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Abstract

This paper proposes physics-based simulation combined multi-objective optimization approach for reduction of both capacity decay
and voltage loss of Vanadium redox flow battery. In this approach, firstly, a physics-based-electrochemical model for a single-cell
VREFB is developed based on the dynamic plug flow reactor model and is used to obtain capacity decay and voltage loss under vari-
ous conditions. Simulation studies were then conducted to investigate the effects of electrolyte flow rate and electrode fiber diameter
on the VRFB performance. The capacity decay in VRFB relies mainly on the vanadium ions’ variation between two half-cells. The
variation in the long-term cycle is fundamentally due to the electrolyte transfer across the membrane. The lower electrolyte flow
rate, as well as electrode fiber diameter, can reduce the capacity decay as the electrolyte’s velocity across the membrane decreases.
However, the lower electrolyte flow rate and electrode fiber diameter increase the voltage loss considering open circuit voltage loss,
activation overpotential, and concentration overpotential. Finally, a novel optimization framework combined with simulation and
the meta-heuristic algorithm is introduced to reduce both capacity decay and voltage loss in VRFB simultaneously. The proposed

multi-objective method shows a significant reduction of both capacity decay and voltage loss.

Keywords: Vanadium redox flow battery, Electrolyte flow rate, Electrode fiber diameter, Electrochemical simulation, Heuristic

algorithm, Pareto optimality

1. Introduction 2

Vanadium redox flow battery (VRFB), first developed by zj
Skyllas-Kazacos et al.[1, 2] in the 1980s, is the most ma- »s
ture flow battery technology[3]. VRFB adopts vanadium in
both half cells, avoiding cross-contamination caused by elec-
trolyte diffusion between half cells[4]. Moreover, two sep- |
arate electrolyte storage tanks are applied to store energy in ,
VRFB. Therefore, the capacity of VRFB can be easily ex- w“
tended by increasing electrolyte volume in the tank[5]. Be- N
cause of the above characteristics, VRFB is considered one of e
the most promising grid-scale electrochemical energy storage N
technologies[4]. Furthermore, the advantages of this technol- N
ogy have been demonstrated in several commercial systems[6]. "

Efficiency and capacity are two equally essential metrics in "
VREFB. Efficiency is primarily related to cycle performance. “
Moreover, low efficiency indirectly increases the capital cost .
of manufacturing cell stacks[7]. The capacity significantly af- w“
fects the long-term stability of the VRFB and the costs associ- “
ated with operation and maintenance[8, 9, 10]. Therefore, an »
effective way to improve VRFB performance is to improve cell -
efficiency and reduce capacity loss. w

Faraday’s law of electrolysis indicates that changes in reac- Y
tant concentration and electrolyte volume can lead to capacity

decay. Numerous studies have developed mathematical models “
49

50
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to analyze and quantify capacity decay based on ion diffusion
and electrolyte transfer[11, 12, 13, 14, 15, 16, 17, 18]. The
results show that a lower electrolyte flow rate corresponds to
less capacity decay. Additionally, a lower electrolyte flow rate
can result in a higher concentration overpotential which in turn
harms battery efficiency[11, 19, 20]. Therefore, it is essential to
consider both voltage loss and capacity decay when optimizing
the electrolyte flow rate.

However, many existing experimental and model-based ap-
proaches optimize the electrolyte flow rate based on either volt-
age loss or capacity decay. For example, Ma et al.[21] suc-
cessfully reduced capacity decay by applying various constant
flow rates at predetermined voltage levels and conducting ex-
periments on an actual battery stack of 15 cells to determine
the optimal flow rate control strategy. Christian et al.[22] pro-
posed a new flow control strategy that enhanced the energy ef-
ficiency of the battery by taking advantage of the knowledge of
the VRFB operating principles provided by the multi-physics
model. Tang et al.[23] modeled the concentration overpotential
as a function of flow rate to determine the electrolyte flow rate
that results in high system efficiency. Xiong et al.[24] devel-
oped an electrochemical model based on experimental data and
optimized the electrolyte flow rate with an empirical approach.

Meanwhile, only a handful of studies have simultaneously
considered electrolyte flow rate’s effect on voltage loss and
capacity decay. Konig et al. [25] based on a multi-physics
battery model to obtain the optimal flow rate at the operating
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point, which increased the discharge capacity while minimiz-1os
ing the concentration overpotential in VRFB. Khaki et al. [26]10s
transformed the multi-objective problem into a single-objectiveios
problem by assigning weights to voltage losses and capacityor
decay and then combined this with a zero-dimensional electro-
chemical model to obtain the optimal electrolyte flow rate. 109
In the above studies, the experiment-based approach requires;,
many experiments, which takes considerably more time com-,,
pared to the model-based approach. Model-based approaches;;,
have become the focus of current research due to their high ef-,,,
ficiency. Accurate modeling of the VRFB is a vital part of the,,,
model-based approach. Among all the mathematical models of
VRFB, the zero-dimensional model not only considers enoughi1s
electrochemical details but also has a more direct definition than,
other high-dimensional models. Therefore, this model has been,,,
used extensively in the literature to analyze the performance of;,;,
VRFBs [5, 25, 26]. Accordingly, a modified zero-dimensional,,q
model extended from the dynamic plug flow reactor model pro-,,,
posed in[5] is employed in this study. 121
Besides, most of the above studies take no account of the,,,
transfer of electrolytes between half cells. Moreover, they only,,,
consider the effect of electrolyte flow rate on voltage loss and,,,
capacity decay. However, electrode fiber diameter is also an,,
essential factor affecting the performance of VRFB. Therefore,,,,
given the shortcomings of the above research, this study has,,,
made the following contributions: 128

e An electrochemical model based on the dynamic plug flow
reactor is developed. It considers not only the influence
of the electrolyte flow rate but also the influence of the
electrode fiber diameter on the performance of VRFB.

