

Figure 4. VRFB experimental profile; (a) charging and discharging experimental procedure, (b) shunt

current measurement experimental procedure, and (c) ECM parameter measurement experimen-

tal procedure.

The experimental procedure for analyzing the Coulombic, energy, and system efficien-
cies of the VRFB stack is shown in Figure 4a. First, the charging and discharging cycles were
performed continuously under current conditions of 1, 3, and 6 A (10, 30, and 60 mA/ cm?)
with a fixed flow rate. The charging and discharging capacities were measured according
to the current magnitude, and the Coulomb efficiency was analyzed. Subsequently, the
same experiment was carried out by changing the flow rate condition so that the influence
of each flow rate could be analyzed. In this study, tests were performed in the range of
200—400 mL/min at intervals of 50 mL/min intervals. The VRFB stack used in this exper-
iment was charged by the Constant Charge—Constant Voltage (CC-CV) method with a
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full charge voltage of 6.4 V (1.6 V per cell) and a cut-off current of 0.18 A for terminating
CV charge, and the full discharge voltage is 3.2 V (0.8 V per cell) and discharged with
CC current.

The VRFB stack has a shunt current loss owing to internal self-discharge because the
electrolyte is connected in parallel to each cell. The experimental procedure for extracting
the shunt current and resistance parameters is shown in Figure 4b. First, the pump was
driven under conditions of no load current while the battery stack was fully charged at a
fixed flow rate. In this case, the voltage of the battery gradually decreased owing to the
shunt current, and the experiment was conducted until the battery was fully discharged
(cut-off voltage of 3.2 V). The shunt current was obtained by dividing the capacity measured
when fully charged by the time required for complete discharge. Subsequently, the same
experiment was conducted by changing the flow rate conditions, and the shunt current loss
was analyzed according to the flow rate.

The experimental profile for measuring the open-circuit voltage of the VRFB and
parameters of the equivalent electrical circuit are shown in Figure 4c. After the battery
was fully charged, a pulse current was applied to discharge the SOC to 5%, followed by a
rest period. This pulse current, including the rest time, was repeatedly applied until the
stack voltage reached the full discharge voltage. Through this experiment, the parameters
Rj, Ry, and C; of the electrical equivalent circuit were obtained from the voltage response
characteristics when a pulsed current was applied, and the open-circuit voltage (OCV) at a
specific SOC was obtained for each rest period.

3. Efficiency Analysis and ECM Modeling of VRFB

In this section, we present the energy efficiency analysis results of the VRFB system
according to the current magnitude and flow rate changes using the voltage/current and
pump power consumption data measured during the charge/discharge test of the VRFB,
using the test procedure shown in Figure 4. The Coulomb, voltage, energy, and system
efficiency of the VRFB were calculated using Equations (4)—(7). Equation (4) represents the
Coulomb efficiency, which is defined as the ratio of the charge capacity to the discharge
capacity. Voltage efficiency is an index for analyzing the influence of the polarization
voltage or overvoltage on the battery voltage and is defined in Equation (5). The energy
efficiency is expressed as the ratio of the discharge energy to the charge energy, as shown in
Equation (6). The system efficiency was calculated using Equation (7), including the energy
consumed by the pump used to drive the VRFB stack and the energy of the VRFB stack
itself during battery charging and discharging.

Discharge Capacity(Ah) J Ipeg (t)dt

Coulombic Ef ficiency(%) = Charge Capacity(AR) T Teng (4

x 100  (4)

V t)dt
Voltage Ef ficiency(%) = IWA x 100 (5)

J Veng (t)dt

o f VDchg(t) X IDchg(t>dt
Energy Ef fifciency(%) =
gy Effifciency(%) T Veng () X Tcng (F)dt

J(VDeng (£) % | Ipeng ()| —P, dt
System Ef ficiency(%) = ( o8 ‘ o8 ‘ pump) x 100 (7)

[ (VChg(t)x ‘IChg(t)’+Ppump)dt

x 100 (6)

