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Abstract

Understanding the thermal dynamics of vanadium redox flow batteries (VRFB) is critical in pre-
venting the thermal precipitation of vanadium species that result in capacity fading and unsafe
operation. This paper presents a comprehensive thermal model of a SkW/60kWh VRFB system
by considering the impact of current, ambient temperature and electrolyte flow rate to investigate
the dynamic and steady-state thermal conditions of VRFB systems. To analyse the feasibility of
using air conditioners for effective thermal management, a room temperature model is proposed
to simulate the room temperature variations with air flow cooling. Finally, based on the proposed
VRFB thermal model and the room temperature model, two case studies with different tempera-
ture profiles are presented to evaluate the performance of the proposed model. Most importantly,
an improved cooling strategy is proposed and validated for the two case studies considering the
different thermal behaviours of VRFBs during charging and discharging. The simulation results
show that the proposed strategy can save up to 48% on air conditioner consumption. Also, the
modelling work presented in this paper is useful for studying the thermal dynamics of a VRFB
system after many operational cycles and providing guidance for the thermal management of
VRFBs in real-world applications.
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Nomenclature k Diffusion coefficient (m? s™')

ki, Mass transfer coefficient (m s™')
. . L Length (m)
AG® Gibbs free reaction enthalpy (J)
M, Total air mass inside the room (kg)
AH® Molar reaction enthalpy (J)
M, Air mass flow through air conditioner
AS® Molar reaction entropy (J K™')
(kgs™)
Ma Activation overpotential (V) N Number of cells
Necon Concentration overpotential (V) 0 Electrolyte flow rate (L s™!)
P Electrolyte density (kg m~>) 0 Thermal energy (J)
A Surface area (m?) R Gas constant (J mol™! K1)
C Heat capacity of air (J kg~' K1) r Cell ohmic resistivity (Q m?)
, L 2
c Concentration (mol L1 r Overall cell resistivity (2 m~)
. . R, Overall stack resistance (£2)
c, Specific heat capacity of electrolyte
O kg 'K N Active area (m?)
D Thickness of membrane (m) SOC  State of charge
. . T Temperature (K)
E Electric potential (V)
' t Time (s)
E° Formal potential (V)
Vv Volume (L)
E° Standard cell potential (V)
w Width (m)
EER  Energy efficiency ratio
Z Number of electrons involved in the redox
s -1
F Faraday’s constant (C mol™") reactions
H Height (m) Subscripts
h Heat transfer coefficient of concrete (1) Self discharge reaction 1
-2 -1
(Wm™ K™) 2) Self discharge reaction 2
I Current (A) 3) Self discharge reaction 3
i Current density (A m~2) “4) Self discharge reaction 4



a Activation overpotentials 4 vo*

ac Air conditioner 5 VO3
con Concentration overpotentials Superscripts
e Electrode o Standard
N Negative side o

OCV  Open circuit voltage
out Outside

s Stack
P Positive side

t Tank
r Reaction

+ Positive half-cell
2 V2+

- Negative half-cell
3 V3+

1. Introduction

With the increasing demand for renewable energy (RE), large-scale energy storage systems
(ESSs) are essential to enable a higher uptake of RE and efficiently utilise these resources towards
a sustainable energy system. Among the different mainstream ESSs, vanadium redox flow bat-
tery (VRFB) is one of the most reliable technologies among the flow battery family. The VRFB
has several technical advantages, including low cost, simple design, long life span, independent
capacity and rated power design, no cross-contamination issues and ready electrolyte recycling,
which makes it a promising solution for large-scale storage applications. The thermal manage-
ment for contemporary battery technologies is important to ensure their high performance and
reliability over a long operational period. The thermal modelling of a VRFB system is critical to
conduct effective thermal management to stabilise the electrolyte performance, prevent thermal
precipitation of active species and maintain the overall efficiency of this VRFB system.

Previous studies on the thermal stability of the VRFB electrolyte have been conducted to
show the significance of developing thermal models for efficient thermal management. In [1],
a study on the cell electrolyte has shown that the thermal precipitation of V' can happen when

the temperature exceeds 40°C, while the precipitation of V; and V3 can occur if the temperature
3



is lower than 5°C. The precipitation of vanadium species is an irreversible process that risks
the reliability of the VRFB system by causing membrane damage, stack channel congestion
and capacity fading [2]. Although several inhibitors have been developed for the electrolytes to
reduce the thermal precipitation, as reported in [3, 4]. However, these studies are carried out in
an ideal experimental environment by formulating electrolyte solutions with different molarity
of vanadium species in a thermostat but neglecting the variations of electrolyte temperature and
active species during the continuous operation in real applications. Moreover, the difference
in electrolyte solution design and precipitation measurement method can cause different results
in reporting the thermal stability tolerance of electrolytes in [1, 5]. As a result, most thermal
model studies agreed that 40°C is the safe limit to prevent thermal precipitation, as reported in
[1,2,6,7,8,9].

In recent years, several papers established the thermal modelling of VRFB systems. In [8],
a primary thermal model considering the configurations of a VRFB system is presented to simu-
late its thermal dynamics. Tang et al. improved this thermal model and carried out several case
studies to illustrate the effect of membrane design and flow rate on thermal dynamics. However,
these two thermal models do not take the reversible entropic heat from the main chemical reac-
tions into account. In [9], Wei et al. proposed a dynamic thermal-hydraulic model to study the
thermal-hydraulic model with different stack flow pattern designs. Recently, Bhattacharjee et al.
and Khaki et al. presented two simple thermal models in [6] and [10] correspondingly based on
the primary model in [8]. These two simple thermal models are validated via experimental data
and show promising results in estimating the thermal dynamics of VRFBs. Trovo et al. [7] estab-
lished a complete thermal model for an industrial-scale VRFB system to simulate the operation
in high-current applications. Here, an important conclusion in such cases is that it is necessary to
have active cooling to prevent thermal precipitation, where the high-current discharging process
is the main reason causing the electrolyte temperature rise.

