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ABSTRAK

Bateri Vanadium Redox (V-RFB) adalah sejenis bateri aliran boleh dicas semula yang
menggunakan ion vanadium dalam keadaan pengoksidaan yang berlainan. la mengalami
tindak balas pengoksidaan dan pengurangan semasa proses pelepasan dan caj di anod dan
katod. Pada masa ini, terdapat kekurangan kajian penerbitan mengenai model litar
elektrik untuk V-RFB. Model elektrokimia biasanya digunakan untuk mewakili bateri
disebabkan oleh perinciannya dalam proses elektrokimia, bagaimanapun, model ini tidak
sesuai untuk mengenal pasti kelakuan elektrik VV-RFB. Anggaran parameter pada model
bateri adalah proses untuk menyesuaikan litar bersamaan ke dalam bateri. Tesis ini
membentangkan litar elektrik bersamaan yang terdiri daripada litar sebenar dan anggaran
untuk V-RFB serta tingkah laku hidrodinamik bateri aliran Vanadium redox (V-RFB)
dengan menggunakan model dinamik cecair pengkomputeran 3D (CFD). Tujuan projek
ini adalah untuk mencadangkan litar elektrik bersamaan untuk V-RFB yang mewakili
ketulenan yang baik untuk analisis dan reka bentuk litar dan untuk mengkaji kuasa pam
(penggunaan tenaga pam) dan pengagihan aliran elektrolit yang diperlukan dalam sel.
Untuk litar bersamaan, litar sebenar terdiri daripada potensi sel litar terbuka, dua
cawangan Resistor-Capacitor (RC), siri RC, rintangan dalaman, dan induktor. Dari litar,
beberapa parameter disusun untuk membina litar anggaran terdiri daripada potensi sel
litar terbuka, impedans cawangan RC dan rintangan dalaman dengan induktor. Litar
anggaran dibina untuk menunjukkan hasil yang kurang kompleks dan menjimatkan masa.
Penambahan Kalman Filter (EKF) digunakan untuk penganggaran parameter untuk
kedua-dua litar. Litar sebenar dan anggaran diambil dengan sewajarnya. Hasil simulasi
melalui algoritma rekursif EKF setiap parameter dari kedua-dua litar menunjukkan
mendekati mantap dengan kesalahan 0.6% dan 2.0%. Jadi, ia terbukti bahawa kedua-dua
litar ini boleh disesuaikan untuk VV-RFB. Di sisi lain, tiga geometri sel berbeza dari sel
V-RFB, iaitu reka bentuk sel persegi, rombus dan pekeliling dinilai pada tiga kes berbeza
iaitu tiada saluran (kosong) saluran, saluran selari dan saluran serpentin. Selain itu, kerja
telah diperluaskan dalam pemasangan modular 100 ecm? V-RFB. Pemasangan modular
telah dibangunkan dan diuji untuk memerhatikan kuasa pam dalam timbunan dalam tiga
reka bentuk yang secara langsung berkaitan dengan prestasi sel berkenaan dengan
pengagihan kuasa dan kehilangan kuasa. Berdasarkan penemuan ini, sel mempamerkan
ciri-ciri yang berbeza di bawah geometri berbeza sel VV-RFB tanpa permohonan saluran
aliran. Sebaliknya, berdasarkan skala geometri sel, hubungan antara kuasa pam dan
geometri sel untuk 100 cm? V-RFB telah dibangunkan. Pengagihan aliran optimum
dalam sel tanpa saluran aliran bendalir telah direkodkan; penggunaan pam tertinggi dan
terendah masing-masing pada 25.6% dan 18.4%. Pengurangan kerugian kuasa sebanyak
53% telah dicatatkan sebagai saluran aliran selari telah digunakan untuk V-RFB. Korelasi
yang berpadanan telah diperhatikan untuk V-RFB modular sebagai hasil daripada
penambahan sel dan berpotensi untuk analisa lanjutan selanjutnya ke sel n. Kerja-kerja
selanjutnya dikemukakan untuk kajian masa depan dalam kajian geometri V-RFB



ABSTRACT

Vanadium Redox Flow Battery (V-RFB) is a type of rechargeable flow battery that
employs vanadium ions in different oxidation states. It undergoes oxidation and reduction
reaction during discharge and charge process at anode and cathode. Presently, there are
lack of publication studies on electrical circuit model for V-RFB. Electrochemical model
iIs commonly use to represent battery due to its detailing in electrochemical process,
however, the model is not suitable to identify electrical behavior of V-RFB. Parameter
estimation on battery model is a process to fit an equivalent circuit into the battery. This
thesis presents equivalent electrical circuit consists of actual and approximate circuit for
V-RFB as well as hydrodynamics behavior of the VVanadium redox flow battery (V-RFB)
by using 3D computational fluid dynamics (CFD) models. The aim of this project is to
propose equivalent electrical circuit for VV-RFB that represents excellent adaptableness to
any circuitry analysis and design and to study the pump power (pump energy
consumption) and electrolyte flow distribution required within the cell. For equivalent
circuit, the actual circuit consists of an open-circuit cell potential, two Resistor-Capacitor
(RC) branch, a series RC, internal resistance, and inductor. From the circuit, some of the
parameters are lumped to construct approximate circuit consists of open-circuit cell
potential, impedance of RC branches and internal resistance with inductor. Approximate
circuit is built in order to present less complex result and save time. Extended Kalman
Filter (EKF) is used for parameter estimation for both circuit. Actual and approximate
circuit are derived accordingly. The simulation result through recursive EKF algorithm
of each parameters of both circuits shows approaching steady with 0.6% and 2.0% errors,
respectively. So, it proven that both circuit are adaptable for V-RFB. On the other hands,
three different cell geometries of VV-RFB cell, namely square-, rhombus- and circular cell
designs are evaluated at three different cases i.e. no flow (plain) channel, parallel channel
and serpentine channel. Furthermore, the work has been extended in modular stack of
100 cm? of V-RFB. The stack has been developed and tested to observe the pump power
within the stack in the three designs which directly related to performance of the cell with
respect to power distribution and power losses. Based on the findings, the cell exhibits
different characteristics under different geometries of V-RFB cell at no flow channel
application. Conversely, based on the scaling up of the cell geometry, the relationship
between pump power and cell geometry for 100 cm? of V-RFB has been developed.
Optimum flow distribution within the cells without fluid flow channels were recorded;
highest and lowest pump consumption at 25.6% and 18.4% respectively. Extended
reduction of power losses by 53% were recorded as parallel flow channels has been
applied to the V-RFB. Proportionate correlations were observed for modular V-RFB as a
result of scaling up of the cell and potential for further analysis of extension to the n"
cell. Further works are presented for future research in geometry study of V-RFB.
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CHAPTER 1

INTRODUCTION

1.1  Chapter overview

This chapter presents the following components: introduction of the project,
problem statement, objective, contribution, scope of the project, and the thesis outline.
Introduction will focus on energy storage, battery, V-RFB, and Kalman filter. Objectives
are discussed in the project’s aim, while the flow of the project from where it began to
the end is explained in the project’s scope. Finally, the thesis outline which briefly

describes each chapter of the thesis concludes the chapter.
1.2 Introduction

Energy is one of the most important properties in human lives. While it presents
everywhere and it has the capability to make changes to the surrounding, it can neither be
created nor destroyed as stated in the law of conversion of energy and statement for the
First Law of Thermodynamic (Law & Law, 2009). The production of energy that is
captured for a later use is known as energy storage. There are many types of energy
storage and electrochemical energy storage is one of it (Oberhofer, 2012).
Electrochemical energy storage is a conversion of chemical to electricity potential and
vice versa for storage. This storage describes various types of batteries and almost all of

them are technically advanced for application (lec, 2009).

Batteries store energy from hours to days, the storage capacity can be extended
without the need to upgrade the power generation system so it is easily scalable. There
are two basic types of batteries; primary (non-rechargeable) and secondary (rechargeable)
batteries (Vutetakis, 2001). Secondary or rechargeable battery is the type of electrical
battery which is charged by applying electric current and is discharged when being used
(Doughty, Butler, Akhil, Clark, & Boyes, 2010).

Studies have found that energy storage is significant and is a potential solution to
stabilise load level and strengthen the power network. There are various types of energy
1



storage that transfer and distribute energy, such as compressed air energy storage (CAES),
flywheel energy storage (FES), pumped hydro energy storage (PHES), superconducting
magnetic energy storage (SMES), and battery energy storage (BES) (Mahlia,
Saktisahdan, Jannifar, Hasan, & Matseelar, 2014). There are many possible techniques or
types of storage in this world, but this work focuses on one of the battery energy storage
technologies. Among various battery energy storage technologies, vanadium redox flow
battery (V-RFB) offers promising advantages because of its supreme features including
effective and simple operation, capability of high power independent of energy and power
capacities, fast response and recharging contenders, excellent chemical stability that
shows an extremely long-round-trip cycle, operationality at room temperature, long
discharge times exhibited for highly reversible redox Kinetics, suitable for large-scale
applications, and reasonable and controlled maintenance cost compared to conventional
battery (Miyake & Tokuda, 2001; Park, Jeon, Ryu, & Hwang, 2017).

