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In this study, the dynamic model of a vanadium redox flow battery (VRFB)
was developed to analyze the battery performance and capacity degradation caused
by an electrolyte imbalance from hydrogen and oxygen evolution and self-discharge
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rate of battery capacity loss resulting from the electrolyte imbalance considerably
depended on electrode and membrane material as well as operating conditions. Self-
discharge reactions were controlled by the operational time of the battery. In addition,
the rate of capacity degradation increased with an increase in the total vanadium
concentration and operating temperature, affecting the increased rates of the gassing
and self-discharge side reactions. It was also found that operating the VRFB with
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circuit voltage. The results showed that the on-line optimization approach can
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CHAPTER |

INTRODUCTION

1.1 Background and motivation

Energy and electricity consumption have been increasing from an increase in
the world population, leading to the requirement of large energy production capacity.
Presently, fossil fuels are the main source of electricity generation. However, the
negative environmental effects from the conventional processing of fossil fuels have
been realized (Aneke and Wang, 2016). Renewable energy is regarded as one of the
alternatives for implementation in the electrical grid. Various renewable energy sources
such as solar, tidal and wind, can be converted into electrical energy in the application
of peak shaving or load leveling (Rohit et al., 2017). However, the nature of these
energy sources has the drawback of intermittent and fluctuant problems (Weber et al.,
2011). To maintain the stability of energy supply, an electrical energy storage system
must be integrated into the manufacturing process of electricity from renewable energy
sources. The crucial point is that the electrical energy is not easy to be directly stored
in its form, leading to a conversion into other forms such as mechanical energy storage,
thermal energy storage, thermochemical energy storage, chemical energy storage and

electrochemical energy storage (Luo et al., 2015).

Electrochemical energy storage is a system for converting and storing the
electricity by an electrochemical reaction (Hadjipaschalis et al., 2009). The major types
of this system, e.g., rechargeable batteries and redox flow batteries, are widely used for
energy storage (Luo et al., 2015). The mechanism of electrochemical reactions takes
place in the electrochemical cell, containing an electrolyte, and cathode and anode
electrodes. Both of the electrodes are connected via an electronic conductor where
electrons flow through and the electrical circuit is completed by flowing of ions through
the electrolyte from one electrode to the other. The advanced development in the
electrochemical energy storage leads to many types of rechargeable and redox flow

batteries. Various factors are used to decide the suitable energy storage technology



including the state of technology, power rating, discharge time, storage duration, capital
cost, cycles efficiency, energy, and power density and life cycle time (H. Chen et al.,
2009).

The redox flow battery (RFB) is an energy storage system that is being
developed for use in the large-scale electric utility service (M. Skyllas-Kazacos et al.,
2013). Its main advantage is its flexibility because the power and energy capacity of the
system can be designed separately. The power output is determined by the number of
cells in the stack, whereas the stored energy capacity is limited by the size of the
electrolyte tank (Khazaeli et al., 2015). Vanadium redox flow batteries (VRFBs) apply
V23 and VO?*/VO," active species in sulfuric acid to the respective negative and
positive half-cells. Cross-contamination is avoided because vanadium is employed in
both half cells. This is the mechanism in which a species crosses over and reacts
irreversibly with elements in the opposite half-cell, leading to a loss in capacity and
degradation in the system performance (Zhang et al., 2017). Although the membrane is
designed only to allow protons and other charge-carrying ions to pass through, it cannot
completely prevent the diffusion of vanadium ions across the membrane via convection,

diffusion, and migration. Moreover, the diffusing ions that react with other ions in the

opposite half-cell contribute towards capacity loss via self-discharge reactions (Tang et
al., 2011). Under normal VRFB operation, the electrode potential is higher than the
standard potential of the oxygen (OER) and lower for hydrogen (HER) evolution
reactions. HER and OER can, therefore, occur at the electrode surface and some applied
current must be consumed to charge the battery (Al-Fetlawi et al., 2010; Shah et al.,
2010). Furthermore, air oxidation side reactions in the negative electrolyte solution
reservoir can lead to a capacity loss by self-discharge when the electrolyte interface
comes into contact with air (Ngamsai and Arpornwichanop, 2015b). Thus, it is
important to understand the effect of the gassing side reactions as well as diffusion of
the species across the membrane, which leads to an electrolyte imbalance (an unequal
number of reduced species in one side of the half-cell compared to the oxidized species
in the other half-cell).



A mathematical model that can describe such phenomena and predict the battery
efficiency, taking into account the effect of vanadium diffusion across the membrane
and the gassing side reactions, plays a significant role in the development of the control
and management systems for VRFB (Tang et al., 2011). Different VRFB models have
been developed to investigate the VRFB performance. Two- and three-dimensional
models based on the conservation equations of mass, energy, charge, and momentum
integrated with an electrochemical model were proposed (Al-Fetlawi et al., 2009; Ma
et al., 2011; Shah et al., 2008). These multi-dimensional models are useful for
designing the flow fields in the VRFB. A good flow field design creates a uniform
distribution of fluid dynamic behavior, which can increase the system efficiency (Xu et
al., 2013). The analysis of a multi-dimensional model reported the concentration
distribution and electrolyte velocity in the cell during the charging-discharging process
in a single cycle (Oh et al., 2015). Due to the complexity of the multi-dimensional
model, it is difficult to monitor the performance during long-term operation. In addition,
computational power and times were employed to simulate a large-scale VRFB. To
study the capacity fade and enable extended VRFB cycling, a zero-dimensional or
lumped system model was developed by reducing the dimensionality while capturing
the necessary key physics (Boettcher et al., 2016). The capacity prediction plays a
significant role in scheduling electrolyte regeneration (rebalancing methods) to recover
capacity loss (Tang et al., 2011). However, the existing lumped model does not include
the effects of the gassing side reactions and ionic diffusion through the membrane for
long-term performance analysis and capacity prediction. In addition, the vanadium
electrolyte of the VRFB is circulated during the charging-discharging process. As the
electrolyte flow affects both the system performance and operational costs,

determination of the optimal flow rate of the vanadium electrolyte becomes important.

The objective of this study is to investigate the performance of a VRFB taking
the electrolyte imbalance into consideration. A dynamic model of the VRFB based on
mass balances and including an electrochemical kinetic model with the gassing side
reaction and a vanadium ionic diffusion model is developed. The model is validated
with the experimental data recorded for the VRFB cell (Ngamsai and Arpornwichanop,

2015c). Subsequently, the effects of the operating parameters (applied current,



vanadium and acid concentrations, temperature and electrolyte flow rate) on the battery
performance and capacity degradation are analyzed to establish the appropriate
operating parameters for battery efficiency and long-term performance. The optimal
operating flow rate of the electrolyte is determined by solving the dynamic optimization
problem with the aim to maximize the system energy efficiency, considering both the
system energy consumption and the rate of cell capacity reduction due to electrolyte
imbalance. The performance of the optimal flow rate is compared with the conventional
variable flow rate control under the effect of different electrolyte imbalance level. The
state estimator is integrated into the proposed dynamic optimization for tracking the
variation of vanadium concentration and updating the initial condition in the solving
algorithm. An on-line optimization approach is performed in order to modify a new

optimal profile of electrolyte flow rate to consist with the actual current profile.

1.2 Research objective

1.2.1 To study and analyze the effect of an electrolyte imbalance on the
performance and capacity of a vanadium redox flow battery (VRFB) in a long-term

operation.

1.2.2 To determine the optimal operating flow rate of electrolyte during the
charging-discharging processes for maximizing the VRFB system efficiency.

1.3 Scope of research

1.3.1 The mathematic model of VRFB is developed taking into account the

effects of gassing side reaction and vanadium ions moving across the membrane.

1.3.2 The developed model is validated with the experimental data of charge-
discharge characteristics in a unit cell of VRFB (Ngamsai and Arpornwichanop,
2015a). The lab-scale VRFB was conducted using a GFD 4.6 felts (SGL) and an APS-
4 Selemion as the electrode and proton exchange membrane, respectively. A single cell

was connected to a 250 mL of electrolyte tank.

1.3.3 Simulations based on the developed model is performed in MATLAB to
evaluate the efficiency and capacity of the VRFB as a function of time. The studied



parameters are current density, vanadium and acid concentration, temperature and

electrolyte flow rate.

1.3.4 The optimal electrolyte flow rate of both half-cells is considered as the
decision variable in the dynamic optimization problem to maximize the system energy
efficiency and the performance of the VRFB using an optimal flow rate of electrolyte

is compared with that with conventional variable flow rate control.

1.3.5 An extended Kalman filter is proposed and integrated with the dynamic
optimization to estimate the current state of the vanadium ions concentration from

measured modified open circuit voltages.

1.3.6 An on-line dynamic optimization is performed to determine the new

optimal electrolyte flow rate profile based on the variation of current density.



CHAPTER I

THEORIES

2.1 Principle of electrochemistry
2.1.1 Definitions

An electrochemical system always consists of two electrodes connected via an
electronic conductor and each electrode separated by an electrolyte which is the ions
medium for moving from one electrode to the other but blocks movement of electrons.
The electrical circuit is completed by the electron moving from the electrode which the
oxidation reaction take places to reduction reaction at the other electrode through the
external conductor. However, the system can be a doing work system which can extract
the energy or requiring work system which the energy is needed to input depending on

each process known as galvanic cell or electrolytic cell respectively.

The electrode is a material that electrons are the moving species and can be used
for controlling the potential of electrons. The electrode can be a metal or other
electronic conductor such as carbon, transition-metal chalcogenides, alloy or
intermetallic compound and semiconductor. In particular of electrochemical systems,
the electrode is used as the electronic conductor which carries out the electrochemical
reaction or some similar interaction with an adjacent phase. Generally, the electronic
conductivity of electrode decreases slightly with increasing temperature and is of order

102 to 10* S cm™t, where a siemen (S) is an inverse ohm.

The electrolyte is a component that the moving species are ions and free
electrons is blocked. The electrolyte is considered to be an ionic conductor which are
molten salts, dissociated salts in solution, and some ionic solids. The term “species” is
referred to the ions as well as neutral molecular components that do not dissociated.
Normally, the ionic conductivity increases with an increase of temperature and is order
10 to 101 S cm™?, although it can be substantially lower. Moreover, some materials
are mixed conductors in which charge can be transported by both electrons and ions,

for example in solid-oxide fuel cells.



The primary difference between an electrochemical reaction and a chemical
redox reaction is that, in electrochemical reaction, the reduction takes place at one
electrode and oxidation take place at the other thus the complete redox reaction is
separated into two half-cells, and in a chemical redox reaction, both of reduction and
oxidation take place on the same electrode. Additionally, the rate of electrochemical
reaction can be controlled by externally applied potential different between two half-
cell and the derivation of the potential from the equilibrium conditions caused by the
passed current is called “polarization”. The electrochemical reactions are always
heterogeneous reaction occurring at the interface between electrode surface and
electrolyte solution. Occasionally, the electrochemical reaction carries out at the third

phase such as a gaseous or insulating reactant.

The relation between the current to the reaction can be explain by the Faraday’s
law which states that the production rate of a species is proportion to the current, and
the total mass produced is proportional to the amount of charge passed multiplied by

the molecular weight of the species according to Eqg. (2.1)
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where m, is the mass of species i produced by a reaction, s; is the stoichiometric

coefficient, n is the number of electron transferred, M,,; is the molecular weight of

i
species i, F is Faraday’s constant, equal to 96487 coulombs s, | is the applied or
extract current depend on charge or discharge process and t is the time that the systems
is carried out. On the other hand, Eq. (2.1) can be written as the term of variation of
mole per unit time as the Eq. (2.2) that usefully describing the mole or concentration

variation by the current when the system is considered as the zero-dimension.



2.1.2 Overpotential and actual cell voltage

The potential difference between two electrodes depends on four components

which are the equilibrium potential or open circuit voltage (OCV), the activation

overpotential or activation loss (7, ), the concentration overpotential or concentration

loss (7,,,) and the ohmic overpotential or ohmic loss (7,,,). The correlation of four
potentials make the calculation of the total cell potential or cell voltage which more
complicated than the only considering in ohmic overpotential. The OCV represents the
maximum work that can be obtained from the system while the cell voltage represents
the actual one. The cell potential differs from the open circuit voltage because the
passage of current has induced overpotential and all of the overpotentials represent the

voltage losses.
2.1.2.1 Surface or activation overpotential

A driving force is required to force an electrochemical reaction to take place at
the electrode is the term of surface overpotential or activation loss (7, ) and the rate of

reaction relates to the surface overpotential (i), which has the form according to Eq.
(2.3) (Newman and Thomas-Alyea, 2012).

. a,F a F
1= IO,eIectrode |:exp (ﬁ Tact electrode j -EXp (_ ﬁ Tact electrode j} (23)

A positiVe 77, jeaoge PrOduces a positive current (anodic) that represents the first term
of Eg. (2.3) while negative 7, emoe Produces a negative current (cathodic)

representing by the second term. The parameter i is called the exchange current

0,electrode
density which is analogous to the rate constant in chemical reaction. The exchange
current density changes with the composition of the electrolyte adjacent to the electrode
surface, temperature and the nature of the electrode-electrolyte interface and impurities
contaminating on the surface. The magnitude of exchange current density is of order 1

mA cm to less than 107 mA cm™. The parameters «,and «, are called apparent

transfer coefficients (anodic and cathodic transfer coefficient) which are kinetic



parameters that explain how an applied potential favors one direction of reaction over
the other.

2.1.2.2 Ohmic overpotential

The ohmic overpotential or ohmic resistance represents the resistance to ionic
or electronic current such as the resistance of electrode, current collector, electrolyte
and other cell components for example, the moving resistance of ions in electrolyte and
moving resistance of electrons through the electrode and current collectors. The
resistance of electrode and current collector depend on the types of their material and
the operating temperature of the system. During operating in charge-discharge process,
if the current passed dose not constant, the ohmic resistance changes with the current
variation through the system according to the Ohm’s law expressing in Eqg. (2.4). In
additional, the electrochemical system using the porous electrode, the porosity of
electrode also affects the ohmic resistance that decreasing the electrode porosity can
lead to increase in bulk conductivity and decrease in the rates of gassing side reactions
(Shah et al., 2008).

nohm = IRohm (24)

2.1.2.3 Concentration overpotential

The potential difference between the bulk of electrolyte and the electrode
surface resulting from a concentration gradient of that area which can be referred to a
concentration overpotential. The active species mass transfer limit affects the
magnitude of concentration overpotential and is dominant at high or low stage of charge
that the concentrations of reactant species in oxidation and reduction reactions are low.
Thus, the rate of electrochemical reaction at the electrode surface is controlled by
diffusion layer created from the mass transfer limit (Tang et al., 2014). The
concentration overpotential can be explained by Nernst’s equation according to Eqg.
(2.5).

o = I | St (25)
nF Cbulk
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where C and C,, are the concentration of active species at the electrode surface

surface
and bulk electrolyte, respectively. The rate of mass transfer of active species into the
electrode surface can be described by Fick's law for determining the diffusion rate, thus
the reaction current density can be expressed by Eq. (2.6).

i = nFD(M) (2.6)

which & isthe diffusion layer thicknessand D is the diffusion coefficient. The limiting
current (i) is the maximum current that reactant species can be supplied to an

electrode surface, and it takes place when concentration of active species at electrode
surface depleted. The limiting current can be calculated by Eq. (2.7).

IIim

—nFD Chuik (2.7)
o

Therefore, the potential different caused by a concentration gradient can be calculated
by Eq. (2.8).

Meonc :ﬂ(l_L] (28)

For galvanic cell, the actual cell voltage (V) during passing of current will always be

less than the open circuit voltage, while for electrolytic cell the actual cell voltage will
be greater which can be described by Egs. (2.9) and (2.10), respectively.

For galvanic cell:
V= EOCV - (nact *+ hotm T ﬂconc) (29)

For electrolytic cell:

V = EOCV + (77act +770hm +7700nc) (210)
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2.2 Cell components of vanadium redox flow battery

The basic components of an electrochemical system of VRFB are (1) an end
plate, (2) a current collector, (3) a flexible graphite foil, (4) a graphite block, (5) a flow
field, (6) a graphite felt electrode, and (7) an ion exchange membrane; the arrangement

of these cell components is shown in Figure 2.1.

1. End plate
2. Current collector

> 3. Flexible graphite foil

4. Graphite block

5. Flow pattern

6. Electrode

7. lons exchange membrane

Figure 2.1 Cell components and their arrangement of single VRFB cells.