Although the necessity of utilising active cooling for efficient thermal management has been
drawn in the above-mentioned papers, only a few papers introduced the design of active cooling

strategies and heat exchangers for VRFBs. For instance, Wei et al. designed a shell and tube
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heat exchanger for active electrolyte cooling in [11]. A foster network is developed here to
model the thermal behaviour during the cooling action, and cooling performance by air flow
and water is shown to reduce the electrolyte temperature by up to 7°C. It is worth mentioning
that air flow cooling and liquid cooling have been commonly used for lithium-ion and other
solid-state batteries in electric vehicles (EV) and other advanced applications, as reported in [12,
13]. Nevertheless, for most of the modern commercial VRFB systems, there are no integrated
cooling devices, and the most commonly-used cooling method is air flow cooling by using air
conditioners [14]. Using air conditioners to manage the electrolyte temperature of the VRFB
system has been considered in on-site applications. The effectiveness of using air conditioners
for electrolyte cooling is worth investigating, and improved cooling strategies are needed to
reduce the power consumption of air conditioners.

To investigate the thermal dynamics of VRFB systems and the effectiveness of using an air
conditioner for thermal management, a comprehensive multi-physics VRFB thermal model is
proposed in this paper and integrated with a room temperature model. The main contributions of

this paper are:

o Development of a SkW/60kWh industrial-scale multi-physics and thermal VRFB model
in Simulink/Matlab environment based on the stack configurations of an experimental
5kW/3kWh VRFB system. It considers the reversible entropic heat, ohmic heat, self-

discharge heat and heat exchange from the electrolyte storage tanks and air.

e Comprehensive assessment of thermal dynamics of the VRFB system during charging/

discharging processes and their steady-state thermal impact after a long-time operation.

o Evaluation of the standby thermal behaviour of the VRFB system, which shows the im-
portance of using a low cooling flow rate for electrolyte circulation to avoid thermal pre-

cipitation.

e Development of an integrated room temperature model that consists of the proposed VRFB
thermal model with an active cooling mechanism by an air conditioner. The effectiveness

of using an air conditioner for the thermal management of VRFB is examined by this
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model.

e Proposing an optimised cooling strategy based on the thermal behaviour of the entire sys-
tem during the charging/discharging process to reduce the power consumption of the air

conditioner by 48% while preventing thermal precipitation.

The rest of the paper is organised as follows. Section 2 introduces the multi-physics VRFB
model and thermal modelling of VRFBs. In Section 3, simulation studies are carried out to
investigate the influence of electrolyte flow rate, charging/discharging current and ambient tem-
perature on the thermal dynamics of VRFBs. Also, standby thermal behaviours are studied in
this section. Finally, an integrated room temperature model that consists of the proposed VRFB
thermal model with an active cooling mechanism by an air conditioner is developed to investi-
gate the thermal management of the VRFB system. Based on the conclusion drawn in Section 3,
a centralised cooling strategy is proposed to optimise the air conditioner power consumption,

validated in two case studies.

2. Methods for battery model formulation

A schematic diagram of a typical VRFB system is given in Fig. 1. As a flow battery, the
VREFB has hydraulic electrolyte circulation, unlike solid-state batteries. This makes the thermal
dynamics of VRFB systems more complex. The electrolyte flows between the two storage tanks
and the cells to allow chemical reactions to generate/absorb electrons for electrical energy us-
age/storage. Each cell is composed of two electrodes and has a membrane that separates the cell
into the negative side and the positive side. The membrane is crucial to prevent the diffusion
of vanadium ions which causes self-discharge reactions. Two pumps maintain the electrolyte
circulation during operation to provide sufficient bulk concentration levels in the cell stack. The
chemical reactions in positive/negative half-cells and overall cell reaction are shown as follows:

Negative half-cell:

Charge

V3 4 em B V¥ EY = -0.255V (1)
1scharge



Positive half-cell:

oy Charge . . B 0
VO™ + H,0 <= VO;+2H +e Ep=1.004V
Discharge
Overall cell:
2+ 3+ Charge + 2+ +
VO + V7" +H,0 <= VO;+V7+2H
Discharge
Electric supply Load
AC/DC power sources

Electrolyte flow in

Electrolyte flow in

VRFB stack

Electrolyte Electrolyte
flow out flow out
! 1
I Positive |
1 Electrode half-cell |
! 1
| 1
1 Membrane Negative;
I half-cell
! 1

Figure 1: The typical structure and component of a VRFB system
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To study the thermal dynamics of a VRFB system, an accurate thermal model is needed
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to reflect the electrolyte temperature variations in the battery stack and storage tanks. In this
paper, a detailed integrated multi-physics model with thermal modelling of VRFBs is proposed
to consider the overpotential heating, reversible entropic heating from chemical reactions, self-
discharge reaction heating and the heating exchange by electrolyte flow rate and air. A multi-
physics model, including an electrochemical model, has been commonly used to simulate the
electrical dynamics of VRFBs via mass balance equations to simulate the vanadium species
variations. In this study, the proposed thermal model is integrated with a multi-physics model
to form an integrated multi-physics model with thermal modelling of VRFBs to investigate the

thermal and electric behaviours of a large-scale VRFB system. This proposed VRFB model is



built in MATLAB/Simulink for battery simulation with the following assumptions:

o The initial temperature in the VRFB system is the same for different components [8].

e The electrolyte temperature and vanadium species concentration in each cell in the stack

is uniform [6].

o The heat transfer of pipes and stack is neglected due to their minor heat exchange capabil-

ities [6, 8, 10].
e The volume of electrolytes in each tank remains constant [8, 15].
e Gas evolution is not considered [8].
e The variation of the overall resistance of the stack is small and can be ignored [6].

e The effect of shunt current and related heat generation is minor and thus not considered in

this study [6, 10].