Vanadium Redox Flow Battery (V-RFB) is a rechargeable flow battery that
employs vanadium ions to store chemical potential energy in different oxidation states. It
undergoes oxidation and reduction reaction during discharge and charge processes at
anode and cathode. Both sides of V-RFB system selective membrane use vanadium
compound because it is fundamentally reliable and it has simple maintenance procedures
which are different from the other flow batteries (Blanc & Rufer, 2010). By eliminating
cross-contamination the electrolyte does not require to be changed, it lasts indefinitely
and it is highly efficient as the charge acceptance of the system is optimal and nominal
(Tokuda et al., 1998). Hence, it lasts long and there are no losses of system integrity.
More attention has been given on \VV-RFB rather than other chemical batteries because V-
RFB has unique features which consist of decoupled energy storage and power
component. These features give V RFB an independent control of capacity and power
and are attractive for optimisation of power and energy in Electric Vehicle (EV)
applications (Rusllim Mohammad, Sharkh, & Walsh, 2010). In addition, V-RFB employs
the same element in both the positive and negative half-cells, so it does not affect battery

capacity as the problem of cross-contamination of ions is avoided.

Battery’s circuit need to be model properly. It is vital to acquire precise simulation
and result. By modelling complex circuit into simplify form, analyzation can take place

smoothly. Furthermore, it will reduce cost and time. A proper way to describe dynamic

2



process of chemical reaction on the system electrodes of V-RFB is based on
electrochemical model (Dees, Battaglia, & Bélanger, 2002; Shah & Walsh, 2009; Caiping
Zhang, Liu, Sharkh, & Zhang, 2009). However, to describe V-RFB electrical behaviour
is not well appropriate due to the requirement of battery chemical parameters. Thus, an
equivalent electrical circuit that signifies excellent adaptability and simple realization of
V-RFB system is required.

Figure 1.1 shows a concept diagram for the V-RFB configuration. The flow
battery consists of two electrochemical half-cells (anode and cathode parts) separated by
ion exchange membrane. A pump is used to circulate electrolyte through the cell stack.
Most of the research and development are focused on the active material (P. Leung et al.,
2016), design installation and cell configuration (Blanc, Member, & Rufer, 2008),
improving poor Kinetic reaction conductivity (A. C. Khor et al., 2016), redox couples(P.
K. Leung, Mohamed, Shah, Xu, & Conde-duran, 2015), and battery characterisation
(Mohamed, Leung, & Sulaiman, 2015a). Figure 1.2 depicts the time frame of flow battery
development which was reviewed extensively by Skyllas-Kazakos and her team (Rychcik
& Skyllas-Kazacos, 1988) up to 2000s and later continued by Rahman (Rahman &
Skyllas-Kazacos, 2009) and more detail discussion on 3D V-RFB modelling and
engineering aspect reviewed by Yin (Yin, Gao, Guo, & Tang, 2014) and Arenas (Arenas,
Ledn, & Walsh, 2017).
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Charge AC/DC Discharge
Converter
‘ Positive G‘) Negative
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Discharging Discharging
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Figure 1.1 V-RFB configuration
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Figure 2.2 Time-line for development RFB (not limited to)

Parameters in circuit model can be estimated in various method and Kalman Filter
(KF) is one of the techniques. KF uses measured input and output to estimate the states
of a system. It is an optimal and best linear estimator (Kleeman, 1996). In practice,
Kalman Filtering illustrates best outputs, it is convenient form for online real time
processing due to optimality and structure and also do not invert the measurement
equations (Kleeman, 1996). There are many types of Kalman Filter such as Unscented
Kalman Filter (UKF), and Extended Kalman Filter (EKF) (Banani, 2007). EKF is the
common application of KF in a nonlinear system and is also known as one of the best
estimators, from noisy data amount to filtering out the noise. EKF can gauge parameter

data accordingly which results in time and cost saving.

1.3 Problem statement

Battery model can be categorized into thermal, electrochemical and electrical
(Hall & Fasih, 2006). Electrochemical models suitable for optimization of the physical
design aspects of electrodes and electrolytes (Dees et al., 2002; Zhang, Jiang, Zhang, &
Sharkh, 2012). Electrochemical model is mostly accurate to represent battery due to its

4



detailing in electrochemical process, however, the model is not suitable to identify
electrical behavior of V-RFB. On the other hand, the equivalent circuit model has widely
been used and researched due to its simplicity and adaptability on any circuitry design
systems. Complexity to perform performance analysis of a battery is in proportional to
the level of complexity of the equivalent circuit model (Yllmaz & Yuksek, 2008).
Approximate circuit has a simpler model derivation, less computational time, and a
smooth graph shape. The equivalent electrical circuit model publication studies for V-
RFB are limited. To date, Chahwan et al. (2007) and M. R. Mohamed et al. (2013)
proposed the equivalent electrical circuit for V-RFB. The former presented an equivalent
circuit with parasitic and pumped losses with no Resistor-Capacitor (RC) network but
there was no explanation on how the losses being estimated whereas the latter presented
an equivalent circuit with a pair of RC network for a better representation within battery
but there was no explanation on transient behaviour and mass transport. Parasitic
inductance will have a major effect on battery model if a high current discharge is applied
(Salerno & Korsunsky, 1998). Inductor contributes the transient behaviour of small

voltage overshoot or undershoot (Yu & Yuvarajan, 2005).

Mohamed et al. (Mohamed, Sharkh, Ahmad, Seman, & Walsh, 2012) highlighted
that V-RFB has been attracted by many researches; some are under field testing and
demonstration stage, but information on cell construction, characterization and overall
systems under study, etc. are still limited. Furthermore, the most critical part in V-RFB
system is the construction of the cell; hence, deserve the most attention in analysis and
manufacturing. Even though much research has been carried on VV-RFB system, it should
be noted that all previous studies of the use cell geometries for V-RFB with the channel
and several patents, especially focusing on different designs, have limited scientific

publication.

Estimation of parameters is carrying out in order to fit the equivalent circuit into
battery. There is various method in estimating parameter such as Artificial Neural
Network (ANN), spline technique, current change method and etc. ANN can be used for
pattern extraction or complex trend that are hard to be noted by computer technique or
human being. It can transform complicated and imprecise data to meaning derivation,
however, ANN in a way are non-conventional method and the input output dataset are

hard to identify because sufficient data training and testing are required in dataset



(Yllmaz & Yuksek, 2008). Spline technique is piece wise polynomials of degree ‘n’ and
it easy to handle because represent by simple polynomials. Overshooting can occur at
intermediate point as the high degree of polynomial is used. Although it good for
behaviour of the actual system the overshooting will affect the estimation with the
production of error (Wold, 1974). Current change method is a simple technique that
changes the output current in order to obtain the transient waveform of the terminal
voltage. It not a problem for the current change method to perform for single, small, and
even larger stack of battery, however, the load current changes causes the related voltage
change (Chang, 2013).

1.4 Objectives
The main objectives of the project are:

- To develop equivalent electrical circuit model for V-RFB with
consideration of parasitic inductance.

- To propose approximate circuit as an alternative for actual circuit to
represent general characterization of V-RFB.

- To estimate the equivalent electrical circuits model parameters by using
EKF.

1.5  Scope of project

In this project, the overall scope is discussed in Figure 1.3. The project is expected
to propose an equivalent electrical circuit along with the approximate circuit and EKF is
used for parameter estimation of the circuit. The experimental data result was taken from
Mohamed et al. (M. R. Mohamed, Ahmad, Seman, Razali, & Najib, 2013).

Energy storage can be formed into chemical, electrochemical, and thermal energy
storage. Among these energy storages, the project will focus on electrochemical energy

storage, because it is more stable, the oldest, and established.

Electrochemical energy storage is the place where various types of batteries were
formed and found, for example, lead acid, nickel cadmium, RFB, lithium ion, and fuel

cell. Rechargeable battery, RFB is chosen in the current study.



There are many types of RFB; iron/chromium, soluble lead acid, vanadium, zinc
bromine, and vanadium bromine. Vanadium type of RFB is used because of its high

energy density, less cross-contamination, and will not damage due to overly discharged.

In theoretical section, the project will be based on literature review and
fundamental theory. For the circuit modelling section, the circuit model has been
categories into thermal, electrical, and electrochemical model. For this project, the
electrical circuit model is used because of its less complex model. The circuit model is
divided into two; equivalent and approximate circuit. Equivalent circuit has widely been
researched because it is simple and reliable. Approximate circuit is formed from the
equivalent circuit because a less complex result can be presented. As for the simulation
section, the circuits are verified by using EKF for parameter estimation in MATLAB.

EKF can linearized the circuit and measure data though it is full of noise.
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CHAPTER 2

LITERATURE REVIEW

2.1  Chapter overview

This chapter discusses the literature review based on the project scope. Related
articles published within the area were reviewed. Introduction, Energy storages are
discussed and the focus is on the type of RFB. Description of RFBs leads to the
explanation on the choice of V-RFB. From the chosen battery, the methods of parameter
estimation were deliberated. The conclusion of the review of the literature leads to the

need of the current project.
2.2 Introduction

The primary sources of energy like crude oil, natural gas, coal, nuclear, and
hydroelectric are the main supplies for energy demand of all the population in the world.
Fossil fuels are one of the energy sources that are used to generate electricity. However,
the burning of fossil fuels leads to global warming due to the emission of CO (Duncan,
1988), which has a damaging impact on the climate and the environment. Previous
researches proved that the burning of fossil fuel has a major impact on global warming.
Due of this, renewable energy sources have been introduced to meet the power demand
and supply energy for future development; these sources have less environmental effects
and reduce the dependency on fossil fuels (Denholm et al., 2010; Wei, Zhao, Zeng, Zhou,
& Zeng, 2016).

The primary goal of renewable energy sources (RES) is to develop an alternative
power supply. Generally, RES is from natural resources, such as wind and solar energy

that have the potential to generate electricity for various industrial and domestic
9



applications. However, RES is still unable to meet the electrical demands as the energy
Is meant for short-term storage and relies on the weather to work efficiently. Thus, there
would always be on intermittent output because sources like the wind and the sun are
unpredictable. To control the supply-demand imbalance, the energy storage system is
needed to store the energy and give back the power at certain times during high power
demands. Findings of energy storage technologies have provided insights for the
development of large scale storage which is more efficient and has a longer lifespan
(Haralambopoulos & Polatidis, 2003; Ipsakis et al., 2009; Painuly, 2001).