2.2.1 Current collector

The materials used for current collector in VRFB are graphite and conductive
carbon plates due to the resistibility of corrosion from strong acid solution in electrolyte
and inertia of redox reaction (Skyllas-Kazacos and McCann, 2015). The design of
current collector should have a good conductivity for electricity which depends on the
thickness of the current collector. The suitable thickness must be determined because if
the thickness of plate is too high, the cell stack is large size and weight; however, if the

plate is too thin, the cells have a chance to break.
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2.2.2 Flexible graphite foil

The main characteristic of this plate is a chemical resistance, compatible with
most corrosive chemicals and reduce the contact resistance between the current

collector and graphite plate.
2.2.3 Graphite block

This block has a 2 main proposes as follow 1. Graphite block acts as a conductor
by transfer the energy between electrode and current collector 2. It uses as the guide

flow of electrolyte at inlet and outlet of cell.
2.2.4 Flow field

The flow field is an important component in VRFB because it affects the
distribution of active species. The uniformly distribution of the active species causes

the decreasing of the concentration overpotential.
2.2.5 Electrode

Electrode and membrane materials are the main components affecting the
efficiency and life cycle of the VRFB system as they directly affect the electrolyte
imbalance. The material for using as electrode must show a good electrochemical
activity for the active species in a redox reaction, low electrochemical activity for side
reaction such as gassing side reactions, and good stability during operating at high
voltage. Since the electrolyte used in VRFB cells is obtained by dissolving vanadyl
sulfate in sulfuric acid, which is a highly acidic electrolyte, most metals corrode during
the operating vessel. Consequently, the choice of the electrode material is very limited.
In the mid-1980s, the UNSW researcher group investigated a material that could be
used as both the positive and negative electrodes. Graphite and carbon felts were
considered as the most suitable materials for both half-cell electrodes because of their
ability to protect cells during excessive overcharge, chemical and mechanical stability,
and high effective areas.
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2.2.6 Membrane

Before selecting an appropriate membrane material, it must be noted that the
main role of the membrane is the prevention of short circuit between electrodes and
allow the transfer of active species for balancing the charge. Generally, ion exchange
membranes are classified into the anion exchange membrane, which allows the transfer
of negative ions, and the cation exchange membrane, which allows the transfer of
positive ions; however, they must have low resistivity to reduce the ohmic loss in the
cells, low permeability of vanadium ions, and good stability under highly oxidizing
environment in the positive half-cell. But, the major obstacle in the commercialization
of VRFB is the limited availability of low-cost and chemically stable electrodes and ion

exchange membranes (Skyllas-Kazacos and McCann, 2015).
2.3 Operation of vanadium redox flow battery

All vanadium redox flow batteries utilize redox couple reactions in both positive
and negative half-cells [Eqgs. (2.11) and (2.12)]. During the charging process, the
oxidation of VO?*ions [Eq. (2.11)] occurs in the positive half-cell and this reaction
produces electrons and protons. The electron moves from the positive electrode though
the external circuit to the negative electrode, and the proton diffuses from the positive
half-cell through the membrane to the other half-cell. The redox reaction is completed
when the negative half-cell receives the electron from the positive half-cell for
reduction of V3 ions [Eq. (2.12)]. During the discharging process, the redox reaction
takes place in a reverse manner of the charging process; the oxidation of V2 ions occurs
in the negative half-cell, providing the electron for the reduction of VO_" ions in
positive half-cells. The flow direction of the proton is the same as the direction of the
moving electron. Because of electron mobility, the electrical current flows though the
external circuit; the direction of this electrical current is opposite to that of the moving
electron. The mechanism of the redox reaction during the charging-discharging process

is shown in Figure 2.2.
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Figure 2.2 Schematic and mechanism of redox reaction in a VRFB system.
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2.4 Side reaction and capacity loss

During charging-discharging process, the diffusion of vanadium ions from one
half-cell to the other occur since there is a concentration gradient between two half-
cells. Furthermore, the diffusing ions go to react with the vanadium ions in another half-
cell leading to the self-discharge reaction (Tang et al., 2011) according to Egs. (2.13)-
(2.16). The capacity of battery loss due to the increase of vanadium ions in one half-

cell and decrease in the other causing an unequal ratio of reduction and oxidation

species.
V* +2V0; +2H" —3VO* +H,0 (2.13)
V¥ +VO; —2v0* (2.14)
VO +V* +2H" - 2V* + H,0 (2.15)
VO; +2V* +4H" —»3V*" +2H,0 (2.16)

The gassing side reactions occur when the half-cell electrode potential is higher
than the standard potential of the side reactions. The oxygen evolution reaction (OER)
and the hydrogen evolution reaction (HER) are the gassing side reactions that occur in
positive and negative electrode, respectively. The mechanism of gassing side reactions
is presented by Egs. (2.17) and (2.18). If 1% of the applied current is consumed by the
HER during each charging cycle, this will lead to a 1% loss of capacity each cycle
(Skyllas-Kazacos and McCann, 2015). The air oxidation of V2* ion will reduce the
concentration of VV2* according to Eq. (2.19). This reaction will derogate the ratio of
VZ* and VO_* redox couple in the charging process, as a result the discharge capacity
is limited by the amount concentration of VV?* ion. The unequal in the amount of reduced
species in one side of half-cell and the amount of oxidized species in another half-cell

is the electrolyte imbalance problem.
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Hydrogen evolution
2H +2e > H, ESr =0V (2.17)

Oxygen evolution

2H,0 >0, +4H" +4¢” Edew =122V (2.18)
Air oxidation
0, +4H™ +4V* -4V +2H,0 (2.19)

2.5 Kalman filter

The target of the filter is to obtain the defective information for sorting out the
useful data and reducing the uncertainty or noise from measurement. For example, the
low-pass filter is used to allow the low frequency signals to pass though while removing
high frequency signals. Kalman Filter or linear quadratic estimation is one of the filter

technics that takes in the information including some error, uncertainty or noise.
2.5.1 Kalman filter Algorithm

Kalman filter is an algorithm using a series of measurement observed data from
the system containing the noise and uncertainty for filtering the noisy measurement and
estimating the unknown variable or parameter that could not directly measure from the
process. This method required the mathematical model for calculation which consist of
process [EQ. (2.20)] and measurement equation [Eq. (2.21)]. The variable in Kalman

filter algorithm were summarized in Table 2.1.
X = A X +Bu s +wy (2.20)
Y. =C. X, +V, (2.21)

The algorithm uses two steps process, prediction step and correction step, for estimation

the desired variable by recursive calculation.
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In prediction step, the filter will project forward the next state and the state error
covariance will be. First, the predicted state vector is determined by the state space

model.

%, =A % +B_u (2.22)

Kk-1 —

where )A<k|k_1 is the predicted state vector from the previous estimated state vector (X,

). Aand B are the system matrixes of state and input, while U, is the input vector. The

subscript k |k —1 means the expected value at time k based on the previous value at

discrete time k —1Secondly, the state error covariance matrix is determined using

Pk|k—1 = Ak—lpk—lA-I[—l + Qk—l (2.23)

where Pk‘k_l is the predicted state error covariance matrix from the previous state error

covariance matrix (Pk_l), and Q, , is the process noise covariance matrix.
In correction step, firstly, the Kalman gain matrix at discrete time k (K, ) is calculated
by

Ky = |:)|<||<71CI (Ckpk|k—1CI + Rk)il (2-24)

where Ck is the observer matrix for defining the output value from predicted state and

R, is the measurement noise covariance. Next, the state vector is then updated by

scaling the difference between the predicted output (¥, , or C, X, ;) and measured

output from the process (Y, ) with the Kalman gain matrix according to Eq. (2.25).

Finally, the state error covariance matrix is updated by Eq. (2.26).

)A(k = )A(k|k—l +K, (Yk - Ck)A(kuH) (2.25)

P, =(-K,C )Py, (2.26)
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Table 2.1 Dimension of discrete time system variables for Kalman filter algorithm.

Variable Description Dimension
X State vector n, x1
y Output vector n, x1
u Input vector n, x1
w Process noise vector n x1
% Measurement noise vector n, x1
A State system matrix n, xn,
B Input system matrix n, xn,
C Observer matrix n, xn,
P State error covariance matrix n, xn,
Q Process noise covariance matrix n,xn,
R Measurement noise covariance matrix n,xn,

The Kalman filter is used for operating on linear state space system. However,
if the system is non-linear systems which the state and/or output containing the non-
linear function [Egs. (2.27) and (2.28)], the extended Kalman filter (EKF) is used for
handling with the non-linear system. The EKF is similar to the KF, but the values of
state matrix (A) and observation matrix (C) are determined by Jacobian matrix at each
time step. Moreover, the non-linear functions of state (f) and measurement (h) are
directly used in the prediction step of states and outputs, rather than use the linearized

format.

X, =F(X, U ) +W, (2.27)

Y =h(x, )+ v, (2.28)



Table 2.2 Comparison of the equation set between KF and EKF
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Kalman filter (KF)

Extended Kalman Filter (EKF)

Prediction step

1 Kikr = A X +B U

2. Pk|k—1 = Ak—lPk—lA-IL——l + Qk—l

Correction step

3. Ky = Pk|k—lc-l|<- (Ckpk\k—lcl + Rk)il
4. X, = )A(k|k—l +K (Y, — Ck)’\(k|k—1)

5. Pk = (l - Kka)Pk|k—1

Prediction step

1. )A(k|k—1 :f(kk—l' uk—l)
2. Pk|k—1 = Ak—lpk—lAI—l + Qk—l

where A, :g—f
X

X1
Correction step

3.
Kk N Pk|k—1C1 (Ckpklk—lcl + Rk)_l

4. )A(k = )A(k|k—1 + Kk [yk - h()A(k|k—1)]
3. Pk = (I - Kka)Pk|k—1

where C, = o

Xk-1

2.5.2 Observability

A necessary condition of Kalman Filter is the system which the states are to be
estimated by the measurement variables is known as observability. Thus, the applying

of Kalman Filter must be confirmed that the system has an observability. The system

described by Egs. (2.27) and (2.28) are observable if the observability matrix (M)

has rank equal to n where n is the number of state variables.

C
CA
M_.=| .

obs

CAn-l

(2.29)
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The rank of matrix can be calculated by find the determinant of m__ . If the determinant

is non-zero, the rank is full so, this system is observable. On the other hand, if the
determinant is zero, his system is non-observable. For example, the state space model

is given as follow:

b s
Xy 0 1| X5 1

wele, ol J+{olw 2y

2,k

The observability matrix is (n=2)

c, O
X } (2.32)
C, ac,

MobS:|:CAZE:=CA:|: [c. O]F a} :

The determinant of M is
det (M, ) =C, -ac,-c, -0=ac?

The system is observable only if ac’ # 0. For example, if a =0 which means that the
state variable (X,) has a correlation with the state variable (X,), the system is
observable if ¢, #0 which means that the measurement variable (y) contains the
information about (X, ). Meanwhile, if a =0, the system is non-observable although the

state variable (X,) is measured.
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2.5.3 Tuning of Kalman Filter

The selection of the covariance matrixes Py, Q and R have an effect on the

state estimation performance of Kalman filter. The initial P, affect the initial

convergence of the filter, however it is often arbitrary initialized to an identity matrix
for simplicity. The selection of Q and Ris more significantly affect the filter

performance since the Q and R matrixes are weighting factor of the reliability between
the predicted state equations [Eq. (2.27)] and the measurement equation [Eqg. (2.8)].
Since the Kalman gain in Eq. (2.24) is calculated based on the value of P and R matrix,
the matrix P increase with an increase of matrix Q as presented in Eq. (2.23). For the
example, a larger Q is equal to a larger uncertainly in the state equation which means
the prediction does not trust the result from model and the filter will trust with the value
from measurement update [Eq. (2.33)]. Similarly, a larger R is equal to a larger
uncertainty in the measurement value and the filter will trust the value calculated by the
model [Eq. (2.34)].

P, .CT
limK, =lim—— = : YR
R—0 C, P 4C' +R C
Xe =Xgea tC % =Cy Xy s) (2.33)
= )A(k|k 1 +C _1yk 1Ckkk|kfl)
P, .C’
limK, =lim Kt L
P—0 P>0C Py LCJ +R R
X =X +0-(Y, —C Xy n) (2.34)
=X

klk—1
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2.6 Dynamic optimization

The purpose of dynamic optimization problem is the determination of the
optimal control variable as a function of time to minimize or maximize the objective
function according to the process constraints. The optimal control profile will drive the
process system in the optimal way from the initial to final state. The techniques for
solving the dynamic optimization can be considered as the variation approach and
discretization approach. However, to understand the algorithm, in this part, the basic
for solving the optimization was proposed. The optimal control problem could be
classified as the static optimization and dynamic optimization. As seen, the objective
function of the static optimization is function, while the dynamic optimization is
functional. For function, the dependent variable (y) is a function of independent
variable (x) and the value of y can calculate through the relationship of the function (f).
For functional, the value of functional (J) depends on the function of x(t); thus if
function of x(t) changes, the value of functional also modify with the variation of x(t)

as presented in Table 2.4

Table 2.3 Comparison of static and dynamic optimization

Static optimization Dynamic optimization
min(or max) F(x,u) m(itp(ormax) J(x(t),u(t),t)
subject to subject to

f(x,u)=0

dx
pria f(x(t),u(t),t)

umin S u S umax Xmin S X(t) S Xma><
Ui SU(t)<u

Xopin < X S X

min —

max
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Table 2.4 Comparison of function and functional

Function Functional
y=Tf(x) L
=X 4l J(x(t) = l (x(t) dt
if x=1->y=2

if X(t)=2t2+1—>J = j(zt2 +1)dt
0

Moreover, the method for calculating the optimum of function and functional were
discussed. To find the optimum of function, x™ is defined as the local minimum point

for all of x in the range of ¢ around the x when f (x*)s f (x); thus the problem can

formulated in term of increment of function ( Af ) and is approximated by Taylor series

as follow.

f(X)< f(X +6X)
f(X +0x) - f(x)>0
Af = (X +0x)—f(X)

2
= f(x’“)+ﬂ Sx+Lox 2 : X +0(8x%) - f(x")
ARWIANNZ R UZFAY (2.35)
2
_a ox+1ox 2 I -OX
OX ooy 2 X" | _»
2
a -5x+£§xT 0 Z -0X>0
OX sy 2 OX™| -

Thus, the necessary (N.C.) and sufficient condition (S.C.) causing the x  is local

- _ of (x) o f (x)
minimum point are —— —
OX X

=0 and

>0, respectively. Similarly, the

x=x" X=X

optimum of functional can be defined in the term of increment of functional (AJ ) and
X (t) is the optimal function as the variation of functional (5J ) is equal to 0. Table

2.5 shows comparison of the solution of static and dynamic optimization.
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Table 2.5 Comparison of the solution of static and dynamic optimization

Static optimization Dynamic optimization
Function: y= f(x) Functional: J = F(x(t))
Increment of function: Increment of functional
Af = f(x+0x)— T (X) AJ = J(X(t) + ox(t)) — I (x(1))
Differential of function: Variation of functional
df = f (t)Ax dj )
dJ :(—j oX(t)
dx
Minimum condition Minimum condition
T * _
N.C of " (X) 0 N.C. 6J(x (1)) =0
OX - N
S.C. 5°J(X'(t))>0
2
sc It
OX s

2.6.1 Variation approach for optimal control problem

Since the objective function of the dynamic optimization is a functional, the
variation of functional must be defined and the first variation of functional must equal
to 0 for the necessary condition. The optimal control problem can be defined as the set

of equation presented in Eq. (2.36)

min(or max) J = Jf. F(x(t),u(t),t)dt
subject to 0 (2.36)
X = f(xu,t)

X(t,) = %

The problem can be changed from constraint optimization to unconstraint optimization
problem through the definition of Lagrange function in term of Lagrange multiplier
(costate variable, adjoint variable) [Eq. (2.37)] and the cost function is defined as the

augmented cost function as Eq. (2.38).
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L=F(x,u,t)+ A" (f —X) (2.37)

J= j L(x, x,u, A, t)dt (2.38)

)

Then, the increment of function and the first variation of function can be defined as
Egs. (2.39) and (2.40)

AJ (X, X, 4, 1) = I (X+ X, X+ OX, A+ 4, u+ou,t) - I (X, X, 4,u,t)  (2.39)

t; T T T T
0J =I (%4—1@] 5X+(ij 5/14‘[%] ou t+(a_|7 (to)j OX(ty)
ox dt ox oA ou OX

f

+(8—F(tf>jT 5x(tf)+{L(tf>—[a—F<tf)jT x(tf)}atf ~0
oX OoX

(2.40)
As a result, the system contains the set of equation as
Euler-Lagrange: %—E%:O (2.41)
ox dt ox
. . oL
Initial transversality: &(to)éx(to) =0 (2.42)

Final transversality: %(tf)5x(tf){L(tf)—(%(tf)x(tf)ﬂﬁtf =0 (2.43)

Constraint equation: ) =0 (2.44)

Optimal control equation: % (2.45)
u
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2.6.2 Discretization techniques with sequential approach

The discretization method is a technique for solving the dynamic optimization.
This concept of this technique is the transformation of ordinary optimal control problem
to nonlinear programing problem through the discretization on either only control
variable u(t) or both state x(t)and control variable and this method is classified into
sequential and simultaneous approach. The advantage of the sequential approach is that
the decision variables in optimization are only the parameters that are used for
discretization the control variable. Thus, the optimization formulated by sequential
approach becomes a small scale of nonlinear programing and can use for solving the
optimal control problem with the large dimension system including the many
differential equation. However, since the state variables are not directly considered as
the decision variables in optimization, the sequential approach is difficulty method for
dealing with a system including a constraint on state variables. The sequential approach
can discrete the control variable profile into a piecewise constant, piecewise linear, or
piecewise polynomial. For example, the process model is expressed in an ordinary

differential equation including set of state variable (X (t) ) and control vector parameter
(u(t)) according to Eq. (2.46). For giving the initial condition of state, the optimal

control of process starting from to initial state to final state can be determined by

calculating the profile of u(t) for minimizing or maximizing an objective function in

functional term of Eq. (2.47).