e Based on the existing research, the capacity decay and
voltage loss are accurately modelled. Moreover, this study
defines a more precise expression of capacity decay and

voltage loss through simulation analysis.
130

¢ A novel optimization framework based on Pareto optimal-1at
ity combined with simulation and the meta-heuristic algo-s
rithm is introduced in this study to obtain the Pareto fron-rss
tier. Compared to the method of converting multiple ob-1s«
jectives into a single objective by using assigned weights,ss
this framework is able to accurately find the objectively1ss
better solution. Also, solutions with different ratios areisr
provided for specific needs. 138

139
e The use of simulation combined with meta-heuristic algo- ,

rithms allows us to optimize the VRFB from the parameter
design stage. We have considered both the design parame-
ter (electrode fibre diameter) and the operating parameter
(electrolyte flow rate) of the VRFB in terms of their effect
on capacity decay and voltage loss.

0

1

2. Model development 142

2.1. Assumptions and simplifications

1. Cell and electrolyte temperatures are maintained at 25 °C.
2. Oxygen and hydrogen evolutions are neglected.

bt

The electrolyte in half-cells and tanks is perfectly mixed.

The resistivity of VRFB remains constant.

5. Self-discharge reaction caused by vanadium ion diffusion
is instantaneous.

6. Electrolyte transmembrane transfer is instantaneous.

7. Electrodes with different electrode fiber diameters have the
same porosity.

8. Neglecting electrolyte density changes caused by elec-
trolyte transfer.

9. The transfer of hydrogen ions between half-cells is not

considered.

»

2.2. Capacity decay of VRFB

Capacity decay in VRFB is closely related to the concentra-
tion of vanadium ions in positive and negative tanks. There-
fore, accurate modeling of ion concentration changes in storage
tanks and half-cells is critical. There are three primary sources
of vanadium ion concentration variation in VRFB: ion redox
reaction during battery charge and discharge, self-discharge re-
action caused by ion transmembrane diffusion, and transmem-
brane transfer of electrolyte.

In VRFB, V**/V3* and V**/V3* are used as redox pairs of
cathode and anode, respectively. The following equations can
describe the redox reaction of VRFB during charging and dis-
charging:

At the negative electrode:

har,
VH bem e V2 B0 = 026V (1)
discharge
At the positive electrode:
charge
VvO** + H,0 % VOt +2H  +e7, E® = +1.00V (2
discharge

Ideally, only protons can pass through the ion exchange
membrane to balance the positive and negative half-cells dur-
ing charging and discharging. However, there exists a pressure
difference between the positive and negative half-cells. Further-
more, the membrane is permeable to the electrolyte. Therefore,
the phenomenon of electrolyte transmembrane transfer occurs.

The self-discharge reaction occurs when vanadium ions dif-
fuse from one half-cell to the other. It results in an imbalance
of vanadium ions between the half cells, which reduces the bat-
tery capacity. The self-discharge reaction of the positive and
negative half-cells are shown as follows[12]:

At the negative electrode:

VO** + V¥ + 2H" — 2 V¥ + H,0

VOt +2V* +4H" — 3V +2H,0 3)
VO,* + V3* — 2 VO
At the positive electrode:
V¥ +2V0," + 2HY — 3VO** + H,0
V¥ 4+ V0," — 2V0** “)

V¥ + VO — 2 V3 + H,0
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The electrolyte transfer from one half-cell to the other will
cause volume differences between half-cells. Therefore, it is
necessary to consider the effect of volume difference on VRFB
performance. This study assumes that the volume loss in half-
cells will be immediately replenished from tanks. Therefore,
this study does not consider the effect of volume loss on the
reaction in the half-cells.

174

175

176

The partial differential equation (PDE) based on material '
balance is transformed into an ordinary differential equation'”
(ODE) by discretizing VRFB Only the concentration change179
in the vertical direction of half-cells is considered. This study'™

divides the half-cell into N layers, and the ion concentration
change of the k”* layer can be expressed by Eq. (5)[5]. where
Lye, Wy, and H), represent the geometry of the electrode,

C‘””(1 = 2,..,5) represent the states of ion concentration in the o

kth layer, Q is the electrolyte flow rate, Kig “(G=2,..,5) represent
the diffusion coefficient of vanadium species, and / is the input
current (I > 0 for charging and / < 0 for discharging).