2.3 Energy storage
Mechanical Energy Storage

Mechanical energy storage stores energy by motion. Mechanical storage systems
methods are hydraulic accumulator, compressed air energy storage (CAES) and flywheel
energy storage. Hydraulic accumulator very important in generates electricity and had
been installed worldwide but high cost and give a big impact to the environments and also
lack of available sites (Hebner & Beno, 2002). CAES uses air as a storage due to viability
and it has a large capacity, however it has efficiency with low round-trip and limitation
of locations geographically (lec, 2009; Koshizuka, Ishikawa, Nasu, Murakami, &
Matsunaga, 2003; Oberhofer, 2012). Flywheel energy storage store energy through
flywheel, it used to store grid energy as emergency power source(Hebner & Beno, 2002;
Luo, Wang, Dooner, & Clarke, 2015; Mahlia, Saktisahdan, Jannifar, Hasan, & Matseelar,
2014).

Electrical Energy Storage

Electrical energy storage has two needs (lec, 2009). First, as the electricity is
generated at the same time it is expended and it will lead to unsatisfied demand if there is
imbalance of supply and demand because the stability and the quality of the power supply
will be damage. Second, location of electricity generation is from where it had been
consumed. Electricity is vital for everyday routine because many tasks require the use of
electricity. Magnetic energy storage; Superconducting Magnetic Energy Storage (SMES)
and electrostatic energy storage; supercapacitor are basic categories in electrical energy
storage (Blanc, 2016). SMES employs magnetic field energy. Although it is fast response,

is able to discharge partially and fully, and also environmentally none hazard, the
10



requirement in the cooling process reduces the efficiency, there are high expenses in
manufacturing and maintenance, and it involves high energy losses (Koshizuka et al.,
2003; Oberhofer, 2012). Supercapacitor stores energy in electrolytes solution between
two solid conductors (H. Chen, Cong, et al., 2009). In comparison to conventional
capacitor, high energy density can continuously charge and discharge, and can be used
in many applications due to its long lifespan, and high efficiency; engine’s starter,
actuators, electric or hybrid-electric vehicles (H. Chen, Ngoc, Yang, Tan, & Li, 2009;
Oberhofer, 2012)

Electrochemical Energy Storage

Electrochemical energy storage is the most established and oldest energy devices
(H. Chen, Cong, et al., 2009). Various types of batteries are described from this energy
storage and almost all of them are technologically mature for practical use (lec, 2009).
Battery is a conversion of chemical energy to electrical energy. In today’s world, the use
of battery is inevitable, from the households to the factories. Anode, cathode and
electrolyte are three important components of a battery. There are two basic types of a
battery; primary and secondary batteries (Vutetakis, 2001). Primary battery is not
rechargeable, inexpensive, can be bought almost everywhere, easy to dispose, and poor
performance at low temperature; for examples, alkaline battery, mercury battery, zinc-
carbon, and etc. (Arnold, 2011; Singamsetti & Tosunoglu, 2012). Secondary battery is
rechargeable, higher initial cost but lower operating cost, requires maintenance but a
longer life cycle, durable, and better performance at low temperature; for examples, lead
acid, lithium-ion, sodium-sulphur, redox batteries, and etc. (Antonucci & Antonucci,
2011; Singamsetti & Tosunoglu, 2012; Vutetakis, 2001).

24 Battery
Lead Acid Battery

Lead Acid(LA) battery is the type of energy storage battery that is commonly used
commercially since 1859 and is applicable in both mobile and stationary applications (lec,
2009). For over 150 years of development and experience, it has been considered as the
most mature and oldest technology. It was widely used to substitute power supplies and
is capable of delivering a high voltage of electricity at once but due to high lead density

the life cycle and energy density is low (H. Chen, Ngoc, et al., 2009; Oberhofer, 2012;
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Vutetakis, 2001). It has a large scale energy storage with low cost but it has limited life
cycle and recharged ability, chemical reaction cause the corrosion to occur, people and
animals can be affected by the exposure of lead this is because lead is toxic(H. Chen,
Ngoc, et al., 2009; Oberhofer, 2012).

Nickel Cadmium

Nickel cadmium (NiCad) is considered as rechargeable alkaline battery with long
life cycle. It can be developed in large scale application; telecommunication system.
Compared to LA, it produces a higher energy with low maintenance cost and longer
lifespan (H. Chen, Cong, et al., 2009; Pires, Romero-Cadaval, Vinnikov, Roasto, &
Martins, 2014). In contrast, NiCad has a low cycle of life, and a high manufacturing cost

(Alotto, Guarnieri, & Moro, 2014) and can be damaged by overcharging.
Lithium ions Battery

Lithium ion battery has a high energy density to store energy in a small space with
a larger amount, high efficiency (range between 95% to 98% (lec, 2009), and relatively
long life span (H. Chen, Ngoc, et al., 2009). Lithium ions battery is an important storage
in portable and mobile applications (lec, 2009; Singamsetti & Tosunoglu, 2012). Further
care should take place in order to recycle lithium because lithium can combust and some
of the electrolytes are toxic (Diaz-Gonzalez, Sumper, Gomis-Bellmunt, & Villaféfila-
Robles, 2012; Pires, Romero-cadaval, Vinnikov, Roasto, & Martins, 2014; Singamsetti
& Tosunoglu, 2012). It has a higher voltage per cell; 3.7V compared to lead acid; 2.0V,
low energy lost, and a large amount of lithium and graphite are available. (Oberhofer,
2012; Singamsetti & Tosunoglu, 2012). On the other hand, lithium is expensive, the cell
can be destroyed if fully discharged takes place, the cell will fail if not used, and lithium
is combustible in contact with atmospheric moisture (Diaz-Gonzélez et al., 2012;
Oberhofer, 2012). In addition, the cost to construct it in a large scale is high due to circuit

protection and packaging.
Fuel celi

Fuel cell (FC) is broadly used in various applications such as mobile and
stationary (Pires, Romero-cadaval, et al., 2014). There are several types of fuel cell, which

include polymer electrolyte membrane, alkaline, phosphoric acid, molten carbonate and
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solid oxide. FC is harmless to our body. In addition, it has low efficiency although it is
conceptually the same with RFB (Alotto, Guarnieri, & Moro, 2013; Mohd R Mohamed
et al., 2009). FC and batteries are different, FC consumes reactants which must be
reloaded, whereas batteries store electrical energy chemically in a closed system. (H.
Chen, Ngoc, et al., 2009; Pires, Romero-Cadaval, et al., 2014). Furthermore, when battery
is charged or discharged the electrodes between the batteries are reactant change, while
electrodes in FC are relatively stable (H. Chen, Cong, et al., 2009). FC is also difficult to

handle and is costly.
Redox Flow Battery

Redox Flow Battery (RFB) is a device that stores electrochemical energy. The
term redox is the combination of chemical reaction reduction and oxidation which
undergo discharge and charge of electrochemical cell in which energy is stored in the
electrolyte solution. One of the sources of direct current is RFB for various applications
such as household and industry (Mahlia et al., 2014). There are many types of RFB such
as zinc bromide, iron/chromium, bromide polysulphide, soluble lead acid, and V-RFB
(Alotto et al., 2014; H. Chen, Cong, et al., 2009; Mohd R Mohamed et al., 2009). RFB
has a longer life cycle and it is low in maintenance, for instance in circulating the
electrolytes between the tanks and cell electrodes in RFBs only two low cost tanks are
needed (Alotto et al., 2014; Oberhofer, 2012). However, RFB is unsuitable for mobile
applications due to its low energy density, due to the electrolytes is conductive it disposed

shunt current and extra losses can occur (Alotto et al., 2014).
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Table 2.1

Comparison of energy storage technologies

Energy Types Efficiency lifetime Status Problems
storage
Mechani  Hydrau  85% 30 years Commercial Exclusion
cal lic products area
accumu
lator
Flywhe  >90% 20 years Prototypes in Containmen
els testing t
Electrica  Super 95% 10 000 Some Short period
I capacit cycles commercial
ors products
SMES 95% 30 years Design Short period
concept
Electroc Ll-ion >95% 1000 Commercial Thermal
hemical cycles products runaway
(battery)
V-RFB 85% 10 years In test Low energy
density
FC 40% 10-20 In test Safety
years
Lead 85% 2-10 years ~ Commercial Lead
acid products disposal
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2.5 Overview of RFBs

In previous section, various energy storage technologies are presented. In
electrical energy storage system, while it is able to operate at very high efficiency and has
quick response for immediate backup power during interruptions but it has lower energy
density and consumes high capital cost and it is actually suitable to use to complement
other types of energy storage technologies. While, in mechanical energy storage safety is
a major obstacle. Electrochemical energy storage technology is well suited for much
large-scale application as it’s provides flexible operation, high dynamics response, and
high efficiency. Because of these unique features, electrochemical energy storage
technology is really suitable emergency backup power and electric utility (Fujimoto et
al., 2014).

Due to system power and capacity can be largely decoupled, RFB seem to be
especially attractive system in electrochemical energy (Rusllim Mohammad et al., 2013).
An RFB electrolyte is typically composed of three species: a solvent, supporting
electrolyte, and the active species, or redox couple. Redox reactions are reduction and
oxidation reactions in which the oxidation states of molecules change. RFB configuration;
the characteristics and components are similar to those of fuel cell in the way that
electrochemical energy is reserved in the tank that is occupied with active species.