% = f (t, x(t),u(t)) [t,.t-] (2.46)

3 = [FG.u, et @a)

For applying the sequential approach, the time interval [t,,t-] is distributed into

a number of subinterval (P ) and the control variable is divided into the equal the
number of subinterval. Since the piecewise constant is used for representing the value
of control variable in each subinterval, the dynamic optimization is transformed into

nonlinear programing form [Eq. (2.48)] considering the set of control variable [Eq.
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(2.49)] as the decision variable subject to the equality constraint, inequality constraint

and bounds of control variable.

myin (ormax) J(y) (2.48)

y:{uPl'uPZ""'uPn—l’uPn} (2.49)

The sequential approach computation procedure is presented in Figure 2.3. For
giving the initial guess of the decision variables (y), the process model is solving based
on integrating method for providing the value of objective function and constraint.
Then, the nonlinear programing solver will determine a new set of decision variable
and send it back to the model solver and this algorithm is repeated until the set of

optimal value is found and consisted with the specified accuracy.

Set initial conditions
Guess 1nitial control parameters

v

7N
Model Solver [+—— )

Xt

Evaluate

¢ Objective function

e Constraints

e Gradient no
C he&

.—,(\’
\Qlerance

yes

Optimal control
parameters

Figure 2.3 Optimal control solution via the sequential approach (Arpornwichanop et
al., 2005).



CHAPTER 11

LITERATURE REVIEWS

Since the vanadium redox flow battery (VRFB) has become more consideration
as the load levelling and peak shaving applications, several researchers worked in
development of the VRFB, electrode and membrane improvement, electrolyte flow
field design as well as operating and control strategy for practical application. However,
during long term operation of VRFB, the performance of electrolyte in system was
reported to become imbalance. The electrolyte imbalance refers to an unequal in the
amount of reduced species in one side of half-cell and the amount of oxidized species
in another half-cell, resulting in capacity loss. The imbalance problem has been studied
by many researchers for investigating the parameters and operating condition which
may lead to decrease the system efficiency. In addition, the maximum system efficiency
could be obtained by solving the optimization problem for optimal operating flow rate
determination. To monitor the aging of the battery and determine the optimal operating
flow rate. In this chapter, the literature reviews described the causes and effects of
electrolyte imbalance, mathematical model development of VRFB for prediction the

performance and operating condition of VRFB.

3.1 Causes and effects of an electrolyte imbalance

During long-term operations, the performance of a VRFB electrolyte tends to
become unbalanced because of cross-contamination and side reactions. The imbalance
of active species between half-cells, resulting in a capacity loss and 100% state of
charge, can only be achieved in the half-cell that has the limiting active species in an
electrolyte (Roznyatovskaya et al., 2016). Interestingly, the positive or negative half-
cell can be the limiting half-cell depending on the causes of the electrolyte imbalance,
thereby affecting the variation of the active species concentration in the electrolyte.
Thus, an electrolyte imbalance is a significant factor that must be considered in the
VRFB control and management system. Moreover, the electrolyte rebalance method is
required early in the charging-discharging process when the electrolyte imbalance
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occurs. The imbalance can occur for many reasons and their effects deteriorate the
battery performance. The causes of the imbalance affecting the battery performance

are reported as follow.
3.1.1 Gassing side reactions

In a battery charging process, a side reaction could takes place when the
electrode potential is higher than the standard potential of the side reactions. HER and
OER take place in the negative and positive electrodes [Egs. (3.1) and (3.2)],
respectively.

Hydrogen evolution 2H"+2e <> H, (3.1)

Oxygen evolution ~ 2H,0 <> O, +4H"+4¢e" (3.2)

The effects of HER and OER were studied using a developed model, including
charge, mass and momentum conservation equations (Al-Fetlawi et al., 2010; Shah et
al., 2010). The formation of gas bubbles affects the reduction of the liquid electrolyte
volume and surface area for the electrochemical reaction, which increase the activation
overpotential. Furthermore, the bubbles hinder the flow distribution of the electrolyte
in the porous electrode, leading to the reduction of mass and charge transfer;
consequently, the concentration overpotential also increased. Moreover, gassing side
reactions partially consume the applied current for charging the battery. Therefore, the
current for a redox reaction decreased and the time for charging the battery increased,
resulting in the reduction of coulombic efficiency. Because the operating temperature
also affects the rate of OER, when the operating temperature increases, the rate of
oxygen evolution increases and leads to the high consumption of applied current. As a
result, the rate of VO?* oxidation reaction in the positive electrode decreases, leading
to the imbalance of SOC between half-cells (Al-Fetlawi et al., 2010).

The effect of operating temperature on the gassing side reaction current density
also was studied. The result showed that the corrosion current density also increases

with the operating temperature, as shown in Figure 3.1a. As a result, the coulombic
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efficiency decreased with the increase in the operating temperature (Figure 3.1b)
because of the higher consumption of the applied current density for the evolution of
0O and COo; this experiment showed that the proposed dynamic model of Al-Fetlawi

et al. (2010) was consistent with this measurement.
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Figure 3.1 (a) Potentiodynamic polarization curves of a graphite electrode from 0.4 to
1.5V vs SCE at 20-60 °C. (b) Correlation between coulombic efficiency and operating
temperature (Liu et al., 2011).

Recently, a study on parasitic hydrogen evolution at different carbon fiber
electrodes in VRFB was reported by Schweiss et al. (2016). They investigated the effect
of four carbon felt electrodes, each with a different fiber precursor and crystallinity, on
the hydrogen evolution rate. The kinetics of hydrogen evolution and redox couples
reaction were obtained by voltammetric analysis of the carbon felt in sulfuric acid. The
hydrogen evolution rate, while charging the VRFB with different carbon felt electrodes,
is shown in Figure 3.2. The hydrogen evolution in the carbon felt with a more
amorphous structure (F1 and F3) was higher than that in the surface-treated felt (F2 and
F4). Moreover, F1 and F3 felt might contain impurities such as a carbide, the catalyst
for hydrogen evolution, from the carbonization process. Since the residual nitrogen
groups in the PAN-based precursor also acted as the hydrogen evolution catalysts, the
carbon precursor of PAN-based (F3) showed a higher rate of hydrogen evolution than

rayon-based evolution (F1).



31

H; evolution reaction (uL min'l)

Figure 3.2 Hydrogen evolution rate for all VRFBs employing different carbon felt
electrodes (Schweiss et al., 2016).

The effect of HER on a carbon fiber electrode at different temperatures was
recently studied by Fetyan et al. (2018). Although increasing the operating temperature
can enhance the rate of electrochemical reaction in both positive and negative
electrodes, the undesired HER also increases with temperature. The effects of the
operating temperature on battery voltage at 50% SOC during the charging—discharging
process are shown in Figure 3.3a. To increase the temperature, the voltage for charging
the battery should be decreased, while the discharge voltage should be increased. This
result could be explained by the reduction of activation overpotential due to the increase
in the electrochemical rate of the reaction. As a result, the voltage efficiency increased
with temperature; however, the coulombic efficiency decreased with the increasing
operating temperature. This result could be explained by as follows. The diffusion rate
of vanadium ions across the membrane enhanced, which increases the rate of self-
discharge reaction; the charging time also increases, while the discharging time
decreases. Another reason was that the current applied for charging the battery was
consumed by the HER, which also increases the charging time. However, the energy
efficiency is enhanced with the operating temperature. Thus, it could be said that the
increase in the voltage efficiency was more influential than the reduction in the

coulombic efficiency (Figure 3.3b).
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Figure 3.3 Effect of operating temperature on (a) the charge-discharge battery voltage
and (b) the coulombic and energy efficiency (Fetyan et al., 2018).

3.1.2 Air oxidation

Air oxidation of vanadium ions (\V2%), a side reaction in the negative electrolyte
tank, takes place on the interface when the electrolyte is in contact with the air. This

side reaction leads to an electrolyte imbalance and a self-discharge process [Eg. (3.3)].
O, +4H"+4V*" — 4V** +2H.0 (3.3)

Air oxidation of V* limits the active species to the negative half-cell because
the amount of V* ions are not consistent with the V°* ions present in the positive half-
cell. To study the effect of air oxidation, the electrolyte tank is exposed to the
surrounding and a current density of 40 mA cm is used for charging—discharging
(Figure 3.4a). The effect of this phenomena on the battery discharge capacity is
presented in Figure 3.4b. It can be noticed that the discharge capacity decreased from
800 to 120 mAh in only 20 cycles. The high rate of capacity degradation may be
because of the high air oxidation of VV2* in the negative electrolyte tank, which has a
large surface area to volume ratio. However, the oxidation of air could be reduced by
purging an inert gas into the void volume of the electrolyte tank to cover the electrolyte
surface (Tang et al., 2011).
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Figure 3.4 (a) Charge-discharge characteristic voltage and current. (b) Discharge

capacity (Tang et al., 2011).

To reduce the effect of air oxidation on capacity degradation, an appropriate
design of the electrolyte tank and suitable preparation of the electrolyte solution were
investigated by Ngamsai and Arpornwichanop (2015b). The effects of three factors—
the electrolyte volume to air-electrolyte solution interface area ratio, vanadium
concentration, and sulfuric acid concentration—on air oxidation in VRFB were studied.
The ratio of the electrolyte volume to the electrolyte surface area exposed to air (which
varies from 1.20 to 5.76 cm) was studied. Figure 3.5a showed that a higher ratio of the
electrolyte volume to air-electrolyte solution interface area reduces the air oxidation
rate, thereby decreasing the self-discharge reaction, converting V" to V3* ions, and
reducing the imbalance between V2* and VO," ions. Moreover, the composition of the
electrolyte solution, vanadium, and sulfuric concentration affect the stability of the
electrolyte under air oxidation. To prevent electrolyte precipitation, the effect of
vanadium concentration was studied in the range of 1-2 M. Acid concentration was
limited between 3 and 5M, because high acid concentration could reduce the solubility
of vanadium while increasing the electrolyte viscosity. To increase the acid
concentration, the rate of capacity degradation was also decreased (Figure 3.5b). This

result could be explained as follows. Firstly, the free ions from sulfuric acid, which are
HSO,, SO? and H*, act as hindrance ions at the interface. Secondly, many free sulfuric

ions could bond with VV?* ions and form a vanadium salt (VSO4 or V(HSO.)2), which
increases the stability of the electrolyte solution. The result shows that as the vanadium

concentration increases, the rate of air oxidation could decrease (Figure. 3.5¢). Since
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V3* jons were increased by using high vanadium concentration, they could reduce the
reactive area and hinder the air oxidation of \/?* at the electrolyte and air interface. To
summarize, the higher concentration of vanadium ions and sulfuric acid also delays the
air oxidation of V2" ions and improves the conductivity of electrolyte solution, which

can increase the discharge capacity and battery efficiencies.
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Figure 3.5 Relationship between SOC degradation and reaction time under different
(a) volume to air-electrolyte solution interface area ratio, (b) vanadium concentration,

and (c) sulfuric concentration (Ngamsai and Arpornwichanop, 2015b).
3.1.3 lon diffusion

Vanadium ions transfer across a membrane and significantly affect the
electrolyte imbalance problem because not only the ions diffuse through the membrane,
but self-discharge side reactions also occur after this diffusion. Thus, the electrolyte
imbalance rate between two half-cells is increased by a self-discharge reaction leading
to capacity loss. If VO?" and VO," ions diffuse across the membrane and react with V2*
and V*" ions in the negative half-cell, the self-discharge reactions take place [Egs. (3.4)
— (3.6)]. On the contrary, if vanadium ions diffuse from the negative to the positive
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half-cell, a self-discharge reaction occurs [Egs. (3.7) — (3.9)]. The ion exchange
membrane is the key component that reduces the self-discharge side reaction because
the rate of self-discharge side reactions increases with the increase in the total number

of vanadium ions diffused across the membrane.

Table 3.1 Self-discharge side reactions in negative and positive half-cells.

Negative half-cell

Diffused ions Reaction

into half-cell

VO; VO; +2V* +4H" +&" —3V*" +2H,0 (3.4)
vo* VO* +V* +2H" — 2V* +H,0 (3.5)
VO; VO +V* - VvO* (3.6)

Positive half-cell

Diffused ions Reaction

into half-cell

VA V2 +2VO} +2H" — 2VO* +H,0 (3.7)
v V¥ +VO? — 2V0* (3.8)
V2 VZ+VO* +2H" = 2V +H,0 (3.9)

The effects of ion diffusion and self-discharge side reactions on the battery
capacity loss were studied by using various models of VRFBs. The dynamic model,
first proposed by Tang et al. (2011), describes the concentration change of vanadium
ions in the stack during the charging-discharging process and can predict the capacity
deterioration from cross contamination problem. Three different types of membrane,
Selemion CMV, Selemion AMV, and Nafion 115, were employed in this simulation.
The results show that the higher diffusion coefficient for vanadium ions across the
membrane increases the rate of capacity degradation. However, in the half-cell, the
vanadium concentration build-up not only depends on the magnitude of diffusion
coefficient, but also on the relative value of the four diffusion coefficients. For AMV

and CMV membranes, the vanadium concentration increased in the positive half-cell
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because the high diffusion of VV* ions caused a self-discharge side reaction and increase
of vanadium concentration in the positive half-cell. It could be noticed from Figure 3.6b
and ¢ (AMV and Nafion 115 membrane) that the vanadium build-up in the half-cell
was different, although the order of four diffusion coefficients was similar (

V#>V0O* >VO;>V*"). Moreover, not only the absolute values of different diffusion

coefficients were the important factor in determining capacity degradation, but the
relative values of these coefficients could also be used for building the half-cell and

planning for the regeneration procedure.
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Figure 3.6 Concentration of positive and negative electrolytes during 200 cycles for (a)
CMV membrane, (b) AMV membrane, and (c) Nafion 115 membrane (Tang et al.,
2011).
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The self-discharge reactions was investigated by Sun et al. (2015). To study the
step that the self-discharge reactions take place by the diffusion of vanadium ions across
the Nafion 115 membrane, the diffusion coefficient of each vanadium ion was initially
measured. The result showed that the coefficients were found in the order of

V#>V0O?** >VO; >V**; this order is consistent with the report by Tang et al. (2011).

Furthermore, the variation in the open circuit voltage cell could be used for classifying
the self-discharge process into five regions: three regions with a gradual decrease of
open circuit voltage (OCV) and two regions with sharply decreasing OCV (Figure 3.7).
At the early stage of the self-discharge process (region 1), the self-discharge reaction
in the negative half-cell occurs as shown in Egs. (3.4) — (3.6), leading to a decrease in
V2 and an increase in V3*. For the positive half-cell, the increase of VO?* is faster than
that of V3" in the negative half-cell because the higher rate of VV* diffusion across the
membrane increases the self-discharge reactions [Eqgs. (3.7) and (3.9)], which also
significantly decrease the VO," concentration in the positive half-cell. As a result, the
VO," concentration decreased and there is only VO?* in the positive half-cell, while
both V2* and V** still exist in the negative half-cell. Thus, the self-discharge reactions
in region 2 can be represented by Egs. (3.5) and (3.9). In region 3, the self-discharge
reactions [Egs. (3.5) and (3.9)] continually occur in negative and positive half-cells. As
a result, the accumulation of V** ions are observed in both half-cells. Finally, V?* ions
in the negative half-cell are exhausted and the self-discharge process switches to
regions 4 and 5. At beginning of region 5, V** and VO ions coexist in the positive
electrolyte, while only VV** ions are present in the negative half-cell. The amount of V3"
ions in the negative electrolyte is higher than that in the positive electrolyte. On the
other hand, the VO?* ion concentration is higher in the positive half-cell than in the
negative half-cell. Hence, in this region, only diffusion of V3* and VO?* ions occur until
the concentration becomes equal in both half-cells. However, in the normal operation
of VRFB, the complete self-discharge reaction takes place only in cells that are not
operational for a considerable period (standby mode); thus, the self-discharge reactions
occur only in region 1. Moreover, the electrolyte imbalance from self-discharge
reactions is directly affected by the residence time of the electrolyte because these

reactions take place in the cell itself.
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Figure 3.7 Open circuit voltage curve during the self-discharge process (Sun et al.,
2015).