The ion concentration change in the tanks can be expressed
as follows:
( cell (l)

dctzank (I) ~ lank (I)) Q
e V-

tank
deem () (5N (0 = 4™ (0) 0
e V-

tank
dCka (l) B ( cell ([) tank (I)) Q
e 1%

tank
dcg‘mk (t) ~ ( cell (t) tank ([)) Q
dt %

tank

+AC2

+ Acj

(6)

+AC4

+ Acs

182

183

184

185

186

187

188

189

190

. . . 191
where cf“"k (i = 2,..,5) represent the states of ion concentration

in tanks and A¢;(i =

tration due to volume loss which can be expressed as follows: "

AV~
Ve () +4V-
AV~
Vo () +4V-
—AV*
Ve @+ A4V
AV
ka () +A4V+

Acy = c’z“"k (1) x

ey = " (1) x &
7
Acy = ™ (1) x

Acs = 4™ (1) x

where V' /V_  represents the remaining electrolyte Volume
in the positive and negative tanks respectively, AV*/AV~ rep-**

resent the volume loss for the positive and negative tanks re-*
spectively. According to [27], AV*/AV~ can be modelled as®

described by the following equation:

AV = —AV* = 3,8 At ®)

where S,
the electrolyte across the membrane. According to [26], it can

. . . 192
2, ..,5) are the modification for ion concen-

3
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205

is the membrane surface area, ¥, is the velocity of

be derived from the following equation:

_ KmAm HpeQ

m —

- _ .t
B T D ©)

where «,, and 6 represent the permeability and thickness of the
membrane individually, A,, is the membrane area, A, is the
cross-sectional area of the electrode, u*/u~ represent the vis-
cosity of electrolyte in anode and cathode individually, and «,
is the permeability of the electrode which can be derived from
Tamayol-Bahrami model[28]:

2
— 2 T _
Kpe = 0012€df‘r [(4(] _ 6))

where € is the porosity of the electrode, dy is the electrode fiber
diameter, and 7 is the tortuosity factor correlated with € as the
following[29]:

bis
-9 + 1} (10)

r=1+0.72 (11)

1-¢€
(e —0.11)054

According to [30], u*/u~ is closely related to the composi-
tion of electrolyte in half-cells. And they can be expressed as
Eq. (11) where 6*/6~ represents the proportion of solvent in
electrolyte.

= f(ca(t),c3(),07)

+ + 12)
= f(ca(0),¢5(0),67)

2.3. Voltage loss of VRFB

In general, the terminal voltage E, can be obtained from
Nernst equation, as shown in Eq. (13). The last item contains
three main sources of voltage loss in VRFB: ohmic drop ir,
concentration overpotential 1} /7, and activation overpotential

n ;-

E, = Eocy + sign(D) (ir + g} + 11, + 11} + 1) (13)

As shown in Eq. (14), Li[5] employ a new formal potential
term which has been reported as E; = 1.4V by Corcuera and
Skyllas-Kazacos[31] to simplify the calculation of the open cir-
cuit voltage Eocy .-

cell cell
2,mean " 5,mean ]

RT c
ﬁ In Ccell cell

3,mean - 4,mean
The vanadium ion concentration in the half-cells is un-
even in the vertical direction because of discrete modeling of
VRFB. Therefore, Eq. (14) uses the average ion concentration
f%’e (i = 2,..,5) in the half-cells to calculate Egcy. The ohmic
drop can be obtained by current density and battery resistivity.

The concentration overpotential can be derived from the follow-
ing equation[23, 26]:

EOCV = E(’) + (14)

At charging:

cell i

4,mean nFkyy,

C(,Ll] _ i
In [ 3,mean nFks,,

RT
nF

Tle —77L +77L

cell

cell
C4 mean

C3 mean
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Ly WyAH,, desi (0 o el . iLpeAH eYA0) 3 (0 (0
2 dt [ Cok- l(l) Cok (t)] Q + sign (I) nF - kZd d LpeAHpc 2k5d LpeAHpe - k4 chAHpL
L W,AH, dc“"(t) . iL AH, Ldl( ) cell( ) zell( )
126 pe - [ geﬁl (0 - Ccell (t)] Q — sign(I) ”;F re _ kay ¥ L,.4H e + 3ksg——— 7 L,.AH,, + 2kyy———L, . AH,, )
Ly Wy dH,, i @O el . iLpeAH e el () sl (1) e (1)
2 dt - [ l(t) C4 k (t)] Q — sign (I) nF - k4d d LpeA e T 3k2d chAHpe + 2k3d LpeAHpe
L W AH d(,wll (l‘) ot a,” peAHpe Lell( ) cell ( ) cell ([)
2 d[ [ 5 k— 1(t) - (l)] Q + Slg}’l ([) nF - kS{l d LpeA pe 2k2d d LpeAHpe - deTLpeAHpe
At discharging: 226  where k* represents the reaction rate constant which is a tem-
gmg P
cell P el ; 22z perature dependent variable. Moreover, k* at the current tem-
— ot b = RT 1 Comean T 7k C5mean T nFles, (16)*° perature can be calculated from Eq. (22)[36] according to the
Te =T Tle = 4R caerléum et 220 reference value given in Table Al.

where k;,(i = 2,..,5) represent the mass transfer coefficients
which are shown as following[3]:

ki'fl'5 pdy 4 0.4

d f l["/ - Vpe
where k;(i = 2,..,5) represents the measured diffusion coeffi-**°
cient of vanadium species which is related to the porosity of**'

electrode[32], p is the density of electrolyte, and v, is the ve-**
locity of electrolyte in the porous electrode, as shown in Eq.*®

kim =

7)

(18). 234
235
0 236

- 18
' €Ay ( )237

According to Eq. (18), the concentration overpotential is re-"*
lated to both the electrode fiber diameter and the electrolyte®
flow rate. In addition, the electrode fiber diameter also affects?*®
the activation overpotential which can be derived from Butler-2+
Volmer expressions[33, 34]: 242

243

— eaFkJr ( tunk) (C;ank)”; [exp (aiFTn; ) —exp ( _(;577‘72‘— )] (19)
_ _ 244
i” =eaFk” ( ’”’”‘) (c;“"k)a; [exp (—a;;:;]" ) — exp (—_(;];76 )] 245

246
where a is the specific surface area which can be estimated by,,,

Carla’s model[35] as shown in Eq. (20), a7 /a; represent the,,
apparent transfer coefficients for the electrochemical reactions,,,
in Eq. (1) and Eq. (2). For equal apparent transfer coefficients,,
of 0.5, the activation overpotential can be derived from Eq. (21)
according to Eq. (19).