2.1. Mass balance

The mass balance equations are adopted to quantify the cross-over of the vanadium ions in
the battery stack. The variations of vanadium ions are caused by the cross-over phenomenon and
the main chemical reactions in the charging/discharging process. Moreover, the vanadium ions in
the stack are supplied from the two tanks by operating the two pumps for electrolyte circulation.
The variation of the four oxidation states of the vanadium ions is affected by the electrolyte flow
rate and chemical reactions in the stack. From the mass balance equations, the modelling of
vanadium species variations can be given in the following equations as [8]:

For vanadium ions in the stack:

s “4)

o c
—2Nks—=S — Nks—S
D D



Vstack dC; s — NI Cg
—_— =Q(c’3 - c3) FrT Nk3BS

2 dt
fopd cs )
+ 3Nk5555 + 2Nk4545
thack@ :Q(Ct _CJ)$ M — Nk ﬁs
2 dt 4T R *D ©
CS CS
+ 3Nk2525 + 2Nk3535
Vstack dcg ¢ s NI C;
stack 75 - — )+ — — Nks—=>S
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CS CS
- 2Nk252S - Nk3B3S
For vanadium ions in the tanks:
dct
Vn—t=0(c; - ch) )
dc! 4
Vi—2=0(c; - &) ©)
dc!
VP7: = 0(cj - <)) (10)
dct ]
VP7: = 0(cs - cf) (11)

The parameters in the mass balance model have been shown in Tab. 1 with their definitions

and values.

2.2. Energy balance

In [8], the energy balance equations are developed to study the electrolyte temperature varia-
tions in different components of the VRFB system based on the energy conservation law. In the
thermal model, the effect of heat generation, heat exchange and self-discharge reactions are con-
sidered, which allows a continuous simulation of the thermal dynamics of the VRFB system. In

[6, 7], the heat generated from the active species self-discharge reactions is neglected to reduce
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Table 1: VRFB model parameters and definitions used in this study

Symbol Definition Value

N Number of cells in the stack 37

c Total concentration of vanadium ions in mol LT 1.5

\%% Volume of the electrolyte in negative tank in L 1500

Vp Volume of the electrolyte in positive tank in L 1500
Vtack Volume of the stack in L 40

H, Height of the electrode in dm 3

L, Length of the electrode in dm 7

W, Width of the electrode in dm 0.025

S Active area in dm? 21

d Thickness of the membrane in dm 1.27¢73
T Ambient temperature in K 298.15

R Gas constant in Jmol~T KT 8.314

P Electrolyte density in kg m™ 1300

F Faraday’s constant in C mol ! 96,485

I Overall cell resistivity in Q cm” 2.72

ko Diffusion coefficient of VZ* in m%s~! 8.768¢e~12
k3 Diffusion coefficient of V3* in m%s~! 3.222¢12
ka Diffusion coefficient of V** in m?s™! 6.825¢" 12
ks Diffusion coefficient of V>* in m?s™! 5.897¢"12

the model complexity. In this study, the thermal model is adopted from [8, 9]. The electrolyte

temperature in the stack, T,k is given by:

drT.
Cppvslack ek =QPCpp (Tp — Toaek ) + QNCpp (Tn = Tyack )
dt (12)

'R o 2E 4 Py
+ stack T stack dT + self-discharge

Here, the first two terms on the right side represent the heat exchange by the electrolyte flow
rate, I*R .« is the heat generation by the overall stack resistance, / Tsmck% is the reversible
entropic heat generation within the stack, and Pis_gischarge 18 the heat generation by the self-
discharge reactions in the stack.

The open circuit voltage EY of the VRFB system is given in terms of the standard electrode

potential E® as:

EOCV _po RT In Cvoy Cv2+C,%,+ 7v0;7v2+7%,+ (13)
zF Cyp2+Cys+ Yvor+Yy3+
In [9], E® is given as:
AG® AH® —TAS®
E® = - =—r " (14)

F F
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where AG® is the molar Gibbs free reaction enthalpy, and AG® is represented by AH® and AS ©

for the molar reaction enthalpy and molar reaction entropy at the standard condition. Thus, Z—ITE
can be represented as:
dE C‘V()JrCV2+C§_IJr
— =AS® + RIn| —— (15)
T Cyo2+Cy3+

Here, AS 9 is the molar reaction entropy for the reactions. Due to the different reactants and
products during the charging and discharging reactions, the main chemical reaction in the stack
is a reversible entropic heat process. In the charging process, the main chemical reactions absorb
heat; whereas in the discharging process, they produce heat. The derivations of AS ® are different

in charging and discharging as:

For discharging:
AS? = Spmducls - Sreactanls
2. 2. o
= SV()“ +SV3+ +SH20_SV2+ _SVOE’ —ZSH+
For charging:
AS?:SV2++SVO§+2SH+_Sv02+_SV3+_SH20 17)

Minor chemical reactions, such as the self-discharge reactions in the stack, will also cause
additional heat generation. The self-discharge is caused by the diffusion of vanadium ions across
the membrane, which reacts with other vanadium ions in another half-cell. The heat generation
in the stack is presented as [8]:

Peif—discharge = N - [b%s “(=AHq)) + k3%§5 - (-AH)
. s (18)
S - (<AH) + ks %SS (~AHg)]
where k, is the diffusion coefficient, c; is the molarity of each vanadium species in the stack,
AHy is the changes of enthalpy for the different self-discharge reactions which are given in
Egs. (19)-(22). The thermodynamic dynamic parameters are listed in Tab. 2, noting that the

enthalpy changes for the self-discharge reactions can be found in [8].
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Table 2: Thermodynamic parameters for the reactants and products in the VRFB system, obtained from
[8,9]

Formula  State  AH® (kJ mol—l) AS}‘?(J mol~! K—l)

v Aqueous -226.0 -130.0
V3* Aqueous -259.0 -230.0
VO*  Aqueous -486.6 -133.9
Vo3 Aqueous —-649.8 -42.3
H,0 Aqueous —285.8 69.9
H* Aqueous 0 0
V¥ +2V05 + 2H" — 3VO* + H,0 19)
V3 + V05 - 2vo** (20)
VO* + V¥ + 2HY - 2V3* + H,0 21)
VO3 +2 V¥ +4H* — 3V + 2H,0 (22)

The electrolyte temperature in the positive/negative tanks are:

dT

CppVPd_[P = QPCp,D (Tstack — Tp) + Utank Avank (Tair — Tp) (23)
dTy

CppVNW = QNCp,D (Tstack - TN) + UtankAtank (Tair - TN) (24)