3.1. Efficiency Analysis of VRFB According to Current and Flow Rate

Figure 5 shows the voltage and current waveforms, electrolyte volume changes, and
pump power consumption results when the VRFB stack was charged and discharged under
100% depth of discharge (DoD) conditions; the current profile is shown in Figure 4a when
the electrolyte flow rate was 250 mL/min. As can be seen in (a) voltage and (b) current in
Figure 5, as the charge and discharge currents increase, the voltage decrease size increases,
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and the CV charge arrival time becomes faster, showing the characteristic of a longer
charging time. Figure 5c shows the volume of the negative electrolyte measured during
the test. The volume of the negative electrolyte decreases when the state of charge is low
(as the voltage decreases) and increases when the state of charge increases (as the voltage
increases). And the average volume of the electrolyte during the experimental profile was
174 mL. The pump power required to transport the electrolyte in the VRFB during the
experiment is shown in Figure 5d. The pump consumed an average of 3.27 W of power
when operated at a flow rate of 250 mL/min flow rate.

(a) Stack Voltage

Current (A)
(=}

(c) Negative Electrolyte Volume
T T T

Average 177(mL)
1 1 1 1 1

2 4 6 8 10 12

(d) Pump Power

Time (h)

Figure 5. Experimental results of VRFB system according to current magnitude at 250 mL/min flow
rate: (a) stack voltage; (b) stack current; (c) negative electrolyte volume; (d) pump consumed power.

To analyze the effect of the flow rate conditions on the charge and discharge capac-
ities, experiments were conducted by changing the flow rate conditions under the same
conditions as the current profile in Figure 5. The experimental results at the flow rates of
200 mL/min are shown in Figure 6a, 300 mL/min in Figure 6b, 350 mL/min in Figure 6c,
and 400 mL/min in Figure 6d, respectively. At this time, as can be seen in the third wave-
form of the experimental waveforms in Figures 5 and 6, for the negative electrolyte volume,
a total of five experiments for characteristic comparison were conducted with similar elec-
trolyte volumes, averaging 174-179 mL. If the electrolyte volume changes significantly as
the experiment progresses, it should be maintained by rebalancing before the experiment
is conducted. The pump consumes an average power of 3.01, 3.27, 4.58, 6.03, and 7.85 W
when controlling the flow rates of 200, 250, 300, 350, and 400 mL/min, respectively.

Figure 7 shows the changes in the charge/discharge capacity, Coulomb efficiency, and
voltage efficiency according to the flow rate and current magnitude in the previous cycling
experiment. Figure 7a shows that the charge capacity is the largest under a current of 1 A,
and the charge capacity decreases as the current increases. It can also be observed that
the battery charge capacity decreased as the flow rate increased, even when the current
was the same. However, as confirmed from the discharge capacity results in Figure 7b, at
currents above 3 A, the same characteristic of decreasing discharge capacity was observed
as the current increased. However, when discharging the battery with a constant current of
1 A, the result was smaller than the discharge capacity measured during the 3 A test. This
indicates that the VRFB has poor low-current discharge characteristics, owing to the shunt
current loss that occurs when the pump is driven, as mentioned in Section 3.2. When a
small current is used from the battery, energy transfer takes a long time. Therefore, as the
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V)

time at which the pump is operated increases, the energy loss owing to the shunt current

also increases, resulting in poor efficiency.
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Figure 6. Stack voltage, current, cathode electrolyte amount, and pump power consumption of VRFB
according to flow conditions: (a) 200 mL/min; (b) 300 mL/min; (c¢) 350 mL/min; (d) 400 mL/min.

Figure 7c shows the Coulomb efficiency calculated using Equation (4). As mentioned
above, when charging/discharging at 1 A under all flow rate conditions, the Coulomb
efficiency is 84.9%, which is not good, whereas the results at 3 A and 6 A confirm that the
Coulomb efficiency improves to approximately 92.5% as the current increases. Therefore,
to increase the usable discharge capacity and improve the Coulomb efficiency, it can be
seen that the VRFB system tested in this study should be operated at high current under
low-flow rate conditions. In this study, results below 200 mL/min could not be tested due
to the limited speed control range of the pump used in the experimental setup. If the flow
rate continues to decrease, it is expected that the charge/discharge capacity will decrease
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due to insufficient electrolyte supply, and it is judged that appropriate low-flow conditions
can be determined based on this. In addition, it should be noted that the results above
are from the experimental set environment of this study. In a situation where the VRFB is
operated in conjunction with a renewable energy generation system, the generated energy
should be transferred to the VRFB and the utility grid as much as possible, so further
research on maximum efficiency operation control is required.