Practically, the RFB mechanism consists of three segments including the cell
stack, energy reserve tank, and flow circulation system. The cell stack consists of
individual cells where every single cell contains a part where the electrochemical charge
transfer reaction happens to store or release energy under redox reaction. Redox reaction
is a reduction and oxidation process where the reduction involved the release of electron,
and the oxidation involved the gain or recombination of the ions (Kear, Shah, & Walsh,
2012).

The reactants in the tank are recirculated through the redox flow cell. Pumps are
used in flow batteries to help flow circulation by circulating the electrolyte for redox
reaction which occurs through the cell stack and a porous electrode to generate electrons,

which flow through the external circuit (Ponce de Ledn et al., 2006).

On the negative side, flow batteries are rather complicated in comparison with

other standard batteries as it is required much component which were pumps, sensors,
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control unit, reservoir tanks and electrolyte tube. The energy densities are relatively small
compared to Lithium ion batteries.

2.6  Categories of RFB

RFB is one of the high potential batteries from electrochemical energy storage
system that has been used in many applications because of its excellent characteristics
such as good scalability, independent sizing of power and energy, and fast response.
Multifarious types of redox flow battery like zinc—bromine (Zn-Br RFB), iron-chromium
(Fe-Cr RFB), vanadium-vanadium (V-RFB) have great performance and outstanding role
for stabilisation of both generation and grid load. They also offer a good system for
electrical applications (Winsberg, Hagemann, Janoschka, Hager, & Schubert, 2016).
These redox flow batteries are advantageous and one of the newer technologies that are
capable of reserving production surplus to act as emergency backup power during
unexpected conditions and times (Miyake & Tokuda, 2001). The following section
provides brief categories of RFBs.

Zinc-bromine battery

The intermittence of energy generation from renewable energy sources has caused
more attention to be focused on large-scale energy storage devices. Zinc—bromine battery
is one of the redox flow batteries that have been designed and studied for large-scale
applications. However, more studies need to focus on the up growth and reinforcement
of Zinc-bromine RFB (Byrne & Macartain, 1999)

Zinc-bromine battery has been strongly established because of its superior
high energy density, unlike other redox flow batteries. The electrochemical reaction
shows that the Zn ion turns into zinc metal in the reduction process, while at the same
time the bromide ion undergoes oxidation process and become bromine gas at the cathode
during charging time (H. S. Yang, Park, Ra, Jin, & Yang, 2016). Unfortunately,
electrochemical reaction of the zinc-bromine also causes the formation of poly-bromide
at the negative electrode and deposition of zinc at the positive electrode during charging
time, causing complication that may lead to decrease of energy efficiency, disrupted
stability and durability of zinc-bromine electrolyte, crossover, lowering of coulombic
efficiencies, and reduction of battery life (J. D. Jeon, Yang, Shim, Kim, & Yang, 2014;

Kim & Jeon, 2015).
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Studies have found that some additives may improve and recover zinc-bromine
electrolyte conductivity as they enhance and boost the stability and durability of the
electrolyte. Quaternary ammonium salts and dendrite inhibitors are some examples of
additive which couple with energised bromine and directly inhibit the general formation
of zinc dendrite. However, more studies about flow characteristic and behaviour are
needed to increase stability, flexibility, and performance of the zinc-bromine RFB (H. S.
Yang et al., 2016).

Iron-chromium battery

The first serious discussions and analyses of redox flow battery emerged during
issues of unstable power distribution and iron-chromium RFB as the first RFB system
appeared, employing Fe(I1)/Fe(111) and Cr(I1)/Cr(111) soluble redox couples as the anode
and cathode active materials respectively, which are set apart by an ion exchange
membrane as a separator and use carbon felts as the electrode material (Zeng, Zhou, An,
Wei, & Zhao, 2016).

Iron—chromium redox flow batteries studies by (Fedkiw & Watts, 1984) have
revealed these batteries as an auspicious energy storage system. However, a drawback of
this flow battery is that it requires a catalyst to improve the electrochemical kinetics of
the Cr(11)/Cr(111) redox reaction at the negative side. The chosen catalyst must have a high
over potential towards the hydrogen evolution reaction; because these reactions may
reduce columbic efficiency and cause an imbalanced state of charge (SOC) that leads to
capacity decay. Some catalysts like Au-Ti and Bi are deposited on the electrode surface
and lighten the process. Yet, there is a problem that needs to be tackled; this flow battery
is different from other flow batteries because the membrane of iron—-chromium battery is
permeable both to charge carrier ion(H+/Cl-) and active species (Fe/Cr) (Zeng, Zhao,
An, Zhou, & Wei, 2015). This phenomenon will form a large concentration difference

through the membrane and cause a high crossover rate effect.
Bromide- polysuphide

Bromine—polysulphide battery is a flow battery that comprises sodium bromide at
the positive electrolyte and sodium polysulphide on the negative side. Bromine—
polysulphide battery was patented by Remick and further studied by Regenesys

technologies since 1993s (Weber et al., 2011). This flow battery has been favoured for
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commercialisation for redox flow technologies since 1993s until 2003s due to its good
characteristics and significance by having a moderate cost and being highly soluble in

aqueous solution without implementing any catalyst to speed up the reaction.

Studies on bromine—polysulphide batteries have shown the unique features of this
energy storage system which are the abundance of the two electrolytes, reasonably
inexpensive cost, and high solubility in aqueous solution. However, the disadvantages of
this flow battery are complex electrode reaction, the risk of cross-contamination and need
to be fully monitored (Denholm et al., 2010). This flow cell also releases heat and toxic
gases which are not environmentally friendly, thus calling for new action and plan for
future implementations of bromine—polysulphide flow battery.

Vanadium RFB (V-RFB)

Works on Vanadium Redox Flow Battery (V-RFB) technology was spearheaded
by Maria Skyllas-Kazacos and her colleagues at the University of New South Wales
(UNSW), Australia in the 1980s (Parasuraman et al., 2013). The Kazacos research team
has revealed and shown that this battery has many unique features and characteristics
compared to other conventional batteries. V-RFB is already commercialised in Japan by
Sumitomo Electric Industries (SEI) and has already been tested and practised in Tottori
Sanyo Electric (Fisher et al., 2014). However, the research and development of V-RFB
are continuing until today to suit the demands of technologies and for more practicalities
in various applications. There is a large volume of published studies describing the
fundamentals and proposition of VV-RFB system. A standard structure of \V-RFB reserves
energy in two separate liquids involving the same redox couples and the same metal ions
in both half-cells. Here, vanadium ions are used at the coupled positive and negative
electrodes through the membrane V(11)/\V(111) redox couple is active at the anode side
while the cathode side uses the V(IV)/V(V) redox couple (Huang, Li, Liu, Tan, & Chen,
2008). The system also consists of two pumps, electrodes, flow frames, bipolar plate, and

ion exchange membrane (Blanc et al., 2008).

During the charging stage, hydrogen ions (H+) are initially at the positive side and
move to the other side through the exchange membrane and vice versa during the
discharging moment. The balance in the electric charge is obtained by the transfer of

hydrogen ions beyond a membrane that functions to separate the electrolytes (Ponce de
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Ledn et al., 2006). Among various energy storage technologies, V-RFB appears
promising because of its supreme features such as effective and simple operation,
capability of high power, operationally at room temperature, fast speed response and
recharging contenders, excellent chemical stability that shows an extremely long-round-
trip cycle, long discharge times, and good modular design (Alotto et al., 2012). V-RFB
also exhibits for highly reversible redox kinetics, has been developed for large-scale
applications and has reasonable and controlled maintenance cost compared to
conventional batteries (Hopkins, Smith, Slocum, & Chiang, 2015). The unique feature of
V-RFB is that it has decoupled energy storage and power component that give
independent control of capacity and power (Rusllim Mohammad et al., 2010). VV-RFB has
become the most attractive battery for EV applications on target for vehicle configuration

especially for optimisation of power and energy.

V-RFB cells may be constructed in a series or parallel arrangement (Zhao et al.,
2006). In the past 20 years, V-RFB has been one of the major projects for
commercialisation and industrialisation (Parasuraman et al., 2013). Furthermore, V-RFB
performance has been extended and prolonged by focusing more on the invention on new
novel electrode materials, catalyst on different substrates, enhancement on electrolytes to
increase energy density, ion exchange membranes and additives, and optimisation of the
system that included a battery cell/stack on the structure and operating conditions (Jyothi
Latha & Jayanti, 2014b). In addition, there is no risk of hydrogen explosion hazard due
to technically good charging and discharging processes without harming the battery
(Skyllas-Kazacos, Chakrabarti, Hajimolana, Mjalli, & Saleem, 2011). Despite many
interesting studies indicating the potential of V-RFB have been reported before, the V-
RFB development system remains to be further explored. The many potential benefits of

V-RFB makes this battery is chosen rather than other batteries for this study.
2.7  Key components of V- RFB

Figure 2.1 represent the components of VV-RFB cell to become one complete cell
stack. The main parts of a unit cell of V-RFB, which consist of cell membrane, flow frame
electrode (cell geometry) and pumping system. V-RFB basically comprises of positive
and negative parts containing an anolyte and catholyte with an interposed membrane or
ionic separator. So, one-unit cell stack consist of two half-cell is separated by a

membrane. V-RFB store energy in two electrolytic solutions containing redox couples.
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The solutions are circulated through their external tanks by means of two pumps.
Similarly, to fuel cell this architecture decouples power rating, which depends on the stack
size, from stored-energy rating, which depends on the tanks volume. The overall stack
structure is shown in Figure 2.2. Next, a multiple cell can be stacked together in series to

produce a modular stack as illustrated in Figure 2.3.
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Figure 2.1 Components of V-RFB cell stack
Source: (Parasuraman et al., 2013)