3.1.4 Volumetric transfer

A volumetric transfer is the process of water transfer across a membrane and
includes the transportation of ions under a concentration gradient across the membrane,
water carried by charge-balancing species, and water transport by the pressure
difference between the positive and negative half-cells (Sukkar and Skyllas-Kazacos,
2003). Water transfer is an important problem in the VRFB and needs to be eliminated
as it causes variation in the vanadium concentration in both half-cells, because of which
the concentrated vanadium ions can precipitate to vanadium salts. For preventing
precipitation, the operating temperature window of VRFB must be decreased. In
addition, the high-water transfer can lead to the electrolyte flooding in the reservoir,
causing an operational problem in commercial VRFBs. The volumetric transfer
direction was investigated by Mohammadi et al. (1997). They used CMV and Nation
117 membranes as the cation exchange membranes and AMV and DMV membranes as
the anion exchange membranes. It was observed that the direction of volumetric transfer
depends on membrane type. For the cation exchange membrane, the net volumetric
transfer is toward the positive half-cell, which is opposite to the direction of hydrostatic

pressure; for the anion exchange membrane, the net volumetric transfer is toward the
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negative half-cell, which is the same as the direction of hydrostatic pressure reported
by Mohammadi and Skyllas-Kazacos (1995). The extended dynamic model was
proposed by Badrinarayanan et al. (2014) for studying the effect of bulk electrolyte
transfer; a cation exchange membrane is used in this simulation. Thus, volume of
electrolyte transfer from negative to positive half-cell (Figure 3.8).
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Figure 3.8 Change of electrolyte volume due to bulk water transfer across the
membrane during 200 cycles of the charge-discharge process (Badrinarayanan et al.,
2014).

3.2 Performance prediction by mathematical model of VRFB

Modelling and simulations of VRFB are utilized to develop and prediction the
performance of battery and they are a cost-effective method for reducing the number of
cases in experimental test. To study and improve on performance of VRFB, many
research groups have developed the modelling of VRFB for prediction the effects of
operating parameters such as the initial vanadium and acid concentration, applied
current density, electrolyte flow rate on the battery performance (Ma et al., 2012; Yang
et al., 2015). The mathematical model plays a significant role to effective performance
predict and solve optimization problem to achieve the maximum system efficiency.
Thus, it is important to study the various models and their assumptions for implement

in this research. The details of modelling are shown as follow.
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3.2.1 Application of the VRFB multi-dimensional model or zero-dimensional model

The multi-dimensional models are very useful in design application which can
study in distribution of concentration, electrolyte velocity as well as the potential in the
cell. Shah et al. (2008) developed the two-dimension transient model of VRFB and
reported that the electrolyte flow rate was an important operating parameter. At higher
electrolyte flow rate, there were uniformity in the vanadium concentration, more
distributed of current density and overpotential. You et al. (2009) proposed a simple
model of VRFB based on the developed model by Shah et al. (2008). The results
revealed that decreasing of electrode porosity could also increase the reduction rate of
reactant concentration affecting to higher average transfer current density and uniform
distribution of overpotential. Al-Fetlawi et al. (2009) reported that increasing
electrolyte flow rate, not only improved the coulombic efficiency but could also use for
keeping the uniform temperature distribution leading to avoidance the hot spot in stack.
In additional, heat loss to environment had a significant effect on the charge-discharge
cell voltage and temperature distribution therefore, heat management strategy was
required to maintain the desired of operating stack temperature. Ma et al. (2011)
analyzed the negative half-cell performance of VRFB by using an isothermal three-
dimensional model based on the comprehensive conservation laws which were
momentum, mass and charge transfer couple with kinetic model of vanadium species.
At the inlet-outlet area, it was found that there was a higher value of transfer current
density where the high velocity occurred and the flow pattern along with the inlet-outlet
electrode had a similar symmetric pattern. The side reaction and corrosion of electrode
material took place at a higher value of overpotential caused by the lower of electrolyte
flow rate. Thus, the key point for optimal design of VRFB should create the uniform of

electrolyte velocity distribution in electrode.

However, their complexity of multi-dimensional models was consumed the
computation power and times for simulating in large scale and long-term monitoring.
To study the capacity fade and enables extend cycling of the VRFB, a zero-dimensional
or lumped system model was developed by reducing dimensionality while capturing
the key physics necessary depended on the assumption of researcher. The cycling

performance of VRFB including the effects of vanadium ions diffusion was
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investigated by Maria Skyllas-Kazacos and Goh (2012). The results of this simulation
showed that the number of cycles that battery capacity reaches steady stage depends on
operating current and magnitude of permeability coefficient through membrane. The
capacity loss of VRFB was due to the build-up or decay of vanadium ions concentration
in each half-cell and periodic remixing was required for regeneration the capacity loss
caused by differential ions and solution transfer. In case of gassing side reaction and air
oxidation, if only 0.1% of charging current went to hydrogen evolution during charging
cycle would lead to 10% vanadium ions imbalance and capacity loss after 100 cycles.
For large scale of the VRFB, the charging and discharging time in one cycle cloud be
used several hours. In addition, there are many cells in the stack and their interaction
between each cell affected to the temperature gradient thus, the zero-dimensional model
is appropriate for this application. Yan et al. (2016) extended the dynamic model of
VRFB for investigation and prediction the temperature profile of each cells in a stack.
The pilot-scale of the VRFB which is a 2.5 kW/15 kWh VFB system comprising 19
cells stack was employed in this simulation. The study considered the two different
scenarios, during standby periods when the pumps were tuned off and during a resident
power arbitrage periods when a battery was charged during off-peak periods and
connected to the load during the peak times and the two types of membrane, Naffion
155 and AMV, was considered. The simulation results showed that in standby periods,
the heat generated in stack with Naffion was dominated by heat generation from self-
discharge reactions but in stack with AMV heat generated was dominated by the
surrounding temperature variation according to the different magnitude of vanadium
ions permeability through membrane which the Naffion was higher than AMV leading
to larger rate of self-discharge reaction. During a resident power arbitrage, the self-
discharge reaction was completed in stack in the system with Naffion membrane while
it did not occur in system with AMV and the temperature in stack with Naffion could
build up to 60 °C in the one cycle of charge and discharge over a period of 7 days
whereas the temperature in stack with AMV built up to only 30 °C. Additionally, the
temperature profiles in stack were oscillating with high frequency and very small
amplitudes caused by the interactions between adjacent cells. The heat generation was
rapid and accumulated at the beginning of standby periods leading to temperature

increasing quickly therefore the oscillations do not take place but at the at the end of
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standby periods the temperature different between the edges and the center of stack is
smaller from depletion of some self-discharge reaction thus the heat transfer between
adjacent cells were not dominated by the heat form center to edges only but rather from
higher to lower temperature cells.

Thus, the zero-dimensional or lumped system models are very useful for long-
term monitoring, large-scale of the VRFB, studying of interaction in the system, as well

as the optimal control strategy.

3.2.2 Electrolyte imbalance model

The capacity loss from electrolyte imbalance has become more essential as
mention above. To predict the aging of the system, it is important to include the
phenomena leading to capacity loss which are the gassing side reaction, ions diffusion
through the membrane and volumetric transfer into the VRFB models. The effects of
hydrogen were studied from a developed model by including dynamic conservation
equations of charge mass and momentum (Shah et al., 2010). Characteristic of gas
evolving was the formation of gas bubble effecting in reduction in volume of liquid
electrolyte, active surface area for reaction and momentum transfer. Furthermore, the
bubbles hindered the flow of electrolyte and reduced mass and charge transfer
coefficient resulting in reduction the efficiency of the battery. In additional, increasing
of applied current density to the cell also increased the gas volume fraction in the
negative electrode at the same of SOC and the results suggested that a high flow rate of
electrolyte through the cell could be used to reduce this increase in gas volume (Shah
et al., 2010). The effects of oxygen evolution were also studied by extend the
framework of an exist model to include a thermal energy balance. The results showed
that formation of oxygen bubble impacts the performance by reducing the active surface
area of reaction in positive electrode, reducing the effective diffusion coefficient
because the increasing of gas volume fraction. For reducing the volume of oxygen gas,
increasing the mean linear electrolyte flow rate was recommend because it also
increased the rate of gas removed from the cell. The operating temperature also affected
to the rate of oxygen evolution due to when the operating temperature increase, the rate
of oxygen evolution increased and effected to more consume the applied current. Thus,

the rate of oxidation in the positive electrode decreased at any fixed time resulting in
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the lower level SOC. In other hand, the time required to reach an equivalent SOC

increased with temperature (Al-Fetlawi et al., 2010).

The studied on the effects of ion diffusion and side reactions on the capacity
loss was proposed by Tang et al. (2011). The dynamic model described the
concentration change of vanadium ions in stack during charge-discharge process and
could predict their effect on battery capacity. Three different types of membrane,
Selemion CMV, Selemion AMV, Nafion 115, were employed in this simulation. The
results showed that the higher diffusion coefficient for vanadium ions across the
membrane increased the higher rate of capacity decay and there was total vanadium
concentration built-up on positive half-cell with the corresponding loosed in the
negative half-cell. However, this model did not consider the effect of electrolyte flow

rate on the variation of vanadium concentration in cell.
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Figure 3.9 Comparison of capacity loss in three different types of membrane (a) CMV

(b) AMV (c) Nafion 115 (Tang et al., 2011).

Badrinarayanan et al. (2014) developed the extended dynamic model of stack
including the effect of electrolyte volume change and temperature variation. The
dynamic change of electrolyte volume explained by Schlogl’s equation describing the
bulk electrolyte transfer due to 3 reasons which are osmosis pressure across membrane,

the vanadium ions-fluid interaction and the water transfer due to proton movement
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across the membrane for charge balancing. The simulation could predict the capacity
loss due to the cross-contamination and volumetric transfer over a long-term operation
and electrolyte temperature variation. The result indicated that increasing the
temperature affected to acceleration in capacity loss of battery, and the decay behavior
also depended on the type of membrane. Naffion membrane was used for investigating
the effect of bulk electrolyte transfer and temperature increase on battery capacity loss.
It was noticed that there was a 19% change of electrolyte volume affecting to the change
in vanadium concentration trend through 200 cycles from the initial concentration
leading to the capacity loss, however there was no more capacity change when
compared with the simulation excepting the effect of bulk electrolyte transfer at the end

of 200 cycles as shown in Figure 3.10.
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Figure 3.10 Comparison of capacity change with and without bulk electrolyte transfer

phenomenon across 200 cycles (Badrinarayanan et al., 2014).

3.2.3 Pump power loss model

In practical application, the pump power loss is a significant factor in operating
of the VRFB because it reduce the system efficiency. Xiong et al. (2013) applied the
pump power loss model with the thermal model for investigation the VRFB response
under different operating conditions. A kilowatt class VRFB stack was analyzed and
simulated for battery modelling and the pump power loss was calculated based on the
empirical equation. Moreover, the pump power loss depended on hydraulic design of

the stack and connecting part between stack and tanks configuration. Tang et al. (2014)
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presented the link of concentration overpotential and pressure losses to the electrolyte
flow. The system of this simulation was a 5-kW/15-kWh stack comprising 40 individual
cells and the general pressure loss was considered with head losses in pipes, flow frame
and porous electrode, the latter two are dominant in the total losses affecting to the
battery performance. Merei et al. (2015) proposed the multi-physic model of VRFB
including the mechanical loss. In order to prove the consistency with the experimental
results, the simulation was carried out over a period of 90 hour with the battery capacity
of 75 kWh. Over a period of simulation, the pump power losses were between 2% and
6% of the VRFB power and the higher losses occurring when the battery was charge at
the high SOC or discharge a low SOC.

3.3 Operating condition of the VRFB

The electrolyte flow rate was taken into consideration as the manipulated
variable in the VRFB system. Under a fast-constant flow rate providing the good heat
transfer and mass transfer capability. The good heat transfer could reduce the
differential temperature between stack and electrolyte tanks leading to impossible
disregarding influence on stack temperature during the standby period (Tang et al.,
2012). The good mass transfer of active species could increase the local mass transfer
coefficient leading to reducing in concentration overpotential. However, operating at
high constant flow rate consumed high pump power loss. Thus, the maximum battery
efficiency could achieve at the optimal flow rate which could provide the minimize

charging energy and maximize discharging energy as shown in Figure 3.11.
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Figure 3.11 Energy and battery efficiencies under various flow rates (Xiong et al.,

2013).

The variation flow rate calculation was based on the Faraday’s law of
electrolysis and the effect of electrolyte flow rate was studied by varying a flow factor
that used to manipulate the magnitude of flow rate (Tang et al., 2014). From simulation
results, the trend of voltage, coulombic and energy efficiency increased with increasing
flow factor under both constant and variable flow rate conditions. During charging-
discharging, the higher flow factor could reduce the concentration overpotential leading
to avoiding the premature cut-off voltage and extending a time at the end of charge-
discharge. However, the trade-off between high flow rate and pump losses had to be
figured out the optimal flow rate for achieving the highest system efficiency. Wang et
al. (2017) presented the control strategy of the electrolyte flow rate, the dynamic
optimization was solved to find the flow factor of both half-cells for minimizing the
total power losses during the charge-discharge process. The result shows that this

control strategy can ensure a high system efficiency more than 87%.



CHAPTER IV

MODELING OF VANADIUM REDOX FLOW BATTERY

4.1 Mathematical model of vanadium redox flow battery
4.1.1 Model assumptions

In this study, the mathematical models will be developed based on necessary
assumptions simplification of the system and the simulations will be carried out in
MATLAB software.

Electrode assumptions

1. Electrode physical properties, electrode surface area, pore dimeter and thickness of

electrode are constant.

2. The anodic and cathodic transfer coefficient are equal 0.5 by the symmetry of

electron transfer.

Electrolyte assumptions

3. Equilibrium of side reactions in solution are instantaneously reached.
4. Electrochemical reaction follows Butler-Volmer equation.

5. The electrolyte is perfectly mixed which the temperature and concentration in each

position of cell are uniform and the convection term is dominated in the flow direction.
6. Heat due to electrolyte mixing is very small so that it can be neglected.

7. The electrolyte properties, density, viscosity and heat capacity are constant.

8. The electrolyte volume in each half-cell and tank are constant.

9. Effect of gas bubble from oxygen and hydrogen evolution is neglected.
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Membrane assumptions

10.Vanadium ions diffusion through the membrane are only depended on the

temperature according to Arrhenius equation.
11. Migration and electro-osmosis rate coefficient are constant.
12.The membrane conductivity is only dependent on the temperature.

4.1.2 Electrochemical models

The open circuit voltage (E,,) known as the voltage of the electrochemical
cell without the current flow could be described by the Nernst equation according to
Eg. (4.1) which is the potential difference between positive (E, ) and negative (E,)
electrodes as shown in Egs. (4.2) and (4.3), respectively. The standard potentials (E;’
and E? ) are defined at the standard state which the concentration of active species (
C,) is 1 mol dm™®, thus the variation from the standard state could be corrected by the

exponential term in the Nernst equation.

2
E® =E, -E, =E° +ﬂ|n{—CVZ*CV"5C”+

J E®=1.259 V (4.1)

p n
nF CV3+CVO2+
RT C, o
E,=E ——In| —2— E, =1.004 V (4.2)
nF 1 Cup: Gy
C 2+
E,=E, —ﬂlnL . ] Es =-0.255V (4.3)
nF | C.

The ohmic loss (7,,,) in VRFB system consists of electrode, membrane and

electrolyte is performed by the three terms in Eqgs. (4.4), respectively. The correlation

of the membrane conductivity (o, ) with the temperature is proposed by (Yang et al.,

mem

2015) that can be calculated by Eq. (4.5). The loss from electrolyte expressed as the
function of the electrolyte conductivity (o, ) IS estimated by Eq. (4.6). Thus, the
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diffusion coefficient of each species is modified to the effective diffusion coefficient as
shown in Eq. (4.7).