Please note that the thermal dynamics of the electrolyte in the two tanks are influenced by the
heat exchange of the electrolyte from the stack and the overall heat exchange from the ambient
air temperature and two tanks. The parameters in the VRFB thermal model have been given in

Tab. 3 with definitions and values.
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Table 3: Parameters and their definitions for the thermal model

Symbol Definition Value
Cp Specific heat capacity of electrolyte in J g1 K~ 32
Atank Surface area of the tank in m> 9.8
Utank Overall heat transfer capability of the tank in J K Ts T m™2 from [6] 3.67

2.3. Multi-physics model

A multi-physics model is developed to combine these chemical laws with the electrical pa-
rameters, such as open circuit voltage (OCV), stack voltage, state of charge (SOC), etc. The
OCYV is defined as the voltage of a single battery cell without having any current flow, and the
derivation of the OCV is formulated based on the Nernst equation as [15]:

RT (c;cg

EOV = EY 4 = In —) JEY = 1.40V (25)
yé C3C4

Concentration overpotentials are an ineluctable part of the stack voltage, the derivation of

these are learned from [16], which are different during the charging/discharging process:

~8In(l - =), charging
= oF HF ey Lo H, 6
RT 1 . .
—2r In(l = T ge), discharging
RT 1 3
=% In(l — Z7—=—57=), charging
Moy = oF FhoL Hec, o
—& In(1 - TLAE L ) discharging

Please note that in Eqs.(26)-(27), k,, is the mass transfer coefficient and is derived by the

following equation from [16]:

0.4
O ) 28)

ky=1.6x107
(IOLEWe
The activation overpotentials (17} and 7;) are generally small compared with other overpo-
tentials. As a result, the activation overpotentials are normally combined with the cell ohmic

overpotential (ir) to form an overall cell ohmic overpotential (ir’), which is:
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ir =ir+n +n; (29)

2.4. The overall stack voltage

The stack voltage is expressed as the sum of the OCYV, overall cell ohmic overpotential, and

concentration overpotentials multiplied by the number of cells () from [16]:

Egack = N(EOY +ir' +1},, + 1, (30)

The SOC of the VRFB system is defined as the average SOC level in the negative tank and

positive tank:

SOCy = _ Cv 3D
Cy2+ + Cyi+
_ Cvoy
SOCp= ———2 (32)
CVO; + Cyo2+
SOC:SOCN+SOCP 33)

2

3. Simulation study on the thermal dynamics of a VRFB system

Based on the mass balance, energy balance and multi-physics models in Section 2 from [8],
an integrated multi-physics VRFB model with thermal modelling is developed to investigate
the performance of a SkW/60kWh VRFB system, extended from a laboratory-scale SkW/3kWh
VREFB system with the same stack design. To investigate the thermal dynamics of VRFBs influ-
enced by different factors, a simulation study is conducted, and further conclusions can be drawn

from the analysis of the simulation results.

3.1. The influence of electrolyte flow rate, currents and ambient temperature on the electrolyte
temperature in VRFB system
From the thermal modelling in Section 3, the heat generation during the battery charg-

ing/discharging cycles is from the battery stack in three main parts: ohmic overpotentials, self-
14
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(b) Electrolyte temperature in the stack and tanks with a flow rate of 0.6L/s and constant current of 100A
over 20 cycles at 25°C
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(d) Electrolyte temperature in the stack with constant currents of 100A at 25°C, 30°C and 35°C and a
constant flow rate of 0.8L/s

Figure 2: Simulation results of the electrolyte temperature in the stack and tank under different electrolyte
flow rates, currents and ambient temperatures

discharge reactions, and reversible entropic heat during the discharging process. Two tanks are
connected with the stack as a heat exchange source, contributing to the stack temperature reduc-

tion by exchanging the electrolyte. It is worth mentioning that in medium-scale or large-scale
15



VREFB systems, the VRFB stack is composed of 30-50 cells with a total volume much less than
the total volume of electrolytes in the two tanks. The volume of tanks can be up to 500-2000L,
hence a considerable heat exchange capability due to its large surface area. The heat genera-
tion in the VRFB system results in a temperature difference between the stack and tanks during
the battery operation. As a result, the flow rate is one of the decisive factors influencing the
electrolyte heat exchange capability in the VRFB stack.

In Figs. 2 (a) and (b), a simulation study is carried out to demonstrate the effect of flow rates
on the thermal imbalance between the stack and tank. Here, the ambient temperature is set to be
25°C, and the initial electrolyte temperatures are assumed identical throughout the VRFB sys-
tem components. The charging/discharging currents are 100A, and flow rates are set to 0.3L/s
and 0.6L/s, respectively. Furthermore, to minimise the effect of self-discharge losses influenced
by the flow rate, the SOC range is set to 40% to 60% over 20 cycles to show the thermal dy-
namics of this VRFB system. It was found that the electrolyte temperature in the stack and
tanks in both figures increased gradually, reaching a steady state condition after about 15 cycles.
It can be seen that the electrolyte temperature rapidly increases during the discharging process
while decreasing during the charging process. The reason behind this is that the reversible en-
tropic heating becomes negative during charging and positive during discharging, which absorbs
generated heat during the charging process and generates heat during the discharging process.
In Fig. 3, the heat absorption/generation in the stack with a 100A charging/discharging current
is given. As seen in the figure, the reversible heat absorption is compensated by the large ir-
reversible heat generation from overpotentials and self-discharge reactions during the charging
process. During discharging, however, the reversible heat generation term is added to other heat
generation sources and causes nearly 1500J/s of heat generation. Moreover, during the charging
process after one day in Fig. 2 (a), the electrolyte temperature reduction is more evident due
to the increase of temperature difference, providing sufficient heat exchange to cool the VRFB
system naturally. This cannot be seen in the discharging process due to the large heat production
in the stack. By comparing Figs. 2 (a) and (b), it can be concluded that a higher electrolyte flow

rate reduces the electrolyte temperature difference from the stack to the tank. However, it has
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no significant impact on the electrolyte temperature in the tank. The reason behind this is that
the thermal dynamics of the VRFB system are determined by the heat generation in operation
and the cooling from the ambient air. The control of the electrolyte flow rate is more effective in
removing the heat accumulation in the stack and reducing its temperature, but not promising to

cool down the whole VRFB system.