251

252

1-€ 253
a=4 i (20,54
f 255
256
257

2RT . i
n, = ——sinh™' | —————— 268
nF cak-F ’Ctankcgank 259
(21)260
2RT ] il
My = o sinh ! S — 2
n eak™F /CZ“”kcg“”k 263

-FE;[ 1 1
k™ =k, - exp| —— - =
R [Ty T

FE;[ 1 1
k" =k, - exp| —° -—
R |Ty T

In order to verify the accuracy of our established model,
we perform a simulation verification according to the param-
eters adopted in [33]. The simulated charge/discharge volt-
age curves are compared with the experimentally measured
charge/discharge voltage curves at a current density of 10Am™>
and S OC,,;,, of 10% and S OC,,,; of 90% as mentioned in [33],
as shown in Fig. 1. The simulated charge/discharge voltage
curves are in good agreement with the experimental results in
terms of both shapes and values. The voltage is related to the
ion concentration in the positive and negative half-cells, and by
comparing the voltage change, it can reflect the ion concentra-
tion change in the model. This shows that the model has good
accuracy and can support the next parameter optimisation ex-
periments.

(22)

2.4. Simulation results and discussion

In order to establish an accurate optimisation model of elec-
trolyte flow rate and electrode fibre diameter, it is crucial to
identify the performance of VRFB under different conditions.
Therefore, it is required to precisely quantify the effects of elec-
trolyte flow rate and electrode fibre diameter on the capacity
attenuation and voltage loss of VRFB. However, the resulting
electrochemical model is extremely complex, making highly
challenging the analysis of the effect of flow rate and electrode
fiber diameter on the VRFB performance. Therefore, we anal-
yse the influence of electrolyte flow rate and electrode fibre di-
ameter on the performance of VRFB from the perspective of
simulation results combined with the electrochemical model.
The parameters used in the simulation are shown in Table A2.

We use the CCCV procedure to simulate, and the charging
and discharging current are shown in Fig. 2. The range of
charging and discharging is subject to the state of charge(SOC),
with the lower limit of 10% and the upper limit of 90%. It
means that the SOC of any half-cell is not allowed to cross
the threshold. Meanwhile, the initial concentration of V2+/V*
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Figure 1: A comparison of simulated and experimentally measured charge-
discharge curves

is 0.1mol/L and V3*/V* is 0.9mol/L. Then, capacity decay
and voltage loss are discussed under the condition that the elec-
trolyte flow rate is 2 cm®/min and the electrode fibre diameter

is 17.6 um.
0.10 —— Charge
Discharge
0.05
<
5 0.00f
=
=
O
—0.05 -
—0.10 | ) - - ]
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Time(x 10%*s)

Figure 2: Charging and discharging current

2.4.1. Quantification of capacity decay

In general, the remaining capacity of VRFB is defined as thestw
amount of charge that can be discharged. According to Eq. (1)an
and Eq. (2), it is closely associated with each ion’s amount insi2
the half-cells. Therefore, the source of capacity decay is thes:s
ion variation brought about by ion transmembrane transfer. Assis
shown in Fig. 3, ions transfer shows a trend of violent fluctu-s:s
ations during charging and discharging. However, as shown inass
the points representing the end of a cycle in Fig. 3, it is evi-as
dent that the total ion content of the positive half-cell shows ansis
upward trend. According to Eq. (5), we can find that the ionas
transfer velocity is mainly bonded to ion concentration and ionszo
transfer coefficient. During the charging and discharging cy-s
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cles, the ion diffusion coeflicient is constant, but the ion concen-
tration is constantly changing, which leads to different degrees
of diffusion of different ions in different processes of charging
and discharging. During the charging process, the concentra-
tion of V2* in the positive half-cell increases and the concentra-
tion of V3* decreases, so the ion diffusion is mainly dominated
by V**, while the concentration of V3* in the negative half-
cell increases and the concentration of V4* decreases. Since
the diffusion coefficient of V2* is larger than that of V°*, more
ions from the positive half-cell diffuse to the negative half dur-
ing charging. The discharging phase is similar to the charging
phase, and since the diffusion coefficient of V3* is smaller than
that of V4*, more ions from the negative half of the cell diffuse
into the positive half during the discharging phase. The above
leads to fluctuations in the amount of positive and negative half-
cell ions. Since the diffusion coefficient of ions in the positive
half-cell is overall smaller than that in the negative half-cell,
and due to the self-discharge reaction, the V3* jons, which have
the smallest diffusion coefficient, will gradually increase. This
leads to the gradual transfer of ions from the negative half-cell
to the positive half-cell.
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Figure 3: Trends in the amount of vanadium ions in each half-cell during the
early cycles

To facilitate the analysis of vanadium ion transfer throughout
the simulation, we plot the trends and the rate of change of the
amount of vanadium ions in each half-cell. According to Fig. 4
and Fig. 5, the vanadium ions of the negative half-cell transfer
to the positive half-cell at a breakneck speed in the early stage of
the charging-discharging cycles. Then the ion transfer velocity
decreases rapidly until the ion transfer rate between the half-
cells remains relatively stable. It also means that the remaining
capacity of VRFB presents a decaying trend from fast to slow.