Do = i($+d’“ﬂ+h] (4.4)
O-e O-mem O-elec
O e = -3€XP| 1268 L1 (4.5)
Tref T
Ctee = —— Zz D¢, (4.6)
D = £¥°D, (4.7)

The correlation of the current density (i) on the activation overpotential (7,,)

and composition adjacent to the electrode surface could be represented by the Butler-
Volmer equation as mentioned in section 2.1.2.1 (Newman and Thomas-Alyea, 2012).
In addition, the exchange density of anodic and cathodic reactions [Egs. (4.8) and (4.9)]
also depends on the composition of the solution adjacent to the electrode surface. Not
only the composition of electrolyte, but the temperature of electrolyte also effects to the

exchange current density variable in the term of rate constant (k;) shown by Eq. (4.10)

(I~ac) (ac
= kaCVO2+ C (4.8)
_ |:knc\(/12 aa)C(aa) (4.9)
ZFE (Tref ) 1
kj = kOref’j exp[ A {Tm —?D (4.10)

According to the detail in electrode assumption, the anodic («,) and cathodic («,)

transfer coefficient are equal 0.5 by the symmetry of electron transfer. The activation
loss of each half-cell in VRFB can be determined by Eq. (4.11) for positive half-cell
and Eq. (4.12) for negative half-cell.
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2RT| . o i .
g = | sinh 1(7J where i, = Fk, . [C,..Cy, (4.12)

0,p

oRT| . i
== |sinh™®
nact,n nF (ZI

j where i, = Fkn,/CVBCVy (4.12)

on /|

The surface concentration (C....) of the active species is influenced by the

surface
electrolyte flow rate and concentration at bulk electrolyte (C,,, ). Thus, the regulation
of electrolyte flow rate can control the magnitude of the concentration at surface of
electrode. The concentration loss (7,,.) can be determined by using Eq. (4.13) for
positive half-cell and Eq. (4.14) for negative half-cell which include the local mass
transfer coefficient (k) of the active species in carbon fiber electrode proposed by
Tang et al. (2014). The calculation of local mass transfer coefficient reported by
Khazaeli et al. (2015). This value depends on the effective diffusion coefficient of

reactant (D" ), pore diameter of electrode (d, ) and Reynolds number (Re) as Eq.
(4.15).

RT i
Moy = ——In| 1-—— L (4.13)
‘ F km,pnFCbulk,p

where C,, =C,. for charging, while C,, , =C, . fordischarging

V02+

Ncone,n :_ﬂln 1_; (414)
Y F km,nm:(‘\’bulk,n

where C,,, =C, . forchargingwhile C,, , =C .. fordischarging

eff
k = [;i 7Re™ (4.15)

m,i
f

The current density loss associated with the OER and HER, which
predominantly occur during the charging process at the positive and negative
electrodes, respectively, are approximated by the Tafel relationship according to Eq.
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(4.16) (Al-Fetlawi et al., 2010; Shah et al., 2010). The correlation between the
exchange current density and temperature is described by Eq. (4.17), while the

overpotentials for the gassing side reactions (7, ) are calculated from Eq. (4.18), which

is the difference between the half-cell electrode potential and the standard potential of
the gassing side reaction (Al-Fetlawi et al., 2010).

. FQ-8,)n

iy = iy ,exp [% (4.16)
o NFE’ (T)| 1 1

Iy = 'ref,geXp(+ ﬂ_? (4.17)
7g; =1+ E} —Eg, (4.18)

4.1.3 Conservation equation

For VRFB modelling, the mass balance in the electrode and electrolyte tank is

based on the molar concentration (¢;) in the liquid electrolyte solution and assumes that

the electrolyte volume is constant:

. dC;

e e Ire 0X
Vi (c;-ck)+¢+2(sir\1mem) (4.19)
t
V! % =Q'(cs -¢) (4.20)

where V is the volume of the electrolyte, Q is the electrolyte flow rate, and the

superscripts e and t represent the electrode and electrolyte tank, respectively. Notably,

the current for the redox reaction (1., ) in Eq. (4.21) is the applied current (1__.,) that

applied
is consumed by the gassing side reaction and can be determined by using the following
equation (Merei et al., 2015).

Iredox = Iapplied - ig A§Ve (421)
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The molar flux across the membrane (N___) is the summation of the species

mem
movement by diffusion, hydraulic pressure migration, and electro-osmosis as reported
by Schafner et al. (2018). For migration and electro-osmosis, the direction of mass
transfer depends on the potential across the membrane (A¢ ), which is a function of the
current density and ohmic overpotential. During the charging process, the species in the
positive half-cell move to the negative half-cell, while the reverse is observed during
the discharging process. Moreover, the flux of the hydraulic pressure depends on the
pressure difference between the half-cells (Ap), which is a function of the electrolyte
viscosity, flow rate, and cell structure. The species in the half-cell will move from the
half-cell with the higher pressure to that with the lower pressure. The summary of the
total flux movement across the membrane is presented in Table 4.1. The rate of the self-
discharge reaction depends on the total molar flux movement across the membrane and

the stoichiometric coefficient ratio (s,) of the self-discharge reaction as summarized in

Table 4.2,

Table 4.1 Summary of the total flux movement across the electrode membrane.
Diffusion (N°™) K2 Ci Avern ! Ginern (4.22)
Migration ( N") kMIC AGA . (4.23)
Electro-osmosis (N =" ) kF""C.AQA .. (4.24)

Hydraulic pressure (N/*) k™ C,ApA, .., (4.25)
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Table 4.2 Concentration variation due to molar flux movement across the electrode

membrane during the self-discharge reactions.

Self-discharge reaction (<) (Z SN e )
At the negative half-cell
VO, +2V* +4H" <> 3V*"+H,0 C. —NTE = 2N — N

VOX +V242H" &> 2V +H,0  C  NTET+3NT"+2N™T

OZ+

CH+ lenf:m _ 4N mem 2N mem

VO3 vo*
At the positive half-cell
V#+VO; +2H" <> 3VO*" +H,0 Cyu —Ngon +2N 75" +3N 5"
V¥ +V0; <> 2VO™ C.» =NJET = 2N = NG
C . mem mem
H —N o 2Nv2*

4.1.4 Pump power model

To determine the battery system efficiency, the pump power of VRFB is
calculated based on the developed model by Xiong et al. (2013) and Wang et al. (2017).
The energy consumption of pump is related to the stack and hydraulic circuits design
and the electrolyte flow rate. The total pressure drop is caused by the piping system and

the cell stack and the pump power consumption can be expressed as:

P (t) =AppmeQ<t)+fiQ2<t) (4.26)
die’
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where y is the electrolyte viscosity, h, is the height of the electrode, ¢ is the electrode

porosity, A is the permeability of porous electrode, and A, is the Carman-Kozeny

constant.

To monitor the battery performance, the battery efficiencies, which are the
coulombic, voltage, energy and system efficiencies, and discharge capacity, are defined
as shown in Table 4.3.

Table 4.3 Definition of battery performance

Coulombic J.(idischarge (t)) dt (4.28)
efficiency (CE) j(icharge (t)) dt

Voltage efficiency J‘ (Ve (1) dlt (4.29)
Ischarge

(VE) .[ (Vcharge (t)) dt

Energy efficiency CEXVE (4.30)

(EE)

SyStem EfﬁCienCy J.(Vdischarge (t) Idischarge (t) ] I:)pump (t)) dt (431)

(SE) [ Vi (O) e (£) + Py (1) it

Discharge J' (igiserarge (1)) it (4.32)

capacity (DC)

4.2 Extended Kalman filter for vanadium redox flow batteries

To achieve the highest battery efficiency, a periodic electrolyte regeneration
must be conducted when the battery capacity is decreased. Consequently, the
measurement of an electrolyte imbalance is required for the energy management
system. The imbalance level is related to the individual half-cell state of charge (SOC);
hence many approaches for individual measurement, such as conductivity, UV-vis
spectroscopic, transmission spectra, ultrasonic velocity, and oxidation state
measurement, are applied to the VRFB. However, the correlation between the measured
data and SOC significantly depend on the vanadium and acid concentration and
electrolyte temperature. Thus, to precisely measure the SOC, the variation of electrolyte

concentration and temperature must be known for using them as the input parameters
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in the database correlation between the measurement data and the SOC. Although the
open circuit voltage can not be implemented for real-time individual SOC monitoring,
this method is simple and widely used for average SOC measurement. The extended
Kalman filter approach is adapted for estimating the individual SOC via the vanadium
concentration prediction by only measurement the modified OCV. Moreover, this filter
can be used to minimize measurement noise effects in the estimation of SOC and SOH

which are the battery system states (Nicolas Watrin, 2012).
4.2.1 Observability matrix for vanadium redox flow batteries models

The dynamic model for describing the vanadium and proton concentration are
shown in Egs. (4.19) and (4.20). The number of active species in the system is 6
variables, which are VZ*, V¥, VO?*, VO*, H* in positive half-cell and H* in negative
half-cell. As a result, the total number of state variable in cell and electrolyte tank is 12
variables. However, the state variables can be reduced if the proton concentration in
positive and negative half-cells are assumed to be a constant value, hence the standard
potential (E°) in Nernst equation changes to formal potential (E°) as shown in Eq.
(4.33).

- RT C..C, .
EOCV =E° +? In {%] (433)

V3+ V02+

To monitoring the state of charge, the open circuit voltage is measured during
charging-discharging process. Since the formal potential is the constant value, the
measurement equation is formulated to Eq. (4.34). Hence, the observer matrix can be

calculated as presented in Eq. (4.35) which has a dimension of 1x4.

h(X); Eoey —E° = g[m (€ )+1n(Cop )-I(Cys )1 (Cye ) | 430

_on
OX

o

oh oh ¢oh oh
OX, OX, OX; OX,

Xik-1

RT RT RT RT
— { = } (4.35)

C. FC. FC FC

\% \Y% vo?* VO3
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Although the number of measurement variable is not sufficient for estimating
the states which is the vanadium concentration in cell and electrolyte reservoir, the
monitoring of individual SOC is only required to know the vanadium concentration in
reservoir. As a result, the dynamic model of vanadium redox flow batteries can be
simplified as shown in Egs. (4.36) -(4.39).

£ ()Y, d(;z _ é ; g:—: (~K:Cyp ~2KCy; —K,Cp | (4.36)
£, (x):V, dcdz -1 g:: (K Cope +3KC o, +2K,Cop ) (4.37)
f,(X);V, % = —% + (’::—: (—K,Cyo +3K,Ce. +2k,C . ) (4.38)
f, (), dc;i@ = é T g*“em (KCop: =2, —kCy. ) (4.39)

mem

These functions can be changed into state space model as follow:

i _kZ Aﬂem 0 _k4 Anem _2k5 A\nem ]
— _ d mem d mem d mem
C.:V2+ 0 _k3 Anem 2 k4 Aﬂem 3k5 Aﬂem CV2+
o das R NE Coo [1/F][1](4.40)
) — + .
C‘VOZ* 3k2 Anem 2 k3 AYnem _k4 A\nem 0 CV02+
L CVOE ] d mem d mem d mem L CVOE |
—2 k2 A‘nem _k3 A‘nem 0 _k5 A'HETTI
L d mem d mem d mem

To confirm the observability of this system, the rank of observability matrix
depending on the matrix C and A in Egs. (4.35) and (4.40) must equal to 4 which is the
number of the state. However, the rank of observability matrix is only 3, as a result the
set of measurement equation and state space model is not sufficient in the vanadium

concentration estimation.
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To solve this problem, the individual measurement of open circuit voltage in
each half-cell is applied. A conventional open circuit voltage is modified by additional
the middle half-cell between the positive and negative cells as a reference electrolyte
(Figure 4.1). The reference electrolyte is prepared by dissolving the vanadium
pentoxide (V20s) powder in sulfuric acid to generate the vanadium and acid solution of
1.5 M and 3.0 M, respectively. In addition, the electrolyte solution is adjusted the
oxidation state of vanadium to +3.50. This fraction of vanadium oxidation state refers
to the electrolyte composition and is call as “Vstate”. For example, a Vstate of +3.50
indicates the electrolyte consists of a VV3* ions while the fractional term refers the
percentage of the higher oxidation state in the solution, hence 0.50 represent 50% of
VO?" and the remaining is the 50% of V3*,
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Figure 4.1 The schematic of the experiment to measure the open circuit voltage: (a)

Current collector
Current collector

S%

il

conventional OCV and (b) modified OCV (Ngamsai and Arpornwichanop, 2015a).

The Vstate of electrolyte solution is distinguished into 3 regions and their

standard potentials are shown in Egs. (4.41) - (4.43).

Vstate +2 — +3:

Cor
V¥ +em oV E,.=EJ, —g In [CV ] (4.41)

V3+
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Vstate+3 —> +4:

F 2

20y

C 3+
VO* +2H" +e” »>V*+H,0 E,, =E, —ﬂln(#J (4.42)
C
VO

Vstate+4 — +5:

Coon
VO; +2H" +e” - VO* +H,0 E, . =E., —%In{ﬁ} (4.43)

VO; ~H*
In this measurement, the potential between positive (negative) electrolyte and

the reference electrolyte are measured, the correlation of positive open circuit voltage (

Mod

Eg”g’\‘jypos) and the negative open circuit voltage ( Eqy ., ) are presented in Egs. (4.44)

and (4.45), respectively.

0 RT [ Cur [ CyonCia
Egﬂc&pos = E In C Vcé:z ( VE: . (4.44)
VO THT v ref
Of RT C 3+ C 3+
Eglcsvneg =B, - B, _?In {C VC2 ] : CV (4.45)
VO THT Jyef \au

However, the correlation between vanadium concentration and open circuit
voltage can be reduced in the simple form as shown in Egs. (4.46) and (4.47) according

to the experimental date reported by Ngamsai and Arpornwichanop (2015a).

EMod  _ EOMod _ﬂ{ﬁ} (4.46)

OCV,pos pos
FC, o

C 2+C22+
where E°M°dEfs—E§4—gln£ L [ Vo n J ]
ref

pos 2
CH+ CV3+
RT C 3+
E(IJVICOS,neg = Er?ég/md T = In( . J (447)
F CV2+

RT C.»
OMod _ =0 0
where E .~ =E; ,—E, , —?In(%cfﬁ} |

V02+
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0,Mod
pos

0,Mod
neg

Since the modified positive (E,_,.~ ) and negative (E_ . ) standard potential are

reported to be the constant value, the measurement equation is formulated to Egs. (4.48)
and (4.49). Hence, the observer matrix can be calculated as presented in Eq. (4.50)
which has a dimension of 2x4. Since the rank of observability matrix formulating from
the matrix A in Eq. (4.40) and matrix C in Egs. (4.50) equal to 4, the system can be
observed by this set of measurement equations.

. ,Mod RT
h, (X);0CV,, — EOM — ?[m (Cyet )~ 1n(Cp )] (4.48)
. 0,Mod __ RT
h, (x);OCV,,, — ESV = ?[In (Cpe)=In(Cy. )] (4.49)
on, oh, on, oh ] [o o __RT_ _RT
c _oh| | oxg %, OXy o 0%, | FCo  FCio: (450)
© oxly,, |oh, oh, oh, oh, RT__RT ., '
OX, OX, OX; OX, i FC... FC. . |

4.3 Simulation method

In this section, the algorithm for calculating the battery performance under
electrolyte imbalance condition, the dynamic optimization and Kalman filter are
presented. For analysis of battery performance in long-term operation, the vanadium
redox flow battery was charged and discharge continuously until reach the desired
number of cycles. The upper and lower limit voltage were defined for switching the
operation mode. Figure 4.2 shows the algorithm for calculating the battery voltage of
VRFB when the current density was defined in charging-discharging process. As
mention in section 4.1, the electrochemical equations were used for monitoring the
change of battery voltage from vanadium concentration variation. Moreover, the
parameters in mathematical models relating to the system structure, cell components

electrolyte properties and operating conditions.
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Figure 4.2 Algorithm for calculating battery voltage variation during charging-

discharging process and performance analysis.
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For dynamic optimization algorithm, the sequential discretization approach was
applied to solve this problem. The battery operating time was defined from initial time
(to) to final time (tf) with the selected number of stages (ns) for discretization the
electrolyte flow rate profile. The initial guess of electrolyte flow rates was applied to
solve the ordinary differential equation for vanadium concentration variation [Eq. 4.19]
in each stage of system integration step. The final value of vanadium concentration in
stage i was used as the initial condition for stage i+1. The vanadium concentration
variation from to to tr, using the initial guess of electrolyte flow, was used for
determining the objective function. The non-linear programing optimization was
applied to find the new set of electrolyte flow rate profile, then the objective function
was calculated and compared with the later value. The calculation process stops when
the value of tolerance of electrolyte flow rate and objective function reach the desired
value. The algorithm for calculating the optimal electrolyte flow rate maximizing the

system efficiency is presented in Figure 4.3

Moreover, on-line optimization was applied to solve the optimal electrolyte
flow rate consisting the variation of charge-discharge current density and this approach
IS necessary to know the current state of vanadium concentration before solving the
optimization. As a result, Extended Kalman Filter (EKF) was applied to estimate the
vanadium concentration. The initial of state error, process noise and measurement noise
covariance matrix were defined as the input for EKF algorithm. The battery system
models [Eqgs. 4.19-4.20] were used as the reference data, while battery model according
to Eq. 4.40 was used in prediction step of EKF algorithm. The vanadium concentration
from the battery system model and prediction step were used for calculating the
modified open circuit voltage [Egs. 4.48-4.49] which refer to the measurement output
from the system and output from the model, respectively. The error between the
measurement value and model out was used for calculating the Kalman gain and
updating the vanadium concentration in correction step. The algorithm for estimating

the vanadium concentration is shown in Figure 4.4.
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Figure 4.3 Algorithm for calculating the optimal electrolyte flow rate maximizing the

system efficiency.
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Figure 4.4 Algorithm for estimating the vanadium concentration by Extended Kalman

Filter with the modified open circuit voltage measurement.