2000

- A

3 o O

o © o

©o © © o©
T T T
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0 1 2 3 4 5 6
Day

Figure 3: Heat absorption/generation under 100A charging/discharging current over 20 cycles

In the thermal modelling of VRFB systems, the heat generation is associated with the currents
related to the three irreversible heat generation mechanisms. Meanwhile, the ambient tempera-
ture influences the heat exchange of the VRFB system. Therefore, to investigate the significance
of current on the thermal dynamics of the VRFB system, another simulation study is carried
out in this paper to study the electrolyte temperature in the stack under 60A, 80A, and 100A
charging/discharging currents at 25°C ambient temperature during 15 cycles, with the electrolyte
flow rate at 0.8L/s. The SOC range, in this case, is from 20% to 80%. In Fig. 2 (c), it is clear
that a higher current will lead to a higher electrolyte temperature rise in the stack due to more
irreversible heat generation. Another simulation result is shown in Fig. 2 (d), showing the elec-
trolyte temperature in the stack with 100A charging/discharging current under 25°C, 30°C and
35°C ambient temperature over 15 cycles. The electrolyte temperature variations in the stack
have a nearly identical pattern, but it is clear that a higher ambient temperature produces a higher
steady-state electrolyte temperature in the stack. Moreover, with an ambient temperature of
35°C, after two days, the electrolyte temperature exceeded 40°C and remained above this value.
As mentioned in the previous section, this makes thermal precipitation that threats the safe oper-
ation of a VRFB system. This result highlights the necessity to conduct active cooling control for

thermal management. Fig. 2 (c) shows that by limiting the discharging current, the electrolyte
17



temperature can be decreased to a lower level in the steady-state condition. However, considering
the fact that satisfying customers’ demand is the primary objective in most applications, efficient
cooling strategies are necessary for real-world applications where the VRFB is coupled with a

microgrid or other in a residential premise with generation and storage units.

3.2. Standby thermal behaviours

In [8], Tang et al. carried out a simulation to study the thermal behaviour of a kW-level VRFB
system over a one-day period. The study showed a significant rise in the temperature of the stack
when the whole VRFB system was left idle. The temperature rise stems from the self-discharge
reactions when no current is applied to a VRFB system that produces heat within the stack. The
generated heat will be accumulated because there is no pump operation to maintain electrolyte
circulation within the VRFB system, as it is common to turn off the pump in idle mode. In
[71, Trovo et al. conducted a detailed study to investigate the standby thermal behaviour of an
industrial-scale VRFB system. The authors concluded that a higher SOC level during the standby
period caused more heat generation by self-discharge reactions. They discovered that when the
initial SOC was 95%, the maximum temperature in the stack went up to 60°C, which is highly
likely to cause thermal precipitation of V. To prevent this, a cooling flow rate is necessary.

In this section, the standby thermal dynamics of a VRFB system are investigated to demon-
strate the effect of a cooling electrolyte flow rate in the standby period. In Fig. 4 (a), the variations
of the electrolyte temperature in the stack are shown over time under different constant electrolyte
flow rates under an ambient temperature of 30°C with an initial SOC of 80%. As can be seen
from this figure, if there is no flow rate for electrolyte circulation, after 4 hours, the electrolyte
temperature in the stack exceeds 45°C. With a flow rate of over 0.02L/s, the heat generation from
the self-discharge reactions in the stack can be effectively transferred into the electrolyte tank,
preventing a significant electrolyte temperature increase within the stack. Moreover, in Fig. 4
(b), the change in the amount of four oxidation state vanadium ions is given when there is no
electrolyte flow rate. It is clear that the amount of V; and V. ions are increasing and the amount
of V; and V; ions are decreasing in this period. This is caused by the cross-over phenomenon of

vanadium species diffusing across the membrane and self-reacting with each other. These self-
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Figure 4: Simulation results in standby mode showing the effect of the flow rate at 80% initial SOC

discharge reactions lead to the capacity fading of a VRFB system. Also, the electrolyte flow rate
will cause a difference in the capacity fading due to the concentration level of vanadium species
in the stack supplied from the tank. To study the electrolyte flow rate effect on the capacity
fading, a new simulation study was carried out, the results of which are shown in Fig. 4 (c). It
can be seen that when there is zero electrolyte flow rate in the VRFB system, the molar losses
are the smallest, around 33mol in 4 hours. Moreover, the molar losses under the other five dif-
ferent electrolyte flow rates show almost no change, only 11mol higher than the zero electrolyte
flow rate. The reason behind this is that the electrolyte flow rate constantly supplies vanadium

ions from the tank to the stack, thus accelerating the vanadium species diffusion leading to more
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molar losses.

Considering the standby thermal behaviour of the VRFB system, a low electrolyte flow rate is
needed for stack electrolyte cooling for the SkW/60kWh VRFB to prevent thermal precipitation
during the standby mode. Here, we assume that the minimum pump speed is 0.05L/s, which is
used for standby cooling. Considering the modelling result of pump speed vs. flow rate given in
[17], an electrolyte flow rate lower than 0.1L/s achieves a low total pump power consumption of
around 10W. This result indicates the effectiveness of utilising pumps for standby cooling without
using a significant amount of energy in this case study. However, for different VRFB systems
with different pump designs and configurations, such a low flow rate may not be achievable in
practice. As a recommendation, a low flow rate with minor pump power consumption can be
used for electrolyte circulation during the standby mode to prevent thermal precipitation in the

stack.