Figure 2.2 Complete single unit of V-RFB cell
Source: (Fisher et al., 2014)
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Figure 2.3 Modular stack
Source: (Alotto et al., 2014)

Electrode material (cell geometry)

The electrode material contributes a significant impact on the redox reaction in
the electrochemistry of V-RFB. The electrode is porous and made from a carbon-based
material, such as carbon felt, and graphite felt. The electrode material is easily corroded
due to CO2 evolution. CO2 evolution leads to battery failure and directly lowers its
energy efficiency (Liu, Xu, Yan, & Qiao, 2011). Carbon-based material is an excellent
V-RFB electrode material because of its three-dimensional network structures and has
wide operating potential range, good electrical and chemical conductivity and stability,
relative inertness, acid resistance, and long cycle life in an acidic environment
(Chakrabarti et al., 2014). Unsuitable design of electrode material (cell geometry) could
make the flow of the electrolyte non-uniform. Uneven flow distribution may result in non-
uniform current distribution, with the possibility of locally overcharging causing gas
evolution and degradation of the bipolar plates (Bhattarai et al., 2017). Therefore, more
developers and researchers are at pains to design the cell geometry to ensure even
distribution of the electrolyte through the porous electrode. Hence, most suitable
electrode material in anode and cathode half-cells design in vanadium flow battery is
selected to enhance the electrochemistry activities and maintain mechanical integrity

(Parasuraman et al., 2013).
Membrane (ionic separator)

There are three main components for the VV-RFB storage system. One of the main
components is an ion exchange membrane or called separator. The separator’s role is to
passage the ion between the positive (catholyte) and negative (anolyte) sites while
prohibiting the crossover of the electrolytes during the transfer of current (D. Chen et al.,
2013). The membrane normally used in the flow battery is from perfluorosulfonic acid
polymer like DuPont’s Nafion membrane (Wu et al., 2014). To improve the performance
and energy efficiencies of the V-RFB, a high-quality membrane has been the focus for
development in V-RFB system. The criteria for selecting a good and ideal membrane are

listed as follows (Fujimoto et al., 2014; Parasuraman et al., 2013):
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I.  Good membrane durability to enhance oxidation resistance and good ionic
exchange capacity.

Il.  High ionic conductivity and good chemical stability under strong acidic
environment.

[1l.  High permeability to the charge-carrying ions & excellent thermal stability.

The unit cell and modular stack

This unit cell of V-RFB cell comprises a bipolar electrode which is electrically
conductive carbon-composite material, an ion-exchange membrane which acts as a
separator between two electrode layers in anion and cation electrodes, and a non-
conductive plastic as the frame as shown in Figure 2.4. This complete single unit of the
battery cell is connected together with positive and negative tanks that store the active
material, pump, and piping for the circulation of electrolyte from the tanks to the battery
cell (Shigematsu, 2011). V-RFB stacks are built from individual or single unit cells which
are stacked in series or parallel. This single unit are assembled to form a VV-RFB stack. A
multi-layer structure of cells in which the electrochemical reaction occurs is called a cell
stack (Shibata, Kumamoto, Nagaoka, & Kawase, 2009). Figure 2.4 present the

configuration of a single unit, cell stack, and V-RFB system.

This cell stack is constructed with flow frame’s cavity flow for pathways
of electrolyte for absorbent activities in carbon felts that are inserted into the flow frames.
Every single cell contains a location or marks the spot where the chemical charge transfer
reaction occurs (Weber et al., 2011). The performance of a RFB system is highly
dependent on cell materials, cell design, stack design, and electrolytes (Fisher et al.,
2014). A single unit can be arranged in two manners: unit cell fed by electrolyte in parallel
or arranged in series, where all the modules operate with the same inlet with a stack
arranged in parallel or the modules are connected hydraulically in a series, and the

electrolytes flow successively through each of them (Arenas et al., 2017).
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Figure 2.4 Configuration of single unit, modular stack and complete battery system
of V-RFB

2.8 V-RFB cell features and design

V/-RFB cell design, first patented by Skyllas-Kazacos and team in 1988s (Rychcik
& Skyllas-Kazacos, 1988). An historical overlook of early RFBs pattern is followed and
inspired by a report of (Thaller, 1976). Ever since, various publications emerge for redox
couples (P. K. Leung et al., 2015), material properties (Seyed Schwan Hosseiny, 2011)
and cell design (Aaron et al., 2012). However, the studies on the cell design for V-RFB
remain limited. Hence, the key issue associated with the flow geometry design is
improvising to get an optimal design and operating conditions for V-RFB system.

Cell geometries design (electrode compartment)

One of the most significant current discussions in the optimisation of V-RFB is
on cell design and architecture of flow stack battery system. The cell geometry is one of
the crucial parts for determining flow distribution of liquid and mass transport within the
cell. Good cell geometry designs exhibit uniform electrolyte distribution to the entire
surface of the electrode and leading to minimize pump power consumption of the cell,

which is one of the key requirements for energy storage technologies. Cell geometry
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aspect correlation is also important (Houser, Pezeshki, Clement, Aaron, & Mench, 2017).
It is interesting to note that currently, new and flexible cell geometries are being studied
and redesigned by previous researchers as an alternative to replace the conventional one
for optimisation. (A. C. Khor et al., 2016) proposed rhombus cell geometry as an
alternative design for use in V-RFB system instead of the conventional square design.
The study found that rhombus cell geometry exhibited the best uniformity of electrolyte
in the cell and showed the lowest pressure drop compared to conventional square design.
Nevertheless, the studies implemented only on one flow pattern and are concluded in
general terms and no specific data result on the overall pump power required of V-RFB
with a proposed cell design.

(Xu, Zhao, & Leung, 2013) proposed no flow, parallel and serpentine flow
channel pattern while maintaining a traditional square shaped. (Jyothi Latha & Jayanti,
2014b) present comparative studies with various flow channel pattern which were plain,
parallel, serpentine and an interdigitated design, exhibits a new flow channel pattern but
same as previous work by maintaining a traditional square cell shaped. All this work
claimed that by adding a flow channel pattern is much better and successfully minimizing
pump power consumption needed by V-RFB system. However, studies mostly focused
on flow channel design, thickness of electrode, and different positions of inlet/outlet
channel while maintaining square cell geometry because the focus is more on the
characterisation of V-RFB, and not cell and architecture design development (Alotto et
al., 2014; Mohamed et al., 2015a). It should be noted that electrochemical cell geometry
has not been well studied and deeply discussed.

Therefore, this calls into question whether this flow cell design is optimum to be
applied or if other geometries may lead to a more efficient flow battery cell, because
different cell configurations may have different electrolyte distributions (Bortolin,
Toninelli, Maggiolo, Guarnieri, & Del Col, 2015). An exhaustive review of these studies
has suggested a direction for future development and lead to the motivation to study
alternative cell geometries with a various flow channel to enhance flow distribution,
minimise the pump power within the cell, and improve the performance of the flow

battery.
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Flow channel pattern

The cell geometries are designed with precise flow channels that will direct the
electrolyte to flow through the entire area of electrode evenly and completely. Studies on
flow channel development aim to develop better electrolytes on the electroactive site
compartment and strengthen the structure for electrode material (Xu et al., 2013). Figure
2.5 shows the complete schematic of a battery system with/without flow channel to study
the flow behaviour in the cell. By applying a good flow channel, the pump loss would be
lessened and may improve and stabilise the uniformity of concentration distribution, and
enhance mass transport due to good convection and diffusion of electrolytes (Bortolin et
al., 2015; X. You, Ye, & Cheng, 2016).

(Xu, Zhao, & Zhang, 2014a) have reported their experimental and
numerical investigations concerning RFB. They studied the performance of V-RFB with
and without a flow field (flow channel) by carrying out the experiment while at the same
time numerically designing a three-dimensional model to study the flow field design for
the flow battery. Results from experimental work showed that energy efficiency of V-
RFB is much higher (around 5%) when electroactive sites of the flow field are applied
compared to energy efficiency without the flow field. Therefore, the conclusion here is
that a flow field channel in V-RFB improves system efficiency of the battery. The
numerical work result showed that there is a uniform distribution of electrolytes over the
entire active area of the electrode surface when a flow field channel is applied. A cell with
a flow field has a more significant reduction in the pressure drop, especially with the
parallel design.

(TUber, Oedegaard, Hermann, & Hebling, 2004), proved that pressure
drop is not the only criterion that needs to be investigated; the reactant transportation
through the reaction sites also needs to be included. They also claimed that the design of
flow channel for V-RFBs is an important area that needs more investigation and as there
is not much literature on the subject. (Bhattarai et al., 2017) proposed four types of
electroactive flow channels: rectangular open channel, interdigitated open cut channel,
interdigitated circular poked channel, and cross poked circular channels. All four types
were compared to the conventional channel. In the study, using a flow channel improved
the overall battery performance. However, there is limited information about the effect of

different types of channel from the literature.
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Numerical and experimental studies of flow channel and flow distribution effects
in V-RFB have also shown that a flow channel design would be advantageous for large-
scale systems and suitable flow channel configuration designs may give significant
differences on the performance and uniformity of flow batteries (D. H. Jeon, Greenway,
Shimpalee, & Zee, 2008).