4.4 Model validation

The developed model was validated with the VRFB experimental data reported
by Ngamsai and Arpornwichanop (2015c). A single cell with an effective area of 81
cm? and SIGRACELL carbon felts (GFD 4.6) was employed as the electrode. The
electrode was activated by thermal treatment at 450 °C for 3 h. A 30- ¢z m thick APS-4

anion exchange membrane was employed. Next, 250 mL electrolyte was added to each
side of the electrolyte tank. The experiment was operated by charging and discharging
the battery at constant electric currents of 10 A and 20 A. Two peristaltic pumps were
used to circulate the electrolyte solution through the cell at a constant flow rate per
membrane surface of 0.026 mL s cm™. It was found that the open circuit voltage
obtained from the experiment and simulation [Eq. (4.1)] is lightly different, which could
be caused by the effect of Donan potential (Knehr and Kumbur, 2011) and the
disregarding of activity coefficient (Pavelka et al., 2015). In this study, the electrode
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conductivity and the standard rate constant of the positive electrode are considered the
tuning model parameters to explain the experimental actual cell voltage. The model
parameters used for the VRFB simulation are given in Table 4.4. Figure 4.5a compares
the experimental data with the simulation results, revealing that the computed results
are in good agreement with the experimental data. The maximum relative error of the
voltage during charging and discharging was 2.14%. Moreover, the model is validated
with the experimental data reported by Ngamsai and Arpornwichanop (2015a) which
presents the correlation between electrolyte imbalance level and discharge capacity.
The simulation result shows a good consistency with experimental data over the low to
medium range of imbalance level as shown in Figure 4.5b. This discrepancy result from
in simulation, the ending point of charge-discharge process were defined by voltage
limit, while the experiment is defined by the open circuit voltage. The SOC window for
simulation is decreased due to the increase of overpotential at high level of electrolyte
imbalance. As a result, the capacity from the simulation is lower than the experimental
value.

Table 4.4 Model parameters used in the simulation of VRFB

Parameters Symbols  Values References

VRFB geometry

- Height of the electrode h, 0.09m

- Width of the electrode w, 0.09 m

- Thickness of the electrode d, 0.003 m

- Thickness of the membrane e 30 gum

- Surface area of membrane A 8.1x10° m
- Porosity € 0.94

- Pore diameter of the electrode d, 1.0x10° m
- Electrode conductivity o 363 Smt

- Tank volume V& 0.25L
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Electrolyte properties

- Density

- Viscosity

- Diffusion coefficient of VV2*/\/3*
- Diffusion coefficient of

VO /IVO,*

- Diffusion coefficient of H*

- Diffusion coefficient of HSO4

D

HSO;

1300 kg m-3
0.005 Pas
24x101%m?st
3.9x 101 m? st
9.312x 10° m?s!

1.33x10°m?st

(Khazaeli et
al., 2015)

(Khazaeli et
al., 2015)

(Khazaeli et
al., 2015)

(Khazaeli et
al., 2015)

(Khazaeli et
al., 2015)

(Khazaeli et
al., 2015)

Mass transfer coefficient across the membrane

- Migration coefficient of \/2* k1% 7.0x 107 m Vst (Schafner et
al., 2018)
- Migration coefficient of V3" k%2 1.7 x10%m Vst (Schafner et
al., 2018)
- Migration coefficient of VO?* Mig 1.0x 10" m Vst (Schafner et
R al., 2018)
- Migration coefficient of VO,* Mig 1.0x 107" m Vst (Schafner et
% al., 2018)
- Electro-osmosis coefficient lg FO5° 8.0x108mVv1 (Schafner et
st al., 2018)
- Hydraulic pressure coefficient k Hver 1.2 x 107" mbar?  (Schafner et
st al., 2018)
Electrochemistry
- Standard potential for the E? -0.255 VvV
VZ# V3 reaction
- Standard potential for the ES 1.004 V
VO?#/VO," reaction
- Standard potential for the HER ~ E° ov (Shah et al.,
2010)
- Standard potential for the OER E° 1.229V (Al-Fetlawi

et al., 2010)
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- Standard rate constant for the Ko.o 6.8x 10" mst (C. L. Chen
positive electrode ' etal., 2014)
- Standard rate constant for the K, , 26x10°ms?

negative electrode '

- Exchange current density of Jo.oer 1.0x 10° Am? (Al-Fetlawi
OER ' et al., 2010)
- Reference temperature T 298.15 K

Gas constant R 8.314 J molt Kt

Faraday’s constant F 96,485 A's mol*

o 10 A (Exp.)
16 A 20 A (Exp.)
i 10 A (Sim.)
20 A (Sim.)
1.5 4
2, —_
@ =
g 14 ey
'S z
> :
£ 121 5
% &)
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1.1
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Figure 4.5 Comparison of the simulation results with the experimental data (a) charge-
discharge characteristic curve. (b) effect of imbalance level on discharge capacity

(Ngamsai and Arpornwichanop, 2015a).



CHAPTER V

PERFORMANCE ANALYSIS OF VANADIUM REDOX FLOW BATTERY
UNDER THE ELECTROLYTE IMBALANCE CONDITIONS

This chapter presents the effect of electrolyte imbalance and the operating
parameters on the vanadium redox flow battery performance. The different electrode
and membrane materials are considered for representing the cause of electrolyte
imbalance from the gassing side reactions and cross contamination problem,
respectively. In addition, the effect of key operating parameters such as the current
density, active species concentration in electrolyte solution, electrolyte temperature and
electrolyte flow rate on the battery overpotentials, rate of gassing side reaction,
discharge power and capacity and battery efficiencies are analyzed using the proposed

dynamic model of vanadium redox flow battery.

5.1 Effect of the electrolyte imbalance

The decrease in VRFB capacity during long-term operation is attributed to the
electrolyte imbalance that occurs during the charging-discharging process. The ion
exchange membrane cannot totally prevent the vanadium ions from diffusing across the
membrane due to the concentration gradient between the half-cells. Moreover, the
diffused ions go on to react with other ions in the opposite half-cell, thereby
contributing to the self-discharge reaction. This phenomenon leads to an increasing rate
of imbalance, creating a build-up of vanadium ions at one half-cell and a decrease in
ions in the other. The gassing side reactions, corresponding to the HER and OER in the
negative and positive half-cells, respectively, also contribute towards this imbalance.
The gassing side reactions that occur at the electrode surface during the charging
process consume some of the applied current, thereby enhancing the rate of capacity
decay. To further observe the effect of ionic diffusion and the gassing side reactions,
several types of electrode materials and membranes were investigated using the
following operating conditions: the battery was operated at a current density of 120 mA

cm 2 with an electrolyte flow rate of 2 mL s and a constant temperature of 298.15 K.



The initial electrolyte conditions in both half-cells comprised a 1.6 M vanadium
in 4 M H.SO4. The experimental kinetic data for the HER and redox reactions in
negative half-cells with different felt electrodes (Schweiss et al., 2016) and the
diffusion coefficients of the different membranes (Tang et al., 2011) are summarized
in Tables 5.1 and 5.2, respectively. The CMV and Nafion 115 are cation exchange
membrane, while AMV is anion exchange membrane. For electrode type 1, carbon felt
based on cellulose (rayon) precursor which was treated with high temperature of 2000
OC under argon atmosphere and were brought to thermal surface oxidation with air at
750 °C for 5 min. For electrode type 2 and 3, carbon felt based on polyacrylonitrile
(PAN) and this type has a low value of the interlayer spacing of crystalline domain,
while has a high graphitic domain; thus, PAN based material show the high electronic

conductivity.

Table 5.1 Kinetic data for the hydrogen evolution reaction (HER) and redox reactions

in negative half-cells with different electrode materials (Schweiss et al., 2016)

Electrode BET Conductivity ko V*/V¥*  HER

(mgh)  (Sm?) (ms) jo(Am?) 1
Type 1 6.5 100 21x10°  25x107  0.34
Type 2 0.5 310 6.5%x1077 6.9x10! 0.21
Type 3 1.2 460 2.6x10° 6.6x10™ 0.25

Table 5.2 VVanadium ion diffusion coefficients for different membrane types (Tang et
al., 2011)

Membrane Vanadium ion diffusion coefficient (cm? min™)
k Diff k Diff k Diff k Diff
2 3 4 5
Selemion AMV  2.94x10™ 1.8x10% 7.8x10° 2.16x10*
Selemion CMV  2.64x1073 5.96x10% 1.67x1073 1.041x10°3

Nafion 115 5.76x10° 2.1x1073 6.26x107 3.84x10°
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Table 5.3 Case studies for different types of electrodes and membrane materials

Case Electrode Membrane
1 Type 1 Selemion AMV
2 Selemion CMV
3 Nafion 115
4 Type 2 Selemion AMV
5 Selemion CMV
6 Nafion 115
7 Type 3 Selemion AMV
8 Selemion CMV
9 Nafion 115

The efficiencies (Figure 5.1) of the different batteries made from different
materials (Table 5.3) reveal that the coulombic efficiency depends on both the
membrane type and electrode material. The high diffusion of the vanadium ions causes
a self-discharge reaction. Moreover the current loss from the HER consumes some
applied current during battery charging, leading to a reduction in the coulombic
efficiency. Regarding the electrode material, the use of a Type 3 electrode (Cases 7-9)
afforded the highest coulombic efficiencies for all the membrane types. This occurred
because this electrode type displays the lowest HER exchange current density. When
considering the membrane type, the use of an AMV membrane (Cases 1, 4, and 7)
produced the highest coulombic efficiencies. These membranes exhibit the lowest
vanadium diffusion coefficient, thereby minimizing the loss caused by the self-
discharge reaction. Furthermore, the voltage efficiency varies with the different
electrode materials due to their different electronic conductivities. Thus, due to the
increased voltage efficiency, the high electronic conductivity of the Type 3 electrode

creates a low ohmic overpotential. When considering the coulombic and voltage
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efficiencies, the use of a Type 3 electrode and an AMV membrane in the VRFB

produced the highest energy efficiency.
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Figure 5.1 Efficiencies of vanadium redox flow batteries (VRFB) with different

electrode and membrane types.

The capacities of the different VRFBs during a series of uninterrupted charging-
discharging cycles are illustrated in Figures 5.2a-c. As the effect of the gassing side
reactions is also considered, the capacity loss highly depends on the electrode material.
For the Type 1 and 2 electrodes, the capacity degradation trend of VRFB with different
membrane types is similar, according to the vanadium ion diffusion coefficients. The
VRFB capacity in Cases 4 to 6 continuously decreases along the 100 cycles, resulting
in a high loss in desirable current via the HER in the Type 2 electrode. On the other
hand, in Type 3 electrodes, the trend in capacity loss differs with the use of AMV and
CMV membranes. Although the CMV membrane exhibits a relatively high initial rate
of capacity drop, the capacity does not change further during the 100 cycles.
Conversely, the capacity of the AMV membrane incessantly decreases throughout 200

cycles. In this system, the different transfer rates of the four vanadium ions continue to
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create a vanadium concentration build-up in the positive half-cell, causing a reduction
in the vanadium concentration in the negative half-cell. Interestingly, because the
current losses from the HER and OER are lower during the charging processes, the
diffusion across the membrane can reach a steady state as the battery capacity is
constant (Tang et al., 2011). In addition, the highest degradation occurs in Case 6,
which uses a Type 2 electrode and a Nafion 115 membrane. Because of the great current
loss from the HER in the Type 2 electrode and the effect of the high cross-
contamination in the Nafion 115 membrane, a capacity of ~24% was observed after
only 50 charging-discharging cycles. This rate of capacity loss is moderately consistent
with the results reported by Skyllas-Kazacos and McCann (2015), namely, a 1% loss in
capacity per cycle when an applied current of only 1% is consumed by the HER during

each charging process.
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Figure 5.2 Capacity of vanadium redox flow batteries (VRFB) with different electrode
and membrane types.
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Figure 5.3a and b present the concentration of vanadium in each oxidation state
in a VRFB operating for 200 cycles (Case 7). At the upper voltage limit, the
concentrations of the VO," and VV#* ions decrease, while that of the VO?* ions increase.
This is attributed to the high VV* ion diffusion from the negative half-cell, which causes
a high conversion of VO,* to VO?" ions according to the self-discharge reaction. As a
result, the state of charge (SOC) of the positive half-cell decreases significantly over
that of the negative half-cell. Moreover, there is an accumulation of V" ions during the
end of each cycle. This occurs because the conversion of V?* to V** ions during the
discharging process of the negative half-cell is limited by the reduction of the VO,*
ions in the positive half-cell. This reaction produces the necessary electrons for the
oxidation of V?* to VV** ions in the negative half-cell. Thus, the SOC of both half-cells
is changed by the variation in the vanadium ion concentration. The margin between the
upper and lower SOC represents the energy of the battery that can be stored and
discharged. Notably, the maximum SOC in the positive half-cell decreases from the
initial 92% to 45% due to the depletion in VO," ions. Conversely, the minimum SOC
in the negative half-cell increases from an initial 7% to 30% due to the accumulation of
VZ* jons (Figure 5.3c). On the other hand, if the HER is high, the oxidation of VO?* to
VO," ions are limited by the high concentration of V2" ions in the negative half-cell.
Since the cathodic current is partially consumed by the HER, the conversion of the
active species in the negative half-cell (V3" to V2" ions) is lower than that observed in
the positive half-cell (VO? to VO_" ions). This results in an accumulation of VO," ions
due to the limited VV#* ion concentration in the negative half-cell, which is depleted

before the VO," ions in the discharging process.
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Figure 5.3 Vanadium concentration and state of charge (SOC) of the electrolyte at the

upper and lower limit voltages during 200 cycles.

5.2 Effect of the operating conditions on battery performance

A VRFB comprising a Type 3 electrode and an AMV membrane was chosen as

a case study: (1) to elucidate the effect of the operating conditions on the battery

performance, influenced by the gassing side reactions and vanadium ion diffusion and

(2) to determine the optimal operating conditions for long-term operation. The studied

parameters are summarized in Table 5.4.

Table 5.4 Operating parameters for the performance investigation

Parameters Studied range Standard value
Current density 40-200 mA cm™ 120 mA cm™
Vanadium concentration 1.4-20M 16 M

Proton concentration 2-5M 4 M
Temperature 298.15- 318.15 K 298.15 K
Electrolyte flow rate 1-5mL st cm? 2mLs?
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5.2.1 Current density

This section presents the battery voltages during charging and discharging under
various applied current densities. The battery is charged and discharged until the battery
voltage reaches the upper and lower voltage limits, 1.7 VV and 1.1 V, respectively. A
high current density causes a faster increase and decrease in the battery voltage during
the respective charging and discharging processes. This suggests that a shorter time is
necessary for the battery to become fully charged and discharged. However, due to the
different battery overpotentials (ohmic, concentration, and activation overpotentials),
the SOC at the upper- and lower-limit voltages, at different current densities, are not

equal as shown in Figure 5.4.
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Figure 5.4 Effect of current density on battery voltage curve with maximum and

minimum SOC at voltage limit.