As shown in Fig. 6, in the first ten cycles, the change of
V* is the most obvious, and it remains at a high state during
the charging-discharging cycle. The diffusion coefficient of the
positive half-cell ions is smaller than the diffusion coefficient of
the negative half-cell ions.Therefore, when the concentrations
of the positive and negative half-cell ions are similar, the ions
in the negative half-cell are gradually transferred to the positive
half-cell. . As the vanadium ion concentration changes, ion dif-
fusion between the two half-cells is gradually balanced. There-
fore, the velocity of vanadium ion transfer tends to be zero, as
shown in Fig. 5. However, after the equilibrium point of ion dif-
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fusion is reached, there still exists electrolyte transfer between
the two half-cells, as shown in Fig. 7. It alters the concentration
of vanadium ions, disrupting the ion diffusion’s balance. There-
fore, the vanadium ions still diffuse from the negative half-cell
to the positive half-cell at a minimal rate. Therefore, at the early
stage of charging and discharging cycles, the main source of ca-
pacity decay is the difference in ion diffusion coefficients. The
capacity decay due to electrolyte transmembrane loss, which is
related to the electrode fibre diameter and electrolyte flow rate,
can only be better observed during the long-term charging and
discharging cycles.
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Figure 6: Variation of different vanadium ion concentrations in each half-cell
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Figure 7: SOC variation curve of each half-cell

Analysis shows that the capacity decay, which corresponds
with the vanadium ions amount, is mainly affected by the dif-
ference in the ion diffusion coefficients in the early cycle. In the
long-term cycles, the electrolyte transfer affected by the elec-
trolyte flow rate and the electrode fibre diameter becomes the
main factor impacting the capacity decay. In addition, we need
to further quantify the capacity fade according to the SOC vari-
ation of VRFB. The SOC of two half-cells is defined as follows:

6
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As shown in Fig. 7, when we run the simulation loop with ases
fixed upper and lower SOC limit, the SOC of the positive half-
cell reaches the lower bound. It means that there is not enough
V3* left to support the reaction when the SOC constraint is sat-
isfied. In other words, it is the concentration of V>* in the pos-
itive half-cell that limits the discharge process. Although the
vanadium ions in the negative half-cell are still able to support,,,
the reaction, the reaction cannot proceed due to the limit of V°*.
And the SOC of the negative half-cell reaches the upper bound,,,
in the charge process. It means that there is not enough V3* left,,,
to support the reaction when the SOC constraint is satisfied. In,,
other words, it is the concentration of V* in the negative half-,q,
cell that limits the charge process. Although the vanadium ions,,,
in the positive half-cell are still able to support the reaction,,,
the reaction cannot proceed due to the limit of V3*. Therefore,,,
V3* and V3* are the short boards of the positive and negative,g,
half-cells, respectively, which limit the charge and discharge
process. That is, the maximum available capacity of VRFB is
mainly influenced by the amount of V3* and V3*. Therefore,
we can use the sum of the amount of V3* and V>* to represent
the maximum available capacity. Further, we define the state
of health (SOH) as the ratio of the remaining reactive ions to
the initial ions, as shown in Eq. (24), to quantify the maximum
available capacity of VRFB. Moreover, capacity decay is the
difference between the initial SOH and the current SOH.

tanky/— tank y 7+
ci"VE 4 ¢
3 Ala‘nk 5 tank % 100%
init init
(04 + ¢y )‘/

SOH = 24)

2.4.2. Quantification of voltage loss

The voltage loss of VRFB is also closely related to the
change in ion concentration. We quantify voltage loss by an-
alyzing each component of the voltage according to Eq. (13),
including open circuit voltage, concentration overpotential, ac-
tivation overpotential and ohmic voltage drop.

As shown in Fig. 8 and Fig. 9, the open circuit voltage
gradually fails to reach the set upper voltage over long cy-
cles. Eq. (14) states that the open circuit voltage is related
to vanadium ion concentrations. Then, we use the vanadium
ion concentration in the tank cﬁ‘”‘k(i = 2,3,4,5) as an approxi-
mate proxy for the average vanadium ion concentration in the
half-cell cf‘;’fe w0 = 2,3,4,5). According to Eq. (14) and Eq.
(23), we rewrite it as the expression related to SOC, as shown
in Eq. (25). According to Fig. 7, when the SOC of the positive
half-cell reaches the upper limit of the SOC, it is found that the
SOC of the negative half-cell decreases with time. According to
Eq. (25), it can be concluded that as the difference in vanadium
ion concentration between the half-cells increases, the maxi-
mum value of the open circuit voltage decreases. Moreover,

the loss of open circuit voltage is not a factor affecting the sys-
tem’s efficiency of the VRFB, but more of a factor reflecting
the health of the VRFB, similar to the capacity decay. They
both decay with the imbalance of vanadium ion concentration
between the half-cells. Therefore, we can increase the maxi-
mum open-circuit voltage by reducing the capacity decay, so
the open-circuit voltage is no longer considered in the scope of
voltage loss.

Eocy = Ey+ XL !
ocv = 0+%n (ﬁ—l)(#—l)

Ohmic voltage drop is only connected to current density and
resistivity, so it is not considered when optimizing the elec-
trolyte flow rate and electrode fibre diameter. According to Eq.
(13), in addition to the ohmic voltage drop, there is concentra-
tion overpotential and activation overpotential that causes volt-
age loss, reducing the energy conversion efficiency of VRFB.
Therefore, we define the voltage loss as the sum of the concen-
tration overpotential and the activation overpotential over the
simulation period. For ease of calculation, we average it as an
indicator of voltage loss, as shown in Eq. (26).