4. Case studies and results of air flow cooling for a VRFB system

In most battery technologies, active or passive cooling strategies, e.g., by natural air flow or
forced air cooling using fans in the battery stack, are popular solutions to regulate battery cell
temperature, as reported in [18]. Moreover, in [19], the authors concluded that an effective cool-
ing system is important to prevent thermal runaway, which is responsible for the safe operation of
a battery system. Air cooling fans and other advanced integrated cooling systems are commonly
used for solid-state batteries in EVs and other applications, as mentioned in [20, 21, 22]. The
VREFB stack contains liquid electrolytes with small channels, and a well-designed VRFB stack
has to be isolated from the air to prevent the oxidation of vanadium ions. As a result, the use
of air-cooling fans inside the stack is impossible for VRFBs. For the thermal management of
VRFBs, a limited number of paper has addressed the issue of efficient thermal management to
prevent thermal precipitation. In [9], a shell and tube heat exchanger is designed to cool down
the electrolyte as it moves out of the stack and shows promising results in simulation. How-
ever, the results do not establish the effectiveness of using the proposed heat exchanger to handle

the thermal precipitation problem. Also, the design of the proposed heat exchanger is not vali-
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dated to show its applicability and effectiveness in commercial VRFB systems. Another efficient
thermal management system by flow rate control is presented in [6]. Although the electrolyte
temperature and system efficiency are significantly improved by the optimised flow rate control
method proposed in that paper, the electrolyte flow rate control does not guarantee effective ther-
mal management over long operational cycles, and a cooling system is still essential to provide
sufficient heat exchange for VRFB systems. In [2], a standby thermal management system is de-
signed to have a low electrolyte flow rate to dissipate the cross-over heat generation in the stack.
Nevertheless, only the thermal management method during the standby period is investigated in
that study, neglecting the thermal management during operation.

Considering the fact that most of the industrial-scale VRFB systems are relatively large,
the heat accumulation during the charging/discharging processes is relatively slow compared to
other battery technologies. Also, the thermal precipitation of vanadium species is sensitive to
temperature rise in the long term. Thus, a VRFB does not require a high-capacity cooling system
to rapidly reduce its temperature but the prevention of electrolyte temperature going over safe
limits over hours and days is necessary. As a result, a common air conditioner unit could be
sufficient for the thermal management of VRFBs. For instance, the Roseworthy solar farm and
energy storage site at the University of Adelaide, Australia, has 14 individual VRFB systems
operating in a room equipped with an air conditioner to cool down the room temperature [23].
For these 14 commercial VRFB systems, due to the lack of an integrated cooling mechanism
within them, active temperature control using an air conditioner is used to ensure its operational
stability, as mentioned in [14]. As for the thermal management of the VRFB, the objective is to
prevent the electrolyte temperature in the stack from exceeding 40 °C [6, 7, 9]. To investigate
the feasibility of using a standard air-conditioner for efficient thermal management of VRFBs, a
room temperature model considering a simplified air-conditioning system model is presented in
this paper. The goal is to study the effect of active temperature control in reducing the electrolyte

temperature in the VRFB system.
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4.1. A room temperature model considering a simplified air-conditioning unit model

To investigate the thermal dynamics of a VRFB system in the presence of an active cooling
system, a thermal model of a room is adapted from [24, 25]. The thermal model considers the
dynamics of ambient air temperature outside the building while taking the heat exchange of the
VREFB system and the characteristics of the air-conditioner into account. The formulation of the

integrated room temperature model is as follows:

dQcoul(t) —

dt (Troom - Tac) : Mdol -C (34)
d 0ss(E
% = (Tour = Troom) B+ Apant (35)
t
dTroom(t) 1 dQloss theat dQcool
_ _ _ 36
At My - C ( dr di di (36)

Eq. (34) is the air flow cooling model of the air-conditioner, and Eq. (35) is the heat losses
caused by the heat exchange from the outside temperature to the walls. Eq. (36) is the overall
room heat exchange equation, influenced by the heat losses from outside air, heat generation from
the VRFB system and heat exchange from the air. The room temperature model is developed

based on the following basic assumptions:

e The dimensions of the room are Sm X 4m X 3m assuming that every wall, floor and roof are

made of normal 0.2m thick concrete.
e The temperature of the ground is assumed to be the same as the air temperature.
o Except for the VRFB system, there is no other heat source inside the room.

o The control of the air conditioner is realised by adjusting the air flow temperature. The air

mass flow of the air conditioner is constant.

e The initial air temperature in the room is 25°C, while the total air volume in this room

equals its volume.
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All of the parameters of the integrated room temperature model are given in Table 4. The air
conditioner has a 3kW cooling capacity, and the rated electrical input power is IkW. Assume the
air conditioner has no standby power consumption, the power consumption of the air conditioner

in cooling mode is calculated by:

Pac(t) = %

/EER (37

Here, the EER is the Energy Efficiency Ratio, defined as the ratio of the cooling provided by

the air conditioner unit to its input power consumption.

Table 4: Thermal parameters of the integrated room thermal model

Symbol Definition Value
Avall Total surface of walls in m?> 94

h }‘I)jar; _ztrlzl}jter coefficient of concrete in 53
M gt Air mass flow through air conditioner in kg h™' 1500
C Heat capacity of air in J kg™T K71 1020
Mair Air mass inside the room in kg 121
EER Energy efliciency ratio 3

4.2. Case study 1: Thermal dynamics of a VRFB system without active air flow cooling

To investigate the thermal dynamics of an industrial-scale VRFB system without active cool-
ing, the developed thermal model of the VRFB and the integrated room temperature model are
combined in this case study. It is assumed that the VRFB system is stored in a small room (see
Fig. 6), as mentioned in the previous section, and connected to a grid that purchases electricity
from the grid when battery energy is not enough to cover the load. When excess PV generation
is available, or the grid electricity is cheap, the battery is charged to release at the time of need
(mainly at night). Assume the battery is charged at a constant rate from 7AM to 6PM daily in
the 15 days of simulation. The charging current is 100A (about SkW) throughout the charging
period until the SOC of the VRFB system reaches 80%. Then after 7 PM each day, assume a
high electrical energy demand, requiring a discharging current of 1004, is supplied by the VRFB
until its SOC reaches 20%. The VRFB system will go into standby mode if there are no charg-

ing/discharging activities after reaching the SOC limits. To prevent the thermal precipitation of
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the vanadium species in the stack during the standby period, a constant flow rate of 0.05L/s is

applied for cooling. To simulate efficient operation with respect to pump power consumption,

an optimised electrolyte flow rate control method — the variable flow rate from [26] — is used to

dynamically control the flow rate and minimise losses. The formulation of the variable flow rate

is given in Egs. (38)-(39).
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system over 15 days

Here, FF is the fixed stoichiometry flow factor normally considered constant. For this VRFB
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system, the F'F is chosen as 6 for 100A current to achieve a more balanced performance in system
energy efficiency and capacity in high current applications compared with a constant flow rate.
As a result, in this study, the flow rate control is realised using the variable flow rate control
method of FF=6, and the pump speed range is from 0.05L/s to 0.8L/s.