The effect of the current density on the total overpotentials of both electrodes at
SOC values of 0.25, 0.5, and 0.75 is illustrated in Figure 5.5a. Each type of
overpotential increases when the current density is increased from 80 to 160 mA cm-.
Particularly, the ohmic overpotential exhibits the highest change with the increase in
current density, according to the Ohm’s law. Moreover, this overpotential is less
dependent on the SOC when low current densities are applied; however, it slightly

decreases with an increase in SOC at high current densities due to the variation in the
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electrolyte conductivity. Thus, when a high current density is applied, the rate of proton
increase is significantly raised, resulting in an increase in electrolyte conductivity.
Interestingly, the activation overpotential at SOC values of 0.25 and 0.75 are equal and
higher than that observed at an SOC of 0.5. This is due to the effect of the exchange
current density, which is a function of the rate of reaction, concentration of the redox
vanadium couple, and charge transfer coefficient. At the beginning and end of the
charging process, the concentration of one of the vanadium couple ions is close to zero.
Therefore, the exchange current density has a low value, leading to an increment in the
activation overpotential. As the value of the charge transfer coefficient approaches 0.5,
the minimum activation overpotential is observed at an SOC of 0.5. Under these
conditions, the concentration of the vanadium couple is at its highest multiple value,
thereby producing the highest exchange current density. In addition, the concentration
overpotential is considerably raised with an increase in both the current density and
SOC. The latter behavior results from the depletion of vanadium reactants at the end of
the charging and discharging processes, contributing to a sharp increment in the
concentration overpotential at an SOC of 0.75. Furthermore, because of the mass
transfer limit, the concentration overpotential depends on the applied current density.
If the battery is charged or discharged at a high current density, a significant amount of
vanadium reactant is consumed by the reaction at the electrode surface. Thus, if the
mass transfer of the reactant species, from the bulk electrolyte to the electrode surface,
is constant and does not meet the required conversion, a concentration gradient is
developed between the former boundary. The current loss from the gassing side
reactions are therefore enhanced according to the increase in overpotential (Figure
5.5b). The current loss from HER increases sharply at the highest SOC value, and the
initial SOC for OER was decreased and occur at the lower SOC value. This behavior
can be explained as follows: HER occurs when the voltage at the negative electrode is
more negative than the standard potential of the HER. The standard potential of the
V2 /\/3* redox couple is -0.26 V, while that of hydrogen evolution is 0 V. Thus, HER
can inherently occur over the whole range of SOC values during the charging process.
On the other hand, OER only takes place when the voltage at the positive electrode is
more positive than the standard potential of the OER. The standard potential of the

VO?"/VO_" redox couple is 1.0 V, while that of oxygen evolution is 1.229 V. Hence,
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oxygen evolution only arises at the higher SOC where the positive half-cell voltage,
summation of the positive standard potentials, and overpotential, are higher than the
standard potential of the OER. Thus, the positive overpotential increases and the initial
SOC of OER decreases when the applied current density is high.
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Figure 5.5 Effect of current density on (a) battery overpotentials and (b) HER current
density and initial SOC of OER.

The variation in battery power, capacity, and efficiency was studied to
investigate the effect of the current density on battery performance. The discharge
capacity of the battery decreases by ~28.2% due to the reduction in the SOC window
at the voltage limits. A significant increase in the discharge power (~4.6-fold) is
observed with an increase in current density from 40 to 200 mA cm as shown in Figure
5.6a. On the other hand, the energy efficiency decreases from 93 to 68% as a result of
the overpotentials, which increase the charge voltage and decrease the discharge
voltage. Thus, the ratio of the discharge energy to the energy required for charging the
battery is decreased. Moreover, the trend in system efficiency is similar to the energy
efficiency through the current density range 40-200 mA cm. However, if the current
density at which the battery is operated is too low (<40 mA cm), the system efficiency
will decrease with the applied current. At a low current density, the battery requires a
longer time to charge and discharge fully. Thus, the energy consumed by the pump also
increases, leading to a reduction in the system efficiency (Figure 5.6b). Although a

current density of 40 mA cm achieved a high discharge capacity in the early cycles, it
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produced the lowest capacity after 80 cycles. Moreover, the rate of capacity degradation
decreased with an increase in current density. Because the battery was operated for a
shorter time, a decrease in both the mole diffusion and self-discharge reaction was
observed. Thus, the effect of using a low current density on the capacity loss is only
apparent in long-time monitoring as presented in Figure 5.7. As a result, it can be
concluded that a relatively higher current density is preferred to achieve the desired
battery discharge power and short application time. Conversely, a low current density

can be used for operations with no power and time constraints.
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5.2.2 Vanadium and proton concentrations

The effect of the initial vanadium and proton concentration on the battery
voltage and performance as well as the capacity decay in long-term charging and
discharging is next considered. The effect at different initial vanadium concentrations
of 1.4, 1.6, 1.8, and 2.0 M were investigated according to the range of vanadium
concentrations used for all-VRFB (M. Skyllas-Kazacos et al., 2013). The proton
concentration range 2.0-5.0 M was investigated because the solubility of vanadium is
reduced at higher-acid concentrations (Skyllas-Kazacos and McCann, 2015). Notably,
the time for charging and discharging the battery increases with an increase in the initial
vanadium concentration, indicating that more energy could be stored at increased

vanadium concentrations as presented in Figure 5.8.
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and minimum SOC at voltage limit.

During charging, the different overpotentials in both the electrode and
electrolyte conductivity are reduced with an increase in the vanadium concentration
Figure 5.9a. This can be clarified as follows: an increase in the vanadium concentration
improves the exchange current density and mass transfer, leading to a reduction in the
activation and concentration overpotentials, respectively. Moreover, the ohmic
overpotential is decreased due to the increment in electrolyte conductivity at high
vanadium concentrations. Notably, except for the concentration overpotential at an
SOC of 0.75, an increase in the vanadium concentration does not significantly affect
the overpotential. This is due to the effect of the mass transfer limit as mentioned above.
The effect of the proton concentration on the battery performance was also investigated.
In their study, Yang et al. (2015) reported that the ohmic overpotential was reduced and
the standard potential increased when the initial electrolyte comprised a high proton
concentration. The variation of all the overpotentials with proton concentration is
displayed in Figure 5.9b. The results confirm that an increment in proton concentration
only affects the reduction in ohmic overpotential, while the activation and concentration

overpotentials do not change over the tested SOC range.
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Figure 5.9 Effect of (a) vanadium concentration and (b) proton concentration on
overpotentials.

The effect of the vanadium and proton concentrations on the power and capacity
in the discharging process and the battery efficiency are presented in Figure 5.10a and
b. When compared to the increase in proton concentration, the increase in vanadium
concentration affords a greater increase in battery capacity. This implies that the
discharge time of the battery can be improved by applying a high vanadium
concentration. Conversely, compared to the vanadium concentration, the proton
concentration displays a more marked effect on the battery power. Although using high
vanadium and proton concentrations can increase the electrolyte conductivity,
increasing the proton concentration exhibits a greater impact on the open circuit voltage
than the vanadium concentration according to Nernst equation. As a result, the voltage
efficiency trend of the increasing proton concentration is steeper than that of the
increasing vanadium concentration. Nevertheless, the energy efficiency trend in both
cases is analogous because of the abovementioned controversial effects of the battery
capacity and power.
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Figure 5.10 Effect of vanadium and proton concentration on (a) battery capacity and

power and (b) battery efficiencies.

Figure 5.11a and b show the effect of vanadium and proton concentration on the
gassing side reactions. The current loss from the HER at each SOC also decreases with
an increase in the initial SOC of the OER. This results in the reduction of all the
overpotentials when a high initial vanadium concentration is applied. On the other hand,
an increase in the proton concentration does not reduce the HER current density.
Moreover, although the ohmic overpotential is reduced, the initial SOC of the OER
decreases because the proton concentration also affects the standard potential of the
HER and OER. The variations of the standard potentials of the V2*/V** redox couple
with the HER at the negative half-cell and the VO /VO," couple with the OER at the
positive half-cell are presented in Figure 5.12a and b. According to the Nernst equation,
an increase in proton concentration, from 2 to 5 M, does not affect the standard potential
of the V2*/\V3* redox couple. However, the standard potential of the HER increases
(more positive), thereby increasing the gap between the standard potentials. Owing to
the opposing effects of the increasing HER standard potential and the reduction in
ohmic overpotential, when a high proton concentration is applied, the HER current
density trend can be increased or decreased, depending on various factors such as the
electrode material. At the positive half-cell, an increase in the proton concentration
increases the standard potentials of both the VO?*/VO," redox couple and the OER. The
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interval between the standard potentials applied with 2 M and 5 M protons dose not
change considerably. Nevertheless, the initial SOC of the OER gradually decreases
from 0.925 to 0.917 because the high proton concentration significantly affects the
increase in standard potential of the VO#/VO,* redox couple rather than that of the

OER. This can be observed by the slope between the standard potentials.
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The long-term effects of the vanadium and proton concentrations on the battery
capacity are illustrated in Figure 5.13a and b. The data reveal that the high vanadium
concentrations produce greater capacities than the lower concentrations throughout the
200 cycles. However, the rate of capacity loss also increases when a high vanadium
concentration is applied. This contributes to the increased vanadium ion diffusion rate
across the membrane with an increase in the vanadium concentration. Although an
increase in the proton concentration can increase the current loss from the HER and
OER, the rates of capacity loss, when different proton concentrations are applied, are
similar at the end of 200 cycles. The effects of a high current loss from the HER and
OER due to the application of high proton concentrations appear in early 100 cycles.
Since the rate of the HER depends on the proton concentration, the conversion of
protons to hydrogen gas is increased at high initial proton concentrations. Thus, due to
the total HER and OER rates in the rest cycles, the remaining proton concentrations

after 100 cycles are similar for the different initial concentrations.
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Figure 5.13 Effect of (a) vanadium and (b) proton concentration on long-term

capacities.
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5.2.3 Operating temperature

The electrolyte temperature of the VRFB depends on several factors during the
charging-discharging process: (1) ohmic heat loss, the most important effect that causes
an increase in battery temperature; (2) the heat generated from the self-discharge
reactions as the vanadium ions diffuse through the membrane; (3) the heat from the
electrochemical reaction, which is proportional to the charging-discharging current and
concentration of the active species; and (4) heat transfer between the system and the
surroundings, which depends on the locations of the battery setting. In this part of the
study, the battery was operated at different constant temperatures (25 to 45 °C). The
variation in the electrolyte temperature affects the efficiency and performance of the
VRFB. In detail, the rise in electrolyte temperature increases the rate of the
electrochemical reaction, leading to a reduction in the activation overpotential. This
improves the voltage efficiency. In contrast, the coulombic efficiency decreases as the
rate of vanadium ion diffusion increases with an increment in the electrolyte
temperature. Thus, the overall energy efficiency, a function of the coulombic and
energy efficiencies, achieves the highest value at the optimal operating temperature.
Various variables, such as the membrane type, electrode material, and cell design,
create different optimal temperature conditions (Skyllas-Kazacos and McCann, 2015).
This section studies the effect of different electrolyte temperatures corresponding to the
different types of membranes. The battery capacity, power and the efficiency of three
types of membranes (AMV, CMV and Naffion 115) are illustrated in Figure 5.14a and
b. For all the membrane types, as the operating temperature increases, the reduction in
the activation overpotential enhances the discharge power and decreases the discharge
capacity. However, the rate of capacity drop depends on the diffusion rate of the
vanadium ions. Therefore, the Nafion 155 membrane was very sensitive to the
operating temperature. This was attributed to the use of the same electrode material,
whereby the trend in energy efficiency was affected by the variation in the coulombic
efficiency. Thus, the optimal temperature for the AMV, CMV, and Nafion 115
membranes were established as 35, 30, and 25 °C. In contrast, the optimal temperature
did not produce the best long-term performance capacity (Figure 5.15). Since the
diffusion rate of the vanadium ions vary with the electrolyte temperature, the rate of

capacity degradation increases with the increment of the operating temperature.
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Therefore, if the objective for the operating the battery is a long battery life cycle, the

operating temperature should be low as possible.
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Interestingly, an increase in the operating temperature always increases the
exchange current density of the HER and OER; however, it can also reduce the HER
and OER overpotentials. As a result, the current loss of the gassing side reaction
depends on both the exchange current density and its overpotential. For the Type 3
electrode, the current loss from the HER decreases with a rise in the operating
temperature because their exchange current density is low but if the temperature is too
high, the current loss from HER is increased. Thus, the effect of the overpotential
reduction is more significant than the increment of the exchange current density in
medium range of temperature. On the other hand, if the exchange current density of the
HER is high (Type 2 electrode), the current loss of the HER is enhanced when the
operating temperature is increased (Figure 5.16). Therefore, the effect of the operating
temperature on the current loss from the gassing side reaction will depend on the

exchange density, surface area, and conductivity of the electrode material.
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5.2.4 Electrolyte flow rate

In this section, the effect of different electrolyte flow rate electrolyte flow rate
on battery performance are studied. The various constant electrolyte flow rates are
applied for charging-discharge process. The concentration overpotential is decreased
because the mass transfer of reactant can be enhanced by increasing the electrolyte flow
rate. However, the activation and ohmic overpotential did not change with the
electrolyte flow rate as shown in Figure 5.17a. Thus, the HER current density was
slightly reduced, while the initial SOC of OER is less increase as presented in Figure
5.17b. Moreover, the reduction of concentration overpotential can expand charge-
discharge time to voltage limit leading to the increment of battery capacity and power
according to Figure 5.18a. Consequently, the battery energy efficiency always incresase
with the electrolyte flow rate. However, the system efficiency does not increse when
operates at high elecrolyte flow rate because the pump consumes more power at high
flow rate. Therefore, the net discharge power of the battery has to subtract the pump
power loss for discharging procress while it is included for charging process. The effect
of electrolyte flow rate on the system efficiency are shown in Figure 5.18b. It can be
noticed that the optimal value of electrolyte flow rate is approximate 2 ml s*,
nevertheless the optimal flow rate of battery depeneds on the cell structure as well as

electrolyte condition such as the electrolyte viscosity.
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Figure 5.18 Effect of electrolyte flow rate on (a) battery capacity and power and (b)
battery efficiency.

According to the concentration overpotential change with the current density
and SOC, the variable flow rate approach is proposed for manipulation the electrolyte
flow. As mention in the effect of current density on overpotential, the mass transfer of
active species decreases at high SOC due to the low concentration of reactant species.
Moreover, if battery is charged and discharged with the high current density and
constant electrolyte flow rate, the mass transfer of reactant will not meet requirement
for conversion. As a result, the electrolyte flow rate has to increase for improvement
the mass transfer limit when applied with high current density and at high SOC. The
variable flow rate approach is proposed for improvement the battery efficiency. The
minimum electrolyte flow rate is calculated based on the current density, total vanadium
concentration and SOC. In addition, the minimum flow rate is multiplied with the flow
factor for adaptation to various battery structure system and designed. The effect of
flow factor on the battery efficiency are shown in Figure 5.19a. For comparison
between the constant and variable flow rate approaches at optimal point, the highest
battery system efficiency of each approach was 78.05% and 80.85%, respectively and
the battery capacity increase from 9.37 Ah to 10.39 Ah as well. Since the pump power
loss has very valuable at only high SOC, the net pump power consumption of variable

flow rate is lower than constant flow rate approach. In addition, the battery capacity
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variation during 200 cycles of two approaches were shown in Figure 5.19b. During the
first 80 cycles, the capacity of variable flow rate approach is higher than constant flow
rate due to the improvement of mass transfer limit as mentioned whereas the rest cycles
was lower. This result can be explained by the decreasing of electrolyte flow rate
because the SOC at the latter cycles is reduced by electrolyte imbalance effect.
Although the pump power loss of variable flow rate approach is lower than the constant
flow rate, the system efficiency does not increase because the energy efficiency is
decreased from the concentration overpotential at low electrolyte flow rate for long-
term operation. Thus, the variable flow rate approach which electrolyte flow rate
change with the SOC is suitable for operation if the level of electrolyte imbalance is

low.

82 11.0 11 L
81 4 10 7 0 ®— Constant 2 ml s™!
d " L 105 fo) O+ Flow factor 6
80 4 it
@ 76 J -~ =
£ F100 2 <
iy =
£ 71 g %
& 77 4 [ & ]
= f 3 @)
76
{ r9.0
; =9 System
L { —e— Capacity
\4
74 T T T 85 T T
0 2 4 6 8 10 12 0 50 100 150 200
Flow factor Cycles

(a) (b)

Figure 5.19 (a) Effect of flow factor on battery capacity and efficiency. (b) comparison
the effect of constant and variable electrolyte flow rate approaches on long-term
capacity.