() (h) (c) (1}

Figure 2.5 Schematic of a battery system with/without flow channel a without flow
channel, b parallel, c serpentine, d interdigitated

Pressure drop and pump power effect within the cell geometries design

The pressure drop in V-RFB cell geometries is the most important indicator to
ensure the suitability of the cell geometries, as indicated by the lesser pressure drop
required with optimum flow rates within the cells. More pressure drop losses are in
between the stack, manifolds, and channel, so there is a significant relationship of
pressure drop losses with the battery system which needs to be focused on for continuous
circulation of the electrolytes through the cell, based on the suitable flow rates applied
(Jyothi Latha & Jayanti, 2014a). Then, pump energy consumptions (pump power) is
dependent on the pressure drop; the higher the pressure drop within the cell, the higher
the pump energy consumption in V-RFB system (Brown et al., 2016). Researchers have
revealed that high pressure drop consumes excessive pumping energy that may lead to

lower system efficiency (Xu et al., 2013).
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This high pressure drop factor is related with improper flow frame cell geometries,
which tend to give lack of good control in a real behaviour system and may restrain

battery performance (Yin et al., 2014).
2.9  Scale-up system

There are few researches that focus on the engineering aspect of design, cell
construction, and scale-up progress. Several studies have revealed that one of the
limitations of this green energy storage system is unsuccessful scale-up, poor
maintenance, the high cost of development, and low efficiency (Perry & Weber, 2016).
So, the consideration of the effect of cell design, electrode structure, and operational
conditions need to be focused on to overcome these problems. This is supported by a
study which highlighted on the design of energy storage system and scaling up work for

a better adoption for these battery technologies (Arenas et al., 2017).

Scaling up lead to an efficient system and less cost consumed for device
commercialisation. Scale-up may be performed through parametric studies (current
density, electrolyte flow rate, linear velocity and electrode size, mass transport, and
dimensionless group), modelling, and simulation, and these studies enable researchers to
better understand the complex work and relationship between performances (Cervantes-
Alcala & Miranda-Hernandez, 2018). Dimensional analysis that includes electrode
geometry, reaction kinetic and fluid flow is also included in the process and stages on the
development of scale-up works. Thus, the design and scale-up of these devices have to
take such relationships into account. The V-RFB flow cell battery is tested in a laboratory
or simulated as a single unit cell and then scaled-up to a pilot stack, which are designed
by taking into account the effects of the electrolyte flow regime. This pilot stack should
be easy to modify and test to control another operating parameter such as shunt current,

electrode potentials, and pressure drop (Arenas et al., 2017).

There is a research by (Rusllim Mohammad et al., 2010) that estimated the size
of scaled-up and performance of a series of electric vehicles that use V-RFB. However,
the case study did not provide enough numerical investigation or any experimental work
evident to support the scaled-up size result. Therefore, this became a motivation for this

work to study the scale-up progress for V-RFB system in terms of parametric studies.
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2.10 Parameter estimation

To fit an equivalent circuit model to a specific battery cell, parameter estimation
is a common process to go through (Jackey et al., 2013). It is also to identify sources of
error and discrepancy. To implement parameter estimation, analyse the measured current
data to locate the exact pulse transitions, remove noise by filtering the raw data, set the
initial values for the equivalent circuit elements, for circuit lookup table the exact State
of Charge (SOC) is calculate, the settings for the optimization algorithm need to be choose
and gauge, and a series of estimations is perform to determine the optimum parameters
(Jackey et al., 2013; Z. Zhang, 1997). Almost all of parameter estimations depend on the
applications or design produced error. There are many methods of parameter estimation
for example artificial neural network (ANN), spline techniques, linear parameter varying,
change current, and Extended Kalman Filter (EKF). Table 2.2 shows parameter

estimation methods.

Table 2.2 Comparison of parameter estimation methods
Methods Advantages Disadvantages
Artificial Neural Can transform complicated Input and output dataset
Network (ANN); can  and precise date to meaning hard to identify
be used for pattern derivation.

extraction or complex
trend that are hard to
be noted by computer

or human.

Spline technique; Easy to handle because of Overshooting occur at
piece wise simple polynomials high polynomials
polynomial of degree degree at intermediate
o’ Good for the behaviour of point

actual system
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Current change; Can be used to get accurate changes in load

simple technique that quantitative result and quick current causing related

changes the output qualitative indication

current to obtain the voltage to change

transient waveformat ot 4 problem for the current

the terminal voltage change method to perform for
single, small, and even larger
stack of battery

Extended Kalman Minimize system error

Filter (EKF);

common application Can gauge parameter data

of Kalman Filter accordingly which can save
time
Low cost

2.10.1 Extended Kalman Filter (EKF)

EKF is the common application of Kalman Filter (KF) in a nonlinear system and
one of the best estimators from noisy data amount to filter out the noise. It is also very
convenient for real-time processing and is quite straight forward to be implemented if a
priori information of the measurement and process noise covariance matrices are
available (Banani, 2007; Caiping Zhang, Jiang, Zhang, & Sharkh, 2012). EKF linearized
nonlinear model to linear model (Banani, 2007; Grewal & Andrews, 2001; Kleeman,
1996; M. R. Mohamed et al., 2013). By reducing the state covariance, it can minimize the

estimation error. EKF can measure data even though the data is full of infected noise.
2.11 Chapter conclusion

In this chapter, review of literature is given emphasis and some studies were used
as a guide to complete this project. RFB was chosen due to low maintenance, fast response
time, and longer lifespan. V-RFB was used for this project because it had a lesser chance
for cross-contamination, the battery would not be affected for overly discharged, and high

energy density.
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V-RFB system beats the advantages and performance of other reliable energy
storage technologies such as flywheel, PHES, CAES, and other conventional batteries
due to its flexible battery design which offers independent power and energy capabilities
and a long-life cycle. V-RFB system also uses the same element for the positive and
negative active materials, thus reducing the risk of cross contamination that may

otherwise lead to poor performance.

This chapter provides a relevant and clear understanding on how the different cell
geometries and flow channel designs influence the pump energy consumption (pump
power) and electrolyte distribution. Based on the brief review, optimisation of V-RFB
needs continuous efforts, especially on the development of cell design, which is a key

component of V-RFB.

The equivalent electrical circuit model was chosen to represent V-RFB because
of easy to derive, simulate and also less complex. To adequate proposed equivalent circuit
into V-RFB, parameter estimation took place by using EKF which can measure data

accordingly and also can save time.
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CHAPTER 3

METHODOLODY

3.1  Chapter overview

This chapter explains the research methodology on equivalent circuit model for
V-RFB. For equivalent circuit model, it has two types actual and approximate.
Construction of equivalent circuit model are presented along with method and software

used for parameter estimation.
3.2 Project review

Based on the project, research about the related project has been conducted. Every
related article or journal has been through to find the best methods that will be used in
this project. The methods used for this project will be following the flow chart below.
Figure 3.1 below displays the project flow from the beginning to the end of the project.
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Figure 3.1 Flow chart of project methodology

Equivalent electric circuit models for V-RFB was proposed which consist of
actual and approximate circuit. From actual circuit, the circuit was derive thoroughly and
from the derivation recursive EKF algorithm was construct. Simulation using EKF
method in MATLAB software take place to estimate each parameter of both actual and
approximate circuit. Based on the result through the simulation, if the expected result are

not achieved, the simulation will be continuously retuning to obtain better result.
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3.3 Modelling

Equivalent electrical circuit has widely been researched and used due to its
simplicity and adaptability on any circuitry design system. The connection at the battery
terminal between voltage and current is known as an electric circuit. The proposed
equivalent electrical circuit for V-RFB resembles (Choi, Enjeti, & Howze, 2004) and
(Chang, 2013). Both researchers used the circuit for Fuel Cell (FC) (Chang, 2013) to
estimate parameter of the circuit for FC using current change method, whereas (Choi et
al., 2004) used it to evaluate current ripple effect for Power Conditioning Unit (PCU).
FC and RFB are similar theoretically. However, in the FC system the electrolyte remains
in the cell stack, whereas in RFB redox reaction occurs as the electrolyte flows through
the cell stack. The equivalent circuit is also proposed based on the design consideration
in (Salerno & Korsunsky, 1998) with the present of parasitic inductance. Parasitic or stray
inductance is an unintended inductance in a circuit and has undesired effect in a way.
However, in some applications parasitic inductance give desired effect; helical resonators
and battery protection circuit. Equivalent circuit model presented has two types actual

and approximate.
Actual circuit

Equivalent electrical circuit in Figure 3.2 contains of an open circuit cell potential,
Ecellorp) that signifies the SOC and temperature of the V-RFB, an internal ohmic
resistance, R, that corresponds to the effect of current excitation, inductor for battery
performance, X. the polarization resistance is Rai, Ra2, Re1, Re2, and Rm, where Ra1 and
Ra2 represent effective resistance describing activation polarization, Rc1 and Rez represent
effective resistance describing concentration polarization, Rm for mass transfer
resistance; while Cs, C¢, and Cm represent effective capacitance parameters. Compare to
Figure 2.2, Figure 3.2 has additional resistors and capacitors for activation, concentration,

and mass transport polarization and also an inductor for battery performance.
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Figure 3.2 Actual circuit for V-RFB system
This part describe modelling equation for proposed circuit. The electrical

behaviour of the actual circuit can be stated by applying Kirchhoff’s Voltage Law (KVL):

Eceny = Ecell(orp) —I(X,+R,) —Ep —E; — E, 3.1

The ordinary differential equation across the polarizations is:

I En 3.2

En = -
" Cm + Rm (Cm + Rm)(Ca + Ral + Cc + Rcl)

E = . Ea 3.3
“ Ca + Ral CaRaz + RalRaz
I E
E, c 3.4

B Cc + Rcl CCRCZ + Rcchz

State variables of V-RFB
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1 1 1 L

“lc,+R, + C,+ Ryt + C.+ R, + C.R.y + Rcchz]I
[ 1 1

TG+ R (Ca + Ry + Ce + Ret)  CoReg + ReaRey

! . E, + [—] E

[CiRaz + RatRar CcRez + RyReyl @ LCRe; + ReqRepl o)