(25)

S (g 4y +1f +07)

Viess = "
end

(26)
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Figure 8: Open-circuit voltage in the first cycle
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Figure 9: Open-circuit voltage in the last cycle
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We have quantified the capacity decay and voltage loss
through the above analysis. Next, we must determine the elec-
trolyte flow rate and electrode fibre diameter effects on voltage
loss and capacity fade. Therefore, we conduct further analysis
through the simulation results of four different electrolyte flow
rates and electrode fibre diameters.

2.4.3. Effect of electrolyte flow rate

This section conducts a simulation under the condition of
constant electrode fibre diameter and different electrolyte flow
rates. According to Fig.10, the SOH under different conditions
decreased rapidly to 80% in the early stage of simulation. Then,
it falls steadily at a low rate. Although as mentioned earlier, the
early capacity decay mainly comes from the difference in the
ion diffusion coefficients. It should not be taken into account,,,
in capacity decay. However, it is evident from Fig. 10 that the,,,
turning points of all curves are basically the same. Accordingly,,,
we assume that the capacity decay caused by the difference in,,;,
ion transfer coefficients can be regarded as the same for differ-,,,
ent electrolyte flow rates. Moreover, the gap of capacity decay,,,
caused by different electrolyte flow rates is gradually reflected
after the turning point. In addition, the greater the electrolyte
flow rate, the more significant the capacity decay.

At the same time, Fig. 11 shows the same voltage loss trend
as capacity decay. The variation of voltage loss has also expe-
rienced a process from fast to smooth. However, it is evident
that the greater the electrolyte flow rate, the less significant the
voltage loss. Therefore, the effect of electrolyte flow rate on
capacity decay and voltage loss is the opposite.

100

2 cm? /min

4 cm? /min
6 cm® /min

8 cm® /min

%

SOH(%)

80

0 500 1000 1500 2000 2500 3000

Time(x 10* 5)

Figure 10: SOH at the minimum SOC under different electrolyte flow rates

2.4.4. Effect of electrode fiber diameter

This section conducts a simulation with a constant electrolyte
flow rate and different electrode fibre diameters. According to
Fig.12, similar to the electrolyte flow rate, the variation trend
of SOH affected by the electrode fibre diameter is also from
swift to smooth. Furthermore, the inflexion points of all curves
are almost at the same position. It shows that the capacity de—450
cay caused by ion diffusion coefficients is the same for different45
electrolyte flow rates and electrode fibre diameters. Therefore,
using the SOH at the end of the simulation is feasible to mea-«2
sure the capacity fade caused by the electrolyte flow rate and theass
electrode fibre diameter. Unlike Fig. 10, the difference in SOHuss

8
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Figure 11: SOH at the minimum SOC under different electrolyte flow rates

becomes insignificant at larger electrode fibre diameters, and a
small electrode fibre diameter result in large capacity decay.
According to Fig. 13, it is evident that the greater the elec-
trode fibre diameter, the more significant the voltage loss. Like
the effect of electrolyte flow rate, the effect of electrode fibre di-
ameter on capacity decay and voltage loss is also inconsistent.
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Figure 12: SOH at the minimum SOC under different electrode fiber diameter
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Figure 13: Voltage at the minimum SOC under different electrode fiber diame-
ter

3. Optimization of electrolyte flow rate and electrode fiber
diameter

3.1. Multi-objective optimization modeling
According to Section 2, a higher electrolyte flow rate will in-
crease the volume loss of VRFB, resulting in more significant
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capacity decay. However, a higher electrolyte flow rate will
reduce the voltage loss caused by concentration overpotential.
Similarly, a larger electrode fiber diameter will give rise to more
significant voltage loss, and a smaller fiber diameter can reduce
the volume loss, thus mitigating capacity decay. This is a multi-
objective optimization problem with voltage loss and capacity
decay objectives. The general approach is to assign different
weights to these two objectives to transform the problem into
a single objective optimization problem. However, this method
is not suitable for voltage loss and capacity decay. First of all,
they have different dimensions. Secondly, they have significant
numerical differences. Therefore, it is not easy to set appropri-
ate weights to obtain a satisfactory solution. In order to avoid
this problem, this study proposes a multi-objective optimization
framework to optimize the voltage loss and capacity decay of
VRFB simultaneously. In this framework, the two objectives is**®

defined as follows: 499
500

Lend . ~ N B 501

fl = fv(df" Q) = ; (77(4 +n, 1. t1, )/tend (27)502
503

f2 = fc(df9 0) = SOH,q 504

. . . . . .. 505
The objective of this study is to obtain the minimum volt—506
age loss and capacity decay. Furthermore, the multi-objective507

optimization model can be expressed as follows:
508

T 509

maXF(dfa 0 = maﬁ(dfa 0) 510
S.t. 511
df,min < df < df,max (28)512
Qmin < Q < Qmax 513
SOC,in £ SOC < SOC,4x 514
| < Lax 515
516

3.2. Multi-objective optimization framework 517

For multi-objective problems, multiple objectives are in con-*'®

flict with each other. It is generally impossible to reach the op-
timal state at the same time. Therefore, it is impossible to find**°
an absolute optimal solution directly, so the concept of Pareto
optimality is introduced. A series of non-inferior solutions can”
be found in the solution space, which means that it is impossi—s22
ble to find a solution that is superior to it in every objective. All
these non-inferior solutions constitute the Pareto frontier of the
problem.