A 15-day simulation is carried out considering a varying daily ambient air temperature from

25°C to 35°C in a sinusoidal fashion, as suggested in [8]:

Tair = (Thmax — Tmin) : Sin2(wt + ‘10) + Tin (40)

In Eq. (40), Tyin and Ty« stand for the minimum/maximum ambient air temperature within a
day. Also, w and ¢ are the angular frequency and phase, their units are rad/s and rad, respectively.
It is assumed that the lowest temperature is at midnight; thus, the phase in Eq. (40) can be derived
based on this assumption.

In Fig. 5 (a), the VRFB current for the 15 days is shown. As indicated earlier, the charg-
ing/discharging current is constant at 100A throughout the operation. The standby period is also
shown in this figure when there is no current flow into/out of the VRFB system. The stack volt-
age profile is shown in Fig. 5 (b), and the electrolyte flow rate profile is presented in Fig. 5 (c).

Under FF=6, the flow rate varied from 0.16L/s to 0.76L/s and dynamically changed with the
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SOC of the VRFB system. The SOC profile in Fig. 5 (d) shows that the standby mode will lead
to minor stored energy loss due to self-discharge. Considering the range of SOC from 20% to
80%, it can be neglected safely. Most importantly, the outside air temperature, electrolyte tem-
perature in the stack and room temperature profiles are given in Fig. 5 (e). It can be seen that the
room temperature follows the outside air temperature when there is no active cooling mechanism
in place. Moreover, the electrolyte temperature in the stack has an overall increasing trend in
these 15 days and reaches the steady-state condition almost after 10 days. Similar to the results
mentioned in the previous section, the electrolyte temperature in the stack decreases during the
charging process due to the reversible entropic heating during the daytime. Note that the outside
air temperature during the charging process from 7 AM to 6 PM is higher than 30°C in the 15
days. This highlights that it is unnecessity to use an active cooling strategy during the charging
process if the outside air temperature is not very high. Nevertheless, the results in Fig. 5 () show
that the electrolyte temperature in the stack increases significantly during the discharging pro-
cess. On day 7, the electrolyte temperature exceeded 40°C for the first time, with 9 hours above
the 40°C recommended threshold on the eighth day. In [2, 6, 8], the safe operating electrolyte
temperature is defined as 10-40 °C to prevent the capacity fading, stack channel congestion and
membrane damage caused by the thermal precipitation of vanadium ions. In this case, nearly
9 hours of high electrolyte temperatures in the stack will threaten the stability and reliability of
the VRFB system. Considering the role of a VRFB system in an off-grid application, where
continuous operation is required over a long period of time, the necessity of safe and efficient

management of the electrolyte temperature becomes more apparent.

4.3. Case study 2: Thermal dynamics of a VRFB system with active cooling mechanism

As mentioned in the previous section, active cooling is necessary to maintain the electrolyte
temperature below the threshold over a long operational period to prevent thermal precipitation
and related consequences. However, most current VRFB system designs do not contain an ac-
tive cooling mechanism, including air flow or liquid cooling systems. Thus, in most on-site
applications of VRFBs, using air conditioners to realise air flow cooling has become the primary

solution for thermal management. In this case study, the feasibility of using air conditioners
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to manage the thermal dynamics of an industrial-scale VRFB system is investigated, where the
same operational conditions and profiles are used from case study 1.

In this case study, an air conditioner ensures the room temperature remains below 30°C
to provide sufficient heat exchange for the VRFB system. That results in the electrolytes in
the tank being adequately cooled down, and thus the electrolyte transferred from the tanks to
the stack is cooler, contributing to decreasing the overall electrolyte temperature in the stack.
The temperature profile of the cooling mechanism is given in Fig. 7 (a). Here, it is clear that
the room temperature has been kept below 30°C after the first six days when the outside air
temperature is higher. Note that there is no active cooling in the first six days because there
is no thermal precipitation issue. Moreover, when the outside air temperature is lower than
30°C, the air conditioner is turned off. The result is that after 15 days of operation with 15
charging/discharging cycles, the electrolyte temperature in the stack does not exceed the 40°C of
thermal precipitation level, where the highest temperature is 39.8°C. This case study proves the
effectiveness of using an active air cooling mechanism to offer effective thermal management for
VREFB systems.

Here, we proposed an improved operational strategy for managing heat in a VRFB system.
As shown in the results and discussions given in Fig. 2 (c) and (d) and Section 3, there is almost
no heat generation in the stack during the charging process due to the reversible entropic heating.
As a result, if there is no extreme weather condition with an ambient temperature higher than
40°C that lasts more than several hours, it is unnecessary to operate an active cooling device to
protect VRFB against thermal precipitation caused by excessive heat. This is because the main
chemical reactions will absorb heat during the charging process and hence decrease the elec-
trolyte temperature within the stack. However, when the discharging process starts, significant
heat will be produced, leading to a rapid increase of the electrolyte in the stack; thus, an active
cooling strategy is necessary to ensure a sufficient heat exchange. As a result, an improved cool-
ing strategy could be to turn off the cooling system during the charging process in the daytime
and utilise a lower room temperature limit of 25°C during the discharging process at night time.