1 3.5

- |=—————|E
—CcRcz + Rcchz s

Ecell =

B

Approximate circuit

Equivalent electrical circuit of V-RFB shown in Figure 3.2 has a potential to
approximate some of the parameters which can be lumped together for a simpler circuit
due to complexity in representing the simulation results. Figure 3.3 shows the
approximate equivalent circuit for V-RFB. It also consists of an open circuit cell
potential, Ecencorp), an internal ohmic resistance, Ro and inductor, X. which as impedance
of inductance (Z.) same as circuit shown in Figure 1, impedance of mass transfer, Zm (Cm
and Rm), and a pair of Resistor-Capacitor (RC) branches that represent the time-dependent
V-RFB’s dynamics of activation, Za (Ca, Ra1 and Ra2) and concentration, Zc (Cc, Rc1 and
R¢2) polarizations. Overall, the polarization in the circuit shown in Figure 3.2 and 3.3 are

used to describe the transient response at power transferring of the battery.
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Figure 3.3 Approximate circuit of V-RFB
The following equation is the expression of the approximate circuit:
Ecell = Ecell(orp) - Ep B IZL 36
The ordinary differential equation across the polarization is:
E = o - Ep 3.7
P Zn  Zpn(Z,t+Z))
State variables of V-RFB:
' 3.8

1 1
Ecey = — [a + ZL] + [m] Ep + Ecell(orp) —Ecen
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34 Parameter estimation

EKF is the common application of Kalman Filter (KF) in nonlinear system and
one of the best estimators from noisy data amount to filter out the noise. It is also very
convenient for real-time processing and is quite straight forward to be implemented if a
priori information of the measurement and process noise covariance matrices are
available (Banani, 2007). EKF in MATLAB was used to estimate parameters of the
proposed electrical circuit for V-RFB. EKF linearized nonlinear model to linear model.
By reducing the state covariance it can minimize the estimation error. Clarification of
continuous-time with discrete-time measurement are per below (He, Xiong, Zhang, Sun,
& Fan, 2011):

Xk = fre(Xk—1, Wi, Wi
z = hy (X, Vi)
wi~ (0, Q)
v~ (0,Ry) 3.9

System output current is u;, the process noise in continuous-time Gaussian zero
mean white noise with covariance of Q, is w, whereas the measurement noise in
discrete-time Gaussian zero mean noise with covariance Ry IS vy . Figure 3.4 the

operation of EKF in estimating optimal or quasi-optimal value of VV-RFB parameters.
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1. Imitial estimate 2. Time update
Gaussian random error - State estimate
2= ._E'[xu] _ — X = fk(xi:_-“krwk]
(Gaussian random covanance - Error covanance
Pl =E[(xg — %) (xg — &7 B = P.F, + P, FL +Q,

[ |

3. Measurement update

- Kalman gain
K = P H{ (Hy P, Hi +Ry)™
- State estimate
Ze = hie (e, wy)
g =% +K.(z, — z;)
- Error covanance
Pl = (I —K.H,)P; (I — K .H,)" + G, R.GE

Figure 3.4 Implementation flowchart of EKF algorithm in estimating optimal or
quasi-optimal of V-RFB parameters.

EKF of actual circuit for V-RFB

Form of (3.9) is used to illustrate state variable of the parameter of actual circuit
for V-RFB by applying equations (3.2), (3.3), (3.4) and (3.5) for model development.

State x as:
_ T 3.10
Xk = [Em Ea Ec Ecell Rm Cm Ral RaZ Ca Rcl RCZ Cc ZL]
From state model with deliberation of input variable:
3.11
fww)=1fi 2 z fa fs fo [z fo fo fio fu1 fiz f13]T
3.12

Zy = hk(xk) = [0 0 0 Ecellk 0 0 0 0 0 0 0 0 O]T

Whereu,, = I, fis the transition matrix of V-RFB system, and hk is measurement

matrix. Thus, f;(s = 1,2,3,4,5,6,7,8,9,10,11,12,13) are describe as:
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From (32), f]_ == _xl/(xﬁ + x7)(X9 + X7 + X12 + X10 ) + (x6 + Xy )uk

From (3.3), f2 = —x2/(xg (Xg + x7 ) ) + (xg + x7 Juy

From (3.4), f3 = —x3/(x11 (X12 + X10 ) ) + (x12+x10) Uk

From (3.5), fa = —x4/ (%11 (X12 + X10) ) + %2 ((1/(xg (X0 + %7) ) —
(1/(Ce11 (a2 +%10) ))) +x1 ((1/(x6 + x5 ) (X9 + X7 + X915 + X10) ) —
(1/(Ce11 (12 +x10) ) — ((xg + x5 ) + (X9 + %7 ) + (12 + X40) +
(x13/(x11 (X12 + %10 ) ))) uk + Eceti(orp) /(x11 (12 + x10) )

Thus, fs=fe=fr=fs=fo=fio=fuu=fiz=fiz=0 3.13

From (3.15) the matrix representation of the model, F is calculated as:

af .
=—|x=x
dx
ra;; O 0 0 as a6 O 0 0 0 0 0 0 1
0 ay O 0 0 0 ay; ayg Qyg 0 0 0 0
0 0 a3z O 0 0 0 0 0 azjo aszi1 Asiz 0
az; 0 0 a4y G4s Que Quy Qug Qg9 Q10 Au11 Qanz Q413
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
=10 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
©o o 0o O © o o 0 0o o o o o |31
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
L 0 0 0 0 0 0 0 0 0 0 0 0 0 A

40



Where,

1 1
a = -
M (Cm + Rm)(Ca + Ral + Cc + Rcl) RCZ(CC + Rcl)

1 Em
a = —_— a =
“ Rcz (Cc == Rcl) 5 (Cm + Rm)(Ca + Ral + Cc + Rcl)

. Ey 7 ol E,
“s N Cm + Rm a7 = RaZ (Ca + Ral)

K E, I
“s o Ca + Ral a0 = Rcz

_ E. N
a4'10 - RCZ(CC + Rcl) a4’11 a Cc + Rcl
E
Q412 = R_C —1
c2
1

a =———|E s+ E,+E,+ (X, +Ry) — E -1
4,13 Rcz(Cc+Rc1)[ cell m a ( L 0) cell(orp)]

And the measurement matrix, H as:

H=[0 0 0 1 0 0 0 0 0 0 0 0 0]
3.15

EKF of approximate circuit for V-RFB

Form of (3.9) is used to illustrate state variable of the parameter of actual circuit

for V-RFB by applying equations (3.7) and (3.8) for model development. State xx as:

3.16
xkz[Ep Ecen Zg Zc Zp ZL]T
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From state model with deliberation of input variable:

fwuw)=1fi o fs fu fs f6l" 33.17

Zy = hk(xk) = [0 Ecellk 0 0 O O]T 33.18

Where u, =1, f is the transition matrix of V-RFB system, and h« is

measurement matrix. Thus, f;(s = 1,2, 3,4,5,6) are describe as:

From (3.7), fi = —x1/((x3 + x4) * x5) + w/xs

From (3.8), f, = —x; + xl/((x3 +x4) — (X6 * uy) — U /Xs + Ecell(orp)

3.19
Thus, fs=fa=fs=f=0

From (3.18) the matrix representation of the model, F is calculated as:

a7 0 ag3 agq ags 07
of a;; 0 azs azs Qs Qe
_of . _|lo o 0o 0 0 0
“x”" " *"lo 0o 0o 0 0 o 3.20
0 0 0 0 0 0
0 0 O 0 0 0 -
Where,
1 E,
a = e e— - —_—_—_—
U T+ 20 2, 3= T e+ Z0)
E E
14 14
= - —_ _I
he= 77, s = T7
_ 1 E,
N 2y ¥ 2)7m “3 = 7. 2,
E Ep
p
= Qys =———1
Ge =7 7 25 = 7



1
dre = — [Ecell + Ep + (Z_ + ZL> - Ecell(orp)] —1
m

And the measurement matrix, H as:

H=[0 0 1 0 0 0] 3.21

3.5  Simulation and result analyzation

MATLAB software was used to simulate the circuits using EKF method. EKF
algorithms were formed based on the derivation from both actual and approximate
circuits. Simulation for both circuits was conducted respectively to estimate the
parameters. Tuning process was involved as the graphs obtained from the simulations
diverged. This process needed to be carried out constantly until the graph of each
parameter of both circuits approaches a steady state. The graph simulation for the circuits

is analysed accordingly.
3.6  Chapter conclusion

This chapter begins with the discussion of the flow of the project; from the
derivation of the equivalent circuits for \V-RFB to the analyses of the results. Both actual
and approximate circuit for V-RFB were derived accordingly. From the derivation of the
circuits, EKF was used as parameter estimation to simulate both circuits. The graph of
each parameter of actual and approximate circuit was observed and analysed. Tuning
processes continuously took place until a steady state graph of each parameter for both
circuits was obtained. As the parameter in each graph approaches a steady state, it shows
the compatibility of the circuit itself. The processes then continued until the objectives of

the project were achieved.
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CHAPTER 4