Charge Capacity Discharge Capacity
4 T T T T 35 3312 r . T ”
— o -;ﬁ _ 363 gu3.249 3.158 [ 3A
= = 3.066 I:I 6A
g 602 3.615 A | < 3.082[p 3112 036 3025 3.000
= 489 3.496 = 2998 - 7
g 345 3 ?g S :
© 69 ©
O H H o
3 25
250 300 200 250 300 350 400
Flow-rate (mL/mm) Flow-rate (mL/min)
(a) Charge capacity (b) Discharge capacity
Coulombic Efficiency Voltage Efficiency [ N
100 : : : : : — NI
93.11 020 93.04 92.88 92.95 o 822.83 e ||
— 91.94 . 91.94 91.95 . ~ 80
€ ol | %635 77.36 76.92 76.39 7595
- > 69.23 69.44 69.21 |
g 8489 85.25 85.02 84.51 S70- We.a6 68.68
@ Q0
o (]
S gof S
E ﬁ 60 55 18 57 43 56 43 a4
52 88
70 = 50
200 250 300 350 400
Flow-rate (mL/min) F]ow rate mL/mln
(c) Coulombic efficiency (d) Voltage efficiency

Figure 7. VRFB charge/discharge characteristic analysis under different current and flow conditions:
(a) charge capacity; (b) discharge capacity; (c¢) Coulombic efficiency; (d) voltage efficiency.

Figure 7d shows the voltage efficiency calculated by Equation (5). As the current
increases, the voltage efficiency deteriorates owing to battery overvoltage. The voltage
efficiency does not show a large difference depending on the flow rate change, but it is
expected that the efficiency will be somewhat higher overall regardless of the current when
operating at a flow rate of 250 mL/min to 300 mL/min. However, the voltage efficiency
mentioned above is specific to the context of this study, and the efficiency characteristics
may vary when the electrode material is altered or an electrode using a catalyst is used [30].

Figure 8 shows the charge and discharge energies of the characteristic analysis experi-
ment based on the current, flow rate, and energy efficiency calculated using Equation (6).
As shown in Figure 8a, the charge energy is the largest when the current is 1 A at a flow
rate of 200 mL/min. However, the charged energy can only be transferred to the load side
at 17.65 Wh due to a low efficiency of 79.6%. When the battery is charged and discharged
at 3 A at 200 mL/min, 79.3% of the charged energy can be transferred, similar to when it is
charged and discharged at 1 A.

As shown in Figure 8c, because the energy efficiency decreased as the flow rate
increased, it was expected that the energy efficiency could be improved by operating under
low-flow conditions. In addition, the VRFB shows that the energy efficiency of the stack
itself, which does not consider the loss of peripheral devices such as pumps, is not good, as
the voltage efficiency increases as the current increases; thus, it shows that the results can
be obtained by operating under low-current conditions to obtain high efficiency. However,
because the VRFB has pump loss, the system efficiency, including this, should be analyzed
to determine an efficient operation method.
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Figure 8. VRFB charge/discharge energy and energy efficiency under different current and flow
conditions: (a) charge energy; (b) discharge energy; (c) energy efficiency.

Figure 9 shows the system efficiency calculated using Equation (7). This is inefficient
because the energy consumed by the pump increases with the flow rate. Therefore, the
system energy required for charging the VRFB stack in Figure 9a can be seen from the
fact that more energy is required when the current is small and the flow rate is high. In
addition, as can be observed from the discharge system energy in Figure 9b, driving with
a high current under low-flow conditions is efficient. This is the effect of the increased
pump loss owing to the longer usage time when charging and discharging the battery with
a low current, even under low-flow conditions. In the case of the discharge system energy,
more energy is required to drive the pump than to supply energy to the load side when
used under flow conditions of 350 mL/min or higher (the discharge system energy value is
represented as 0). Therefore, the system efficiency in Figure 9c was found to be the highest
when the battery was used with a high current (6A) of 200 mL/min.
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Figure 9. VRFB system efficiency under different current and flow conditions: (a) system energy
during charging; (b) system energy during discharging; (c) system efficiency.
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The VREFB stack system, with cells connected in series, requires optimal operating point
analysis to improve efficiency owing to shunt current loss and pump-driving loss. The elec-
trical characteristic test procedure proposed in this study is expected to facilitate rapid and
accurate characteristic analysis, aiding in the derivation of an optimal operating method.