The reason for using a lower room temperature limit in this period is to provide sufficient heat

27



exchange for the VRFB system, as the exchange amount is proportional to the integration of the

temperature difference over a specific period.
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Figure 7: Case study 2: With active cooling mechanism - Simulation results for 15 days with a varying
ambient temperature ranging from 25°C to 35°C

The simulation results of the proposed improved cooling strategy are given in Fig. 7 (b),
where the electrolyte temperature in the stack is kept below 40°C to prevent thermal precipita-
tion. In both cases, the cooling actions were carried out only after six days because there was no
thermal precipitation problem within the first six days. It is interesting to note that this approach
results in a lower stack temperature variation. Furthermore, the simulation results of the air con-
ditioner power consumption are given in Fig. 7 (c), which shows that these two cooling strategies
operated during different periods of the charging/discharging process. The power consumption

is 64.2kWh by constant temperature cooling of 30°C, while it is reduced to 33.4kWh by the pro-
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posed optimised cooling strategy at 25°C during the discharging processes. This result shows
that operating the cooling system during the discharge process can be more energy-efficient for

VREFB systems, and the energy-saving could be up to 48% in this case.
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Figure 8: Simulation results of 15 days with and without cooling with a varying ambient temperature
ranging from 25°C to 40°C

In some areas, e.g., Australia, daytime temperature above 35°C is common during summer,
which may easily lead to the electrolyte temperature in the stack exceeding 40°C at steady-state,
rather than going up and down during the charging/discharging processes, as shown in Fig. 5
(e). Moreover, a higher ambient temperature requires more power consumption from the air
conditioner. Thus, another case study is examined to explore the cooling requirements with an

outdoor air temperature varying between 25-40°C using Eq. (40). Other basic consumption and
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operational conditions (e.g. SOC limits, charging/discharging currents, cooling electrolyte flow
rate etc.) remain the same as in previous case studies. Due to the higher ambient temperature in
this study, the maximum cooling capacity of the air conditioner is raised to SkW, and the rated
cooling input power is increased to 1.7kW, correspondingly. The simulation results of the elec-
trolyte temperature in the stack and room temperature profile with no active cooling mechanism,
constant cooling strategy and the proposed cooling strategy are given in Fig. 8 (a)-(c). Note
that the active cooling mechanism in both cases started operating only after the third day for the
same reasons mentioned before. It can be seen from Fig. 8 (a) that without any active cooling
action, the electrolyte temperature in the stack increased to 40°C after five days and exceeded the
safe limit throughout the next ten days. The use of a constant 30°C maximum daytime cooling
strategy is shown in Fig. 8 (b), where the air conditioner consumed 190.6kWh in 15 days. Al-
ternatively, the results of using a 21°C minimum night-time cooling strategy are given in Fig. 8
(c), which reduced the total air conditioner consumption to 139.6kWh without compromising
the electrolyte temperature. This equates to a 27% of energy saving over the course of the sim-
ulation. These results highlight the necessity of developing effective thermal modelling of the
VRFB and combining this with an integrated room temperature model considered the active air
flow cooling to study the thermal dynamics of VRFB systems. This allows valuable insights into
the VRFBs’ thermal management that could lead to new cooling system design and operation

strategies.

4.4. Recommendations for the future smart thermal management system development for VRFB
systems by air flow cooling strategy

In this paper, an air flow cooling mechanism using an air conditioner for a large VRFB system
is studied, which is practical for effective thermal management in real-world applications. More-
over, these developed models can advise the designers and operators of VRFBs on the thermal
dynamics and required cooling strategies for these devices. Although the proposed optimised
cooling strategy shows promising results in energy saving, in practice, the charging/discharging
powers fluctuate in time due to solar PV generation and customer demands, etc., which is a dif-

ferent situation from the two case studies presented in this paper. Also, the variations of the
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ambient temperature, albeit slow, are another challenge to performing efficient thermal man-
agement to minimise the power consumption of the cooling system. Thus, sophisticated cooling
controllers must account for all variations and uncertainties. Until now, no efficient and validated
smart cooling control system has been studied for VRFBs to minimise the cooling losses for ther-
mal management. Therefore, a future research direction could be investigating the application of
optimal and nonlinear controllers and optimisation to regulate cooling system operation. These
proposed controllers and optimisation methods can be adjusted to different VRFB systems to
fulfil different thermal management objectives, which is beneficial for the thermal management
of VRFB in large-scale energy storage units under high-current charging/discharging regimes.
For the future development of an online smart room temperature control of a VRFB system,
the cost function must minimise the total losses of the pump power consumption, concentration
overpotential and cooling devices power consumption to obtain the optimal electrolyte flow rate
and room temperature at each time step. Depending on the dynamics of demand, PV generation,
ambient temperature etc., the time step length can vary, where a higher fluctuation will require a

faster re-optimization.

5. Conclusion

In this paper, a dynamic multi-physics VRFB model with an emphasis on the thermal dynam-
ics of the technology is developed to investigate the thermal behaviours of a SkW/60kWh VRFB
system over a multi-day operation. The impact of electrolyte flow rate, current and ambient tem-
perature on the thermal dynamics and steady-state performance of the VRFB system have been
investigated. Moreover, the standby thermal behaviour of a VRFB system is studied. It is shown
that the heat accumulation during the standby mode, caused by the self-discharge reactions, is
significant and requires a mandatory, low electrolyte circulation flow to remove the heat from
the battery stack. Finally, an active air flow cooling strategy using air conditioners is presented
based on the insights from earlier simulation studies. The results proved the effectiveness of
using air conditioners to manage heat within VRFB components. Most importantly, considering

the different thermal behaviours of VRFBs during the charging/discharging process, a cooling
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strategy is proposed to optimise the power consumption of the cooling unit. Two case studies are
presented to show that compared with a constant maximum cooling temperature, the proposed
strategy can reduce cooling power consumption by 48% in 15 days of operation.

To further improve the performance of the cooling system, a future direction of this research
could focus on developing an intelligent room temperature control system to handle the impact
of varying ambient temperatures. The VRFB system’s internal states and external parameters
could be used in the smart control system. Additionally, historical or simulation data can be used
to train accurate artificial intelligence models (e.g., neural networks) to improve the decision-

making process.
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