RESULTS AND DISCUSSIONS

41  Chapter overview

This chapter focuses on the results of both actual and approximate circuit for V-
RFB. The result shows the graph for each parameter of circuits is in a steady state. All
data were capture at 80% SOC. Result of an error is also shown to see the efficiency of

the equivalent circuit for V-RFB.
4.2  Open Circuit Voltage

OCV or Eeyi(orp) refers to as State of Charge (SOC) function and directly related.
To validate the model, verification of the OCV curve is one of the options. The accuracy
of OCV estimation influences the battery SOC accuracy. Simulation was conducted for
both circuits and tuning process was also taken place in order to gain a steady state graph
of each parameter of both circuits. All data were capture at 80% of SOC. Figure 4.1 shows
a comparison between EKF-based estimated and experimental E..; of equivalent
electrical circuit that charged at 1.5 V and discharged at minimum 1.46 V. Meanwhile,
Figure 4.2 shows a comparison between EKF-based estimated and experimental E,,;; of
approximate circuit which was also charged at 1.5 V while discharged at minimum 1.35
V. It can be observed that for equivalent electrical circuit that E..; gxr estimation @nd
Eceut experiment @r€ overlapped with minor within 50s, whereas for approximate circuit
that Ecoi; pxr estimation @Nd Eceyr experiment are overlapped with minor differences within
100s. Based on this observation it is proven that both circuits are suitable for V-RFB,
even though there is inconsistency at the first 50s. This inconsistency occur due to high
measurement noise covariance, however both circuit achieved steady state within 50s and
100s respectively. Constant current (1.5A) is applied for both circuit due to the parasitic
inductance which can affect the immediate voltage drop of cell voltage during discharge
and could cause under voltage if high current density is used. It takes some times for the
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cell voltage of experiment and EKF estimation to stabilize as the inductor oppose
changes.
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Figure 4.1 Comparison of EKF-based estimated and experimental E.,;; of
equivalent electrical circuit at 80% of SOC.
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Figure 4.2 Comparison of EKF-based estimated and experimental E.; of
approximate circuit at 80% of SOC
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The accuracy state vector estimation performance is illustrated in Figure 4.3 and
Figure 4.4. Figure 4.3 shows the degree of uncertainties of state estimation covariance for
actual circuit, and as observed all state estimation approach a steady state at the end.
Figure 4.4 shows the degree of uncertainties of state estimation covariance for the
approximate circuit, and in the end all state estimations approach steady states. Both
circuit states estimation shows approaching steady state so it depicts the performance and

accuracy of the estimated state.
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Figure 4.3 Degree of uncertainties of state estimation covariance for equivalent
electrical circuit at 80% of SOC.
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Figure 4.4 Degree of uncertainties of state estimation covariance for approximate
circuit at 80% of SOC.

4.3 Polarization

Polarization is also known as losses which usually occurs at activation,
concentration, and ohmic polarization (Yu & Yuvarajan, 2005). Current density
influences the losses to occur, as a high current transient is applied, parasitic elements can
affect the systems performance. As for activation polarization, the losses increase as the
current increases and shows the slowest step in electrochemical reaction. Concentration
polarization occurs at only high current and can be reduced as the formation large positive
ions at electrode/electrolyte interface. Resistor is referred as the losses of ohmic from the
electrodes and electrolyte electrical resistance. Ohmic resistance loss and the relaxation
period voltage drop related before the transient mode start although the capacitance and
the battery transient behaviour can be related. Mass transfer is essential in controlling the
success and rate any preparative electrochemical reaction easily measureable and
predictable. Subtopic 4. 3. 1 and 4. 3. 2 shows the results of activation, concentration, and

mass transport polarization of both actual and approximate circuit.
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4.3.1 Equivalent electrical circuit

The estimation of parameters of the V-RFB based on the implemented EKF model
against time and all the data recorded at discharging mode at 80% of SOC are illustrated
as capacitance mass transfer (C,,,), resistance mass transfer(R,,), capacitance activation
polarization (C,) , resistance activation polarization (R,; and R,,) , capacitance
concentration polarization (C,), resistance concentration polarization (R.; and R.,) ,
parasitic inductance (X;) and estimation error(E..;; error) respectively in Figure 4.5
until Figure 4.14. Tuning process of the simulation continuously takes place until the

graph of each parameter approaches a steady state.

The tuning of covariance of P (initial state), Q (process noise), and R

(measurement noise) are expressed as follows:

P
42 0 0 0 0 0 0 0 0 0 0 0 0
0 5% 0 0 0 0 0 0 0 0 0 0 0
0 0 872 0 0 0 0 0 0 0 0 0 0
0 0 0 1le2 0 0 0 0 0 0 0 0 0
0 0 0 0 1le7* 0 0 0 0 0 0 0 0
0 0 0 0 0 1 o0 0 0 0 0 0 0
= 0 0 0 0 0 0 1le' 0 0 0 0 0 0
0 0 0 0 0 0 0 1e* 0 o0 0 0 0
0 0 0 0 0o 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 1e* 0 0 0
0 0 0 0 0 0 0 0 0 0 1le ' 0 o0
0 0 0 0 0. .Ge=() 0 0 O 0 1 0
L0 0 0 0 P "0 O 0 0 0 0 0 1

[le™® 0 0 0 0 0 0 0 0 0 0 0 0

0 109l 0O 0 0 0 0 0 O O OO
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Figure 4.5 Estimation result of resistance mass transfer polarization of equivalent
electrical circuit for V-RFB
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Figure 4.6 Estimation result of capacitance mass transfer polarization of equivalent
electrical circuit for V-RFB
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Figure 4.7 Estimation result of resistance activation polarization (1) of equivalent
electrical circuit for V-RFB
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Figure 4.8 Estimation result of resistance activation polarization (2) of equivalent
electrical circuit for V-RFB
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Figure 4.9 Estimation result of capacitance activation polarization of equivalent
electrical circuit for V-RFB
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Figure 4.10  Estimation result of resistance concentration polarization (1) of
equivalent electrical circuit for V-RFB
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The mass transfer, activation and concentration polarization of resistance and
capacitance along with parasitic inductance illustrated in Figure 4.5 until Figure 4.13 at
80% SOC, as observed within the first 40s at each estimated parameters prior to
approaching a steady state. Hence, the stability of the circuit by implementing EKF as a
parameter estimation is evident as the graph for each parameter approaches a steady state.
The small value of error indicates the accuracy of the system’s result; as shown in Figure

4.14 the error for equivalent electrical circuit is 0.6%.
4.3.2 Approximate circuit

The estimation of parameters of the V-RFB based on the implemented EKF model
against time and all the data recorded at discharging mode at 80% of SOC are illustrated
as impedance of activation polarization (Z,), concentration polarisation (Z.), mass
transfer (Z,,) and parasitic inductance (Z;), and also estimation error (E..;; error)

respectively in Figure 4.15 until Figure 4.19.

The tuning of covariance of P (initial state), Q (process noise), and R

(measurement noise) are expressed as follows:
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The impedance of mass transfer, activation and concentration polarization and
also parasitic inductance are illustrated in Figure 4.15 until Figure 4.19 at 80% SOC, as
observed within less than 10s the estimated parameter reached a steady state within the
first few seconds. The small value of error indicates the accuracy of the system’s result,

as shown in Figure 4.19 in which the error for the approximate circuit is 2.0%.

It is vital to be consistent when evaluating the filter performance because the
estimation vector can be affected. Based on both actual and approximate circuits, for each
parameter of the circuit, the behaviour of the estimation approaches a steady state with
0.6% and 2.0% errors, respectively. As the error shows closer to zero it can be proven
that both circuits are adaptable in any V-RFB systems. Both circuits approach a steady
state at less than 10s and 40s, respectively, as reported in the previous work (M. R.
Mohamed et al., 2013) that the proposed circuit achieved a steady state after 150s. This

demonstrated that the circuit in this project is compatible for V-RFB.
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4.4  Chapter conclusion

In this chapter, the result for each parameter of actual and approximate circuit for V-RFB
shows that the state estimation smoothly approaches a steady state at the end with 0.6% and 2.0%
errors, respectively. Hence, it proves the stability of the circuits as the error is closer to
zero. As shown in Figure 4.1 and 4.2, both circuits shows adaptability to represent V-
RFB as estimation EKF-based and experiment cell voltage are overlapped with minor
differences. Furthermore, the estimation result of all states for actual and approximate circuit
shows approaching steady state. Based on the result, EKF is proven as the suitable method for
parameter estimation due to both circuit shows the adaptiveness for V-RFB. So, it is also depicts

that the approximate circuit can be an alternative of actual circuit for V-RFB.
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CHAPTER 5

CONCLUSION & RECOMMENDATION

5.1 Conclusion

Vanadium Redox Flow Battery is promising as an energy storage technology and
in the future it would be widely used. Based on the research, equivalent circuit for V-
RFB is presented, which can be categorised into actual and approximate circuit. Both
circuit was derived accordingly and then estimated using EKF algorithm. Approximate
circuit is formed as an alternative for actual circuit by lumped some of the parameters.

This is to reduce the complexity in represent the simulation result and also time.

The result of parameter estimation by using EKF method of estimated EKF-based
and experiment cell voltage for both circuit are overlapped and estimation of each
parameter for both circuits shows approaching steady state. Therefore, it is proven that
actual and approximate circuit are adaptable for \V-RFB and also approximate circuit as
an alternative for actual circuit. The effectiveness of the model simulation verifies where
the error is closer to zero; 0.6% and 2.0% errors, respectively. Thus, it is also proven that

EKF mothed is one of the best choices for parameter estimation.
5.2  Recommendation

Based on the presented result of parameters high value of noises can affect the
estimation of the system. Continuous research on the equivalent circuit for Vanadium
Redox Flow Battery (V-RFB) can be take place by authenticate using Kalman Filter at
different SOC and circuit to validate the system. It is recommended that further research
is undertaken in the following areas: size of channel, pore diameter, and effect of an
applied catalyst on graphite felt. All these areas of research would be a great help to fully
study the behaviour of V-RFB system. Further investigation on the thermal response on

different V-RFB cell designs is strongly recommended.
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