3.2. Design of Electrical Circuit Model of VRFB

This section presents the electrical circuit model and the parameter design method for
the VREFB. In the electrical circuit model (ECM) of the VRFB in Figure 10, V¢, represents
the open-circuit voltage according to the state of charge (SOC), which is the state of charge.
The series resistance R; and parallel connection circuit of R;/C,; in the ECM model were
used to simulate the dynamic characteristics of the voltage according to the current. In
addition, VRFBs have an internal leakage current called a shunt current, owing to the
parallel connection configuration of the electrolyte applied to the series-connected cells.
To simulate the shunt current, the ECM has a resistor connected in parallel with the open-
circuit voltage [25,26].

Ry
WA R i
¢, —\W—>o
I +

|
I
+
Yoc V<—> g Rshunt vbar

T _Regression Model

34

)

J'idr Capacity |,
‘—‘ 3

50C ()= SOC(0)-

“Capacity (Al

Capacity

Electrolyte Volume

Figure 10. Electrical circuit model of VRFB.

The parameters of the open-circuit voltage V., and series resistance R;, R;/Cj of the
parallel circuit can be obtained by an experiment in which a pulse current is applied to
reduce the SOC by approximately 5% from the fully charged state to the fully discharged
voltage, as shown in Figure 11, tested using the procedure shown in Figure 4c. The
waveform of the period in which the discharge pulse current was applied is shown in
Figure 12. The series resistance R; is calculated from the voltage drop AV when a pulse
current with a magnitude of Al is applied using Ohm’s law. The parameters of R; and C;
are selected as values that can simulate the voltage relationship of Equation (8), which is
obtained by subtracting the magnitude of AV owing to the series resistance from the battery
terminal voltage during times t1 and t2 when the current is continuously applied and the
change in V¢ according to the current applied, which is shown in the red waveform in
Figure 12. In this study, the R; and C; parameters were estimated by the least squares
method using Matlab software. Figure 13 shows the electrical circuit parameters of the
VREFB stack used in this study.

__t
R gipat (1 —e Rdcd) = Upat — Rilpar — Vocv 8)

To obtain the shunt resistance (Rg,,;) of the electrical circuit model, the pump was
driven under no-load conditions and the time to discharge from a fully charged state
to a fully discharged voltage was measured for each flow rate. Figure 14 shows the
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results obtained when the VRFB stack was used under no-load conditions at a flow rate
of 250 mL/min. The measured charge capacity of the battery before the no-load test was
2.89 Ah, and the battery was fully discharged after 39.5 h. Therefore, the VRFB stack can be
modeled as having an Rgy,,,,,; resistance of 76.6 () when operated at 250 mL /min.

Experimental Current Profile for Parameter Extraction

_4 1 1 1 L 1 1 L
0 0.5 1 1.5 2 2.5 3 3.5 4

>f104

Voltage Response

T T T

Voltage (V)
w (2]

~
T
L

I

2
Time (s)

2.5

35

4
31104

Figure 11. Current and voltage waveforms of experiment for parameter extraction of VRFB.

’y
C
urrent : AI
v

! I
t1 t2
Figure 12. Battery voltage response during pulse current.

The shunt current/resistance values measured under flow rate conditions of 200-
400 mL/min using the same test method are listed in Table 3. From Table 3, it can be
confirmed that the shunt current increases slightly as the flow rate of the VRFB stack
increases. Therefore, in this study, the shunt resistance was modeled as a power series
function as a function of the flow rate, as shown in Equation (9).