In this study, the meta-heuristic algorithm is used to generate
the non-inferior solution. It relies on random and local search
algorithms to generate new solutions and selects non-inferior
solutions according to the fitness function. In order to distribute
the non-inferior solution evenly, the crowding strategy is addedszs
when choosing the non-inferior solution. The overall algorithmses
flow is as follows: 525

Because it is not easy to directly obtain the two objectives
from the electrochemical model, an optimization framework
based on Pareto optimality combined with simulation and meta-
heuristic algorithms is proposed. In this study, the electro-
chemical simulation model is established by Dymola, and then
the communication between Python and Dymola is established.

519

Algorithm 1: Multi-objective meta-heuristic algorithm

Input: Parameter constraint and fitness function
Qutput: Uniformly distributed Pareto frontier
1 P «Initialization solution set;
2 fori=1to cycle do
3 O «Using random algorithms or local search to
generate a new solution set;
R «—Combine P and Q to get the solution set;
5 Obtain the fitness values of all solutions in R;
P «The solution set updated according to the
dominance relation and crowding degree
7 end

The fitness is calculated through the simulation results of Dy-
mola output. Take the Fast Non-dominated Sorting Genetic Al-
gorithm (NSGA-II) as an example, and the specific algorithm
framework is shown in Fig. 14. The algorithmic framework is
in a continuous computational loop until the algorithm termina-
tion condition is reached. A single computational loop can be
divided into three phases. In the first phase, NSGA-II is respon-
sible for parameter crossing and mutation. New parameters are
obtained to extend the search space of the parameters from the
original ones. The goal is to find a better solution that satisfies
the constraints. In the second stage, the NSGA-II algorithm
passes the parameters to Dymola for simulation to obtain the
capacity decay and voltage loss under these conditions. In the
third step, we feed the obtained capacity decay and voltage loss
into NSGA-II to calculate the fitness function. Based on the
fitness function and the Pareto principle, the parameters with
higher fitness are selected for the next cycle.

There is no dominant relationship between the solutions
in the Pareto frontier, meaning that it is impossible to deter-
mine a specific solution through the two objectives. Therefore,
this study uses the sensitivity ratio-based method proposed by
Wang[37] to select the most cost-effective solution quantita-
tively. The specific steps are as follows:

1. Suppose the Pareto frontier as X. The average variability
of each non-dominated solution is obtained from Eq. (29).

m m—1 m+1 m
km_l(fz_z +2 _2)

= m m— m m
2 = A 1 1 . -/ (29)

1 fm _ fm— m+1 _ fm

= 2|2 L0 1

2 2 m _ m—1 m+1 _ fm

f2 2 2 f2

2. The sensitivity ratio for each non-dominated solution is
calculated as the ratio of the average variability to the value
of the objective function, as shown in Eq. (30).

o =L

1 f]m
(30)

o=~

2 fzm



526

527

528

529

530

531

532

533

534

535

536

537

538

539

Parent Population

- = =

Go0-0 o | G- O)i ; Q00 - O) ¢
N - ’P T ~ exchange _ o
i 0
il A0 Mutation Merged population
1 T T T w10 \
(Cm O) df 1 Individual, : 210 1 :l [ Parent Population: 50] : |:“>
|

@00 -0 ¢

0! +§>{©oo — Q) 4i™!

Fitness

- e = ==

_______ | /" Electrochemical Model

[ Sub Population: 50 ]

Select ~  S===m-m===----7 T ommmm----
Next
Pos==oo 1 ] .
Y | ] | Calculate crowding Fast non-dominated sort
1 I e = -
‘% 1 ' The perimeter Rankl 7 o N
& : ] 1 indicates crowding panl2 ixindividual ‘I
g 1 r =l i / 1 1
é\@ : m : n <:| § ; <::I g : J xindividual :
& -—= g % ! !
- 1 k x individual |
i+l | I
i+ j+m = Population Size Function] ‘\ e ,’
End Function] Soecocoocomcoc o= e <

Figure 14: Algorithm framework of NSGA-II combined with simulation

3. The sensitivity ratio indicates the sensitivity of the aver-sso
age variability with the objectives. In order to facilitate
the follow-up comparison, it needs to be dimensionless, as®'
shown in Eq. (31). 542

543

m 544
m _ 61
81 =y v 5i 545
6m (31)546
m 2 547
& = -
1}:1 St 548

4. Selection of non-dominant solution set X* based on sensi->*
tivity ratio, which is defined as Eq. (32). 5%

551

(32)ss2

5. Calculate the degree of bias w for different objective func->*

tions, and the value range is (0, 1). As shown in Eq. (33),**
w1 and w, are the bias degrees of the non-inferior solution®®
based on sensitive ratios for objective functions fi and f>,**

respectively. %7

X ={x e X|ix € X,s{ > s’i &sé > 8;}

558

wrln — ST 559
el +¢&y 560

m_ & e
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6. Calculate the difference in sensitivity ratio Ae™, as shown ;
in Eq. (34). The smallest Ag™ corresponds to the solution
least affected by the change of the objective values. e

Ae™

566

(34)s67
10

= e} - &%

3.3. Optimization results

In order to ensure that the simulation results are only affected
by the electrode fiber diameter and the electrolyte flow rate, the
SOC,,;, and SOC,,,, in Eq. (24) are 10% and 90% respectively.
Furthermore, in this study, a constant current of is adopted for
the charge-discharge cycle to verify the proposed method. It
ensures the same charge variation in the same simulation du-
ration. In addition, other parameters are consistent with Table
A2.