Ryjpunt = —288.6 x flow_rate*> +76.96 (Q) ©)
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Figure 14. VRFB voltage/current experiment results when the pump is driven at a flow rate of

250 mL/min under no load.

Table 3. Shunt current and resistance by flow rate.

200 mL/min 250 mL/min 300 mL/min 350 mL/min 400 mL/min
Lpunt 734 mA 73 mA 743 mA 75 mA 77.3 mA
Ryhunt 76.7 Q) 76.6 Q) 75.6 Q) 74.6 Q) 7250

Figure 15 shows the experimental results of the VRFB cycled ten times under 100%
DoD conditions. As shown in the third and fourth waveforms, the volume of the electrolyte
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changes during the charging and discharging processes, and the capacity decreases in
proportion to the change in the electrolyte. Therefore, in this study, a capacity estimation
model for the electrolyte volume was designed and modeled to enable the capacity change
by reflecting it in the simulation model.

Stack Voltage
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Figure 15. Experimental results of electrolyte volume and capacity change during cycling of VRFB.

The capacity estimation model was designed by analyzing the correlation between the
average charge/discharge capacity and negative electrolyte volume in the fully charged
state of the battery, which is indicated by the red circle in the third waveform in Figure 15.
Figure 16 shows the capacity measurement and estimation results of the linear regression
model for the electrolyte volume at 175 fully charged points measured during the long-term
cycle of the VRFB battery. For this VRFB system, a capacity estimation model was designed
using Equation (10).

Capacity = 0.01173 x electrolyte volume (mL) +1.04 (Ah) (10)

The validity of the electrically equivalent circuit model of the designed VRFB stack
was verified through two charge/discharge experiments. First, as shown in Figure 17a,
when the VRFB was used at a flow rate of 250 mL/min, a discharge pulse current of 3 A
was applied at approximately every 5% SOC section, and the error between the battery
voltage and the simulation model voltage was analyzed. Figure 17b shows the stack voltage
measured in the experiment and the simulation model voltage, and the difference between
these two voltages is shown in Figure 17c. Except for the fully discharged voltage point
with high nonlinearity, the maximum absolute value error of the simulation model is within
0.17 V, and it can be seen that it accurately simulates the actual battery voltage with a root
mean square error (RMSE) of 0.025 V.
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Figure 16. Charge/discharge average capacity experimental data and capacity estimation model for

175 electrolyte volumes.
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Figure 17. Verification of accuracy of a simulation model for discharge pulse current under

250 mL/min: (a) experimental current profile; (b) experimental and simulation voltages; (c) simula-

tion modeling error.

The experimental and modeling simulation results for 11 full charge/discharge cycles
with varying currents and electrolyte volumes are shown in Figure 18. The VRFB was fully
charged/discharged for the first five cycles with a current of 3 A and then cycled twice,
each with currents of 1, 3, and 6 A. Except for a somewhat large voltage error at the full
discharge point, it was confirmed that the model could simulate the actual battery voltage
within an RMSE of 0.096 V, even when the electrolyte volume and current magnitude

were varied.
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Figure 18. Verification of simulation model accuracy when current magnitude and electrolyte volume
change under 250 mL/min.

4. Conclusions

In this study, we propose an experimental procedure and analysis method for analyz-
ing the system efficiency of VRFBs according to the current and flow rate conditions and
an electrical equivalent circuit modeling design method for simulating VRFBs.

According to the results of the system efficiency analysis, it was confirmed that the
VREB system has a significant impact on the system efficiency owing to the shunt current
loss and pump loss for electrolyte transport. For the VRFB system used in this study, it was
found that it is efficient to operate a VRFB with a high current under low-flow conditions.
In addition, even if the VRFB system is changed, its efficiency characteristics can be quickly
analyzed by applying the test and analysis procedures presented in this study.

In addition, this paper presents an electrical circuit modeling and parameter design
method that can simulate the electrical output characteristics of VRFBs when the elec-
trolyte volume and flow rate conditions are changed. The proposed simulation model
can be used to investigate efficient operational control methods for VRFB systems. The
accuracy of the proposed simulation model was verified through comparison with the full
charge/discharge cycle experimental results of a 40 W VRFB stack comprising four 10 W
cells in series.
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