This study assumes that the electrolyte flow rate is between
I ~ 10cm?/min and the electrode fiber diameter is between
1 ~ 100um . In this study, the electrolyte flow rate is accurate
to one decimal place, and the electrode fiber diameter is accu-
rate to two decimal places. Based on the proposed framework,
the distribution of the Pareto frontier was obtained, and the so-
lutions in the Pareto frontier were numbered consecutively, as
shown in Fig. 16. Then, based on the obtained Pareto frontier,
we used the sensitivity ratio-based method for further analysis.

Firstly, the sensitivity ratios of the non-inferior solutions for
fi and f, were calculated. Then, we represent the dominance
relationship between the sensitivity ratios in Fig. 15. Thus,
based on the dominance relationship of sensitivity ratios of the
100 Pareto non-inferior solutions, 89 solutions have been ruled
out. The remaining solutions constitute a non-inferior solution
set based on sensitive ratios, as shown in red.

We have screened about a fifth of the non-inferior solutions
to facilitate the selection. Then, the quantized value of the bias
degree for every objective function is shown in Fig. 16. w;
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and w; are the bias degrees of the Pareto non-inferior solution
for objective functions fi and f>, respectively. That is the bias
degree of the voltage loss and capacity fading of VRFB under
this condition. For example, the solutions numbered 23, 28 and
29 have w; greater than w,, so they are more biased towards
voltage loss. In contrast, the solutions numbered 0 and 69 have
w1 less than wy, so they are more biased towards capacity decay.
The decision-makers can balance and select more effectively
based on these quantitative indicators.

Moreover, if the two objective functions are considered
equally, we can select a good unbiased solution based on delta.
As shown in Fig. 18, the 17th solution is determined to be the
unbiased and good solution acceptable for the objectives f; and
f>. Finally, we obtain an unbiased and good solution to opti-
mize the voltage loss and capacity decay in VRFB where the
electrode fiber diameter is 107um and the electrolyte flow rate
is 9.2cm? /min. The capacity decay during simulation is 42.32%
and the average voltage loss is 0.004V under this condition.

4. Conclusion

This study proposes physics-based simulation combined
multi-objective optimization approach for reduction of both ca-
pacity decay and voltage loss of Vanadium redox flow battery.
The main objective of this approach is to find the optimal val-
ues of electrolyte flow rate and electrode fiber diameter while
minimizing capacity decay and voltage loss.

Firstly, this study quantifies and analyses the effects of elec-
trolyte flow rate and electrode fiber diameter on capacity decay
and voltage loss through simulation. It is proved that the elec-
trolyte flow rate and the electrode fiber diameter not only affect
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the capacity decay and voltage loss but also have the opposite
effect. It means that the two objectives cannot be optimized
simultaneously.

Therefore, this study uses a multi-objective meta-heuristic al-
gorithm to solve the Pareto frontier of the problem. The simula-
tion results are used to replace the standard fitness calculation.
The sensitivity ratio is introduced to select a better solution ef-
fectively.

Meanwhile, the proposed VRFB optimization framework is
flexible. The electrochemical parameters can be adjusted ac-
cording to practical needs. Additionally, the electrolyte flow
rate and electrode fiber diameter ranges are free to choose.

In addition, future research can focus on ion concentration
initialization design. When analyzing the available capacity of
VREB, it is found that the balanced initialization will lose a
sizeable available capacity in the early cycles due to the dif-
ference in the diffusion coefficient. Moreover, when the ion
concentration and diffusion rate reach equilibrium, the capac-
ity decay rate decreases significantly. Therefore, how to design
the initial ion concentration of VRFB to obtain higher available
capacity and a slower capacity decay rate is worth studying.
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Appendix A.



Table Al: Reference values

Symbol Description Value Unit  Source
Eg Standard potential of positive reaction -0.26 %4 [36]
E; Standard potential of negative reaction +1.00 Vv [36]
k;’e " Positive reaction rate constant at reference temperature ~ 3.56 X 10°° m/s [36]
k., / Negative reaction rate constant at reference temperature 3 X 107° m/s [36]
T,;_f- Reference temperature 293 K [38]
Table A2: The parameters used in the simulation

Symbols  Quantity Value Unit

V;; 2 " Initial electrolyte volume in the tank 20 cm?

Lye Length of the porous electrode 2.25 cm

Wpe Width of the porous electrode 0.218 cm

Hye Height of the porous electrode 2.25 cm

N Layers 60 1

r Cell internal resistivity 2 Qcm?

n Number of electrons transferred in the reaction 1 1

F Faraday constant 96485 C/mol

R Gas constant 8.314 J/ (mol - K)

I% Diffusion coefficient of V>* 3.17x 1078  m/s

’% Diffusion coefficient of V3* 716 x107°  m/s

’%j Diffusion coefficient of V** 2x 1078 m/ s

]% Diffusion coefficient of V>* 1.25x 1078  m/s

€ Electrode porosity 0.93 1

Sm Membrane area 5% 107 m?

0 Membrane thickness 1.83x 108 m/s

K Membrane permeability 1.58 x 10718 m?

ky Measured diffusion coefficient of V* 24x10710  m?/s

k3 Measured diffusion coefficient of V3* 24x10710 m?/s

ks Measured diffusion coefficient of V** 3.9x 10710 m?/s

ks Measured diffusion coefficient of V3* 39%x 10710 m2/s
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