CHAPTER VI

DESIGN OF ELECTROLYTE FLOW RATE CONTROL STRATEGY FOR
IMPROVING THE PERFORMANCE OF VANADIUM REDOX FLOW
BATTERY

6.1 Problem statements

As a vanadium redox flow battery is utilized in the energy management system,
an optimization of the electrolyte flow rate is more efficiency approach to achieve the
maximum system efficiency. Although the variable flow rate approach improves the
battery efficiency by manipulating electrolyte flow rate in the function of the current
density, total vanadium concentration, and SOC, the method only considers to reducing
concentration overpotential at the end of charging-discharging process. The pumping
energy could be decreased by reducing the electrolyte flow rate throughout the initial
and middle stages while significantly increase the flow rate at the end stages. However,
to increase the system efficiency, the electrolyte flow rate should be manipulated
according to the variation of overpotentials including activation, concentration and
ohmic. As a result, the dynamic optimization is taken into account for determining the
optimal electrolyte flow rate maximizing the system efficiency which is the ratio of
total discharging energy and charging energy and could be only determined when
charging-discharging process finished. However, to maximize the system efficiency the
total energy for charging battery to reach the upper voltage limit should be the lowest
while the total discharging energy to reach the lower voltage limit should be the highest.
As a result, the maximum system efficiency problem could be determined separately
into the minimal total charging energy problem and the maximum total discharge

energy as presented in Table 6.1.
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Table 6.1 Problem statement for maximizing the system efficiency

Charging process Discharging process
t t¢
rg(ltl;l J= ! IVcharge + I:)pumpdt rgg‘)x J= tJO. IVdischarge - I:)pumpdt
subject to subject to
x=f(x(t),Q,p,t)  process model x=f(x(t),Q,p,t)  process model
X(t,) = x(0) initial condition X(t,) = x(0) initial condition
Q <Q=Q, Q <Q=Q,
V(t,)=17 Vi(t,)=11

6.2 Dynamic optimization

For charging battery, the optimal control problems were solved using the
various number of time interval with start from 20 to 80 intervals. Figure 6.1 show the
optimal flow rate profile during charging process with different time interval. As shown
in Table 6.2, when use time interval of 20, the total energy at end of charging process
is 15.7187 Wh and the terminal voltage is 1.710 V. However, when the increase the
time interval to 40, the terminal voltage decreases to 1.695 V and the total energy for
charging battery slightly decrease to 15.7183 Wh. According to this result, when the
number of time interval increase, the amount of total charging energy and the voltage
at the final time were decrease. This result could be explained by the fact that the
determined optimal profile with piecewise constant is closer to the exact optimal value

if the number of time interval increase to meet the requirement.

Table 6.2 Effect of time interval number on the total charging energy and battery

voltage
Time Charging energy Battery
interval (Wh) voltage (V)
20 15.7187 1.710
40 15.7183 1.695
60 15.7180 1.688

80 15.7179 1.687
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Figure 6.1 Optimal electrolyte profile with different time interval.

6.2.1 Comparison of the effect of electrolyte flow rate control strategies on the battery

performance

In this section, the electrolyte flow rate is optimized for minimizing the total
charging energy while maximizing the net discharging energy with the selected time
interval of 40. The battery is applied with the constant charging-discharging current
density of 120 mA cm? with the initial SOC of 1%. The battery is charged and
discharged until the battery voltage reaches the upper and lower voltage limits, 1.7 V
and 1.1 V, respectively. Figure 6.2 show the comparison of battery voltage under
different flow rate control strategies which are a constant flow rate of 2 ml s, the
variable flow rate with flow factor of 6 and the optimal flow rate. As seen, the variable
flow rate approach has the highest charging-discharging cycles time because the
electrolyte flow rate significantly increases at the end of charging-discharging process
for compensating the concertation overpotential as shown in Figure 6.3. This strategy
can extend the time that battery voltage reaches the limit voltage, which means the
battery can store and discharge more energy. However, low electrolyte flow rate in the

early and middle stage of charging battery causes the sharply increase of battery
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voltage. Consequently, the charging power of variable flow rate strategy is higher than
the constant and optimal flow rate in the early and middle stages of charging process.
Similarly, in discharging process, the discharging voltage decrease in the early and
middle stages, as a result, the discharging power of variable flow rate strategy is lower
than constant and optimal flow rate. This phenomenon can be explained as follow. The
low electrolyte flow rate increases the resident time of the active species in cell
enhancing the rate of vanadium concentration conversion as shown in Figure 6.4 and
the highly change of vanadium concentration cause the sharply increase and decrease

of open circuit voltage during charging and discharging process, respectively.
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Figure 6.2 Battery voltage curve under different flow rate control strategies.



94

5
—— Constant
------- Variable
_ 4 - ——~ Optimal
i
E :
8 3 | 5
= s i
2 fn: ;
£ HEE i
8 it J
oy 2.4 ST t
Z S i £
-] Ik e
Z Eal
= T F s
= S e T | s
i g
0 T T T T T T T
0 20 40 60 80 100 120 140
Time (min)

Figure 6.3 Electrolyte flow rate variation during charging-discharging process under
different flow rate control strategies.
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Figure 6.4 Variation of vanadium concentration in negative half-cell under different
flow rate control strategies.

Although the variable flow rate strategy can increase the battery capacity, the
low of electrolyte flow at the early stage causes the insufficient utilization of energy.
During the initial of charging battery, it considerable consumes charging power because

the battery voltage is high even though the battery SOC is low as mentioned above.
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Moreover, since the flow rate increases at the end of charging process for decreasing
the concentration overpotential and extending the energy stored time, it requires more
charging power in this period because the battery reach to high voltage. As a result, the
total energy for charging battery increase from increment of battery voltage at low SOC
and the charging time at the high voltage. Similarly, the decrease of battery voltage in
the early stage of discharging process cause the loss of high discharge power, moreover
the large consumption of pump energy at the end state is used for extending the
discharge process in the low range of discharging power. Consequently, the optimal
electrolyte flow rate has a high value in the early stage of charging-discharging process
for reducing the conversion of the vanadium concentration causing the decrease of open
circuit voltage cell in charging process and increase the open circuit in discharging
process. However, the electrolyte flow rate start deceasing as the open circuit voltage
pass the steep region because the increasing flow rate does not reduce the open circuit
in the flat region. Figure 6.5 show the effect of electrolyte flow rate on the open circuit
voltage and the result confirms that decrease the electrolyte flow rate from 1.5 ml s to
1.0 ml st slightly increase the open circuit voltage cell, while decrease to 0.5 ml s
significant increases the open circuit voltage.
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1
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—~~ 15mls
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Figure 6.5 Effect of electrolyte flow rate on the open circuit voltage.
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The comparison of charging-discharging performance with different control
strategies is presented in Table 6.3. Although the charging energy for constant flow rate
is the lowest, the battery only reaches 87.71% of SOC when the battery voltage reaches
the upper limit of 1.7 V because the flow rate is not sufficient for increasing of
concentration overpotential. The low stored energy at the end of charging process
causes the lowest of discharge capacity and system efficiency. Even though the variable
flow rate can extend the charging-time which increase the stored energy as seen from
the highest SOC of 93.08%, the total energy for charging battery increase from
increment of battery voltage at low SOC and extending of charging time at the high
voltage. Similarly, increasing the electrolyte flow rate at the end of discharging process
can increased the discharging time and achieve the highest discharge capacity of 10.11
Ah, but the pump energy is consumed for operating at low discharging power. As seen,
the variable flow rate control can maximize the battery capacity, but this approach
cannot achieve the highest system efficiency. In other hand, the optimal flow rate can
minimize the charging energy and maximize discharging energy via manipulation the
flow rate according to the variation of open circuit voltage and the concentration
overpotential which can achieve a high system efficiency of 81.26%. Furthermore, the
effect of current density on the optimal electrolyte flow rate profile was studied. Figure
6.6 presents the comparison of electrolyte flow rate between the variable flow rate and
optimal flow rate control when applied with different charging current density from 80
to 120 mA cm™. It could be noticed that the optimal flow rate increase with an increase
of current density and is similar to the variable flow rate control. This result confirm
that proposed dynamic optimization algorithm determines the optimal electrolyte flow

rate base on the variation of current density and SOC.
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Table 6.3 Comparison of charging-discharging performance under different control

strategies

Charging process

Constant flow Variable flow Optimal
flow
SOC at V=1.7(%) 87.71 93.08 91.27
Charging energy (Wh) 15.67 16.30 15.80
Charging time (min) 64.55 66.75 65.3
Discharging process
Constant flow Variable flow Optimal
flow
SOC at V=1.1 (%) 11.60 6.401 8.109
Discharging energy (Wh) 12.34 13.22 12.84
Discharging time (min) 58.10 62.45 60.20
Discharge capacity (Ah)  9.412 10.11 9.75
System efficiency (%) iy 81.10 81.26
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Figure 6.6 Comparison of electrolyte flow rate with different charging current density

between (a) variable flow rate control and (b) optimal flow rate control.
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Moreover, the effect of electrolyte imbalance on the electrolyte flow rate was
investigated. The battery was charge at constant current and electrolyte flow rate of 120
mA cm and 2 ml s, respectively. Figure 6.7 presents the comparison of electrolyte
flow rate profile under different electrolyte imbalance level between the variable flow
rate control and the optimal flow rate control. It could be noticed that the electrolyte
flow rate of variable strategy decreases while the flow rate of optimal strategy increases
with an increase of electrolyte imbalance level. Since the maximum SOC decrease
when electrolyte imbalance takes place, the electrolyte flow rate of variable control
decreases with SOC. The charging time is shorted because too low electrolyte flow rate
increases the concentration overpotential and accelerates the battery voltage to upper
limit. In contrast with the optimal flow rate control, the flow rate increases for
compensating the limiting of active species and extending the charging time when
imbalance balance level increase. The charging-discharging time of the constant,
variable and optimal flow rate control are summarized in Table 6.4. The charging-
discharging time of variable flow control is only the highest when imbalance level equal
0.1, while the latter is lowest, and this result affect the discharge capacity as shown in
Figure 6.8a. As a result, the system efficiency of variable flow rate decreases with the
imbalance level, and the optimal control flow rate achieves the high system efficiency

throughout the range of imbalance level (Figure 6.8b).
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Figure 6.7 Comparison of electrolyte flow rate under different electrolyte imbalance

level between (a) variable flow rate control (b) optimal flow rate control.
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Table 6.4 Effect of electrolyte imbalance level on the charging-discharging time of

different flow rate control strategies

Level of Charging time (min) Discharging time (min)
imbalance
Constant Variable Optimal Constant Variable Optimal
flow flow flow flow flow flow
0.1 57.85 58.86 58.00 52.57 54.70 53.50
0.2 50.67 50.32 51.12 45.48 45.10 45.90
0.3 43.45 41.89 44.16 38.33 35.65 39.20
0.4 36.22 33.53 38.10 31.16 26.33 34.15
10 84
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-] o Gl -
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Figure 6.8 Effect of electrolyte imbalance under different flow rate control strategies

on (a) battery capacity and (b) system efficiency.
6.2.2 Extended Kalman Filter for vanadium redox flow battery

Since the optimal electrolyte flow rate profile depends on the electrolyte
imbalance level relating to the vanadium concentration, it is necessary to know the
current state of vanadium concentration before solving the optimization. To monitor
the imbalance level relating to the individual half-cell state of charge (SOC), the
extended Kalman filter approach is adapted for estimating the vanadium concentration

by measurement the modified OCV. To verify the performance of estimator, various
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operating conditions were applied to the dynamic model according to Egs. (4.19) and
(4.20) for generating the reference data and the measurement outputs for the estimator.
The estimation results were compared with the reference values, subsequently the mean
absolute error of individual SOC and vanadium concentration were determined. Since
the extended Kalman filter algorithm lack of exactly tuning method, the state error (P),
process noise (Q) and measurement noise (R) covariance matrix are tuned based on trial
and error method. The initial covariance matrix assigned to the EKF are presented in
Table 6.5.

Table 6.5 Extended Kalman filter covariance matrix for vanadium redox flow batteries

Covariance matrix Value

Initial state error covariance matrix (P,)  diag (100 100 100 100)
Process noise covariance matrix (Q) diag (0.02 0.02 0.02 0.02)

Measurement noise covariance matrix (R) diag (0.0001 0.0001)

To track the variation of vanadium concentration, the battery was charged for
120 minutes with constant current density and flow rate of 60 mA cm™? and 2 ml s,
respectively. During charging process, the modified open circuit cell measures the
positive and negative open circuit voltage cell as the measurement input for extended
Kalman filter (Figure 6.9). The estimation result of vanadium concentration in both
half-cell is shown in Figure 6.10 and this result confirm that the proposed estimation
algorithm can be applied for vanadium concentration estimation. Since the dynamic
model of vanadium redox flow batteries is simplified by disregarding the convection
term of the vanadium concentration between the cell and electrolyte reservoir, the
variation of the electrolyte flow rate may affect the EKF performance. To confirm the
robustness against the electrolyte flow rate, the constant and variable electrolyte flow
rate profiles were applied on the reference model. The mean absolute error (MAE) of
vanadium concentration with different flow rate are summarized in Table 6.6. As seen,
the MAE of variable flow rate control is higher than the constant flow rate because the
low flow rate at the early stage of variable flow control affects the sharply change of
vanadium concentration. Thus, the error between the simplified model and the actual
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concentration is slightly increased when compares with the constant flow rate.

However, the estimator can handle with the variation of electrolyte flow rate and can

predict the vanadium concentration although the tuning parameters for EKF are

constant.

0.78

0.76
0.74
0.72
0.70
0.68 °®

0.66 — L]

Positive open circuit voltage (V)

064 -

0.62 T T T
0 20 40 60

Time (min)

(a)

80

100

120

Negative open circuit voltage (V)

0.80

0.78

0.76

0.74

0.70

0.68

0.66

0.64

0.62

T T T

40 60 80 100
Time (min)

(b)

Figure 6.9 Positive and negative open circuit voltage measured by modified open

circuit cell.
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Table 6.6 Mean absolute

control
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error of vanadium concentration with different flow rate

MAE of concentration estimation (mM)

Flow rate vz V3 \V/eLy VO2*
1mlst 4.794 8.192 7.571 5.117
2mlst 6.791 7.623 6.949 7.491
flow factor 3 5.080 14.183 13.503 4.419
flow factor 6 4.934 11.301 10.62 5.460

The applied current for charging-discharging battery is the essential operating

parameter affecting the variation of vanadium concentration. Hence, to confirm the

robustness against the current variation, the positive and hybrid pulse of applied current

density were used in charging battery (Figure 6.11). The vanadium concentration

variation from the reference data are compared with the estimated result as shown in

Figures 6.12 and 6.13. By the proposed estimator, it can be observed that both the

estimated positive and negative concentration converge to the reference value with the

low MAE as presented in Table 6.7 although the battery was charged-discharge with a

highly fluctuating current density.
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Figure 6.11 Charging current density with (a) positive pulse current and (b) hybrid

pulse current.
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Table 6.7 Mean absolute error of vanadium concentration with different current profile

MAE of concentration estimation (mM)

Current \VZa \Vis VOt VOt
Positive pulse 7.684 8.32 7.653 8.437
Hybrid pulse 5.464 2.015 1.638 5.752

6.3 On-line dynamic optimization

To minimize the total energy for charging process and maximize in discharging
process, the dynamic optimization problem is solved to determine a control profile of
electrolyte flow rate driven the system from initial state to a final desired state.
However, the charging-discharging current density fluctuates due to the variation of
electricity demand. The pre-specified electrolyte flow rate profile may lose the optimal
condition minimizing an objective function. An on-line optimization approach is
applied to compensate the error from predicted current profile. Moreover, the optimal
electrolyte flow rate also depends on the vanadium concentration and level of
electrolyte imbalance. The implementation of on-line optimization required the
knowledge of current states, vanadium concentration, in the system in order to modify
a new optimal profile of electrolyte flow rate. Consequently, the state estimator was
integrated into the propose on-line optimization for updating the initial condition in the

solving algorithm.
6.3.1 Effect of current density fluctuation on the optimal electrolyte flow rate profile

The optimal electrolyte flow rate profile for charging battery could be
determined by dynamic optimization if the charging current density was defined.
However, the current density can fluctuate and the optimal flow change with the amount
of charging current density as presented in section 6.2.1, thus it is important to
recalculate the optimal profile of the electrolyte flow rate to consist with the variation
of current density. Figure 6.14a show the predicted constant current density of 100 mA
cm? for charging the battery in 60 minutes, hence the electrolyte flow rate profile is

updated every 1.5 minutes if the selected time interval is 40. The optimal electrolyte
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flow rate profiled determined by the prediction charging current density is shown in
Figure 6.14c. However, the actual current density varies between the range of 60-160
mA cm? (Figure 6.14b), thus the optimal flow rate profile obtained from the on-line
optimization change with the variation of current density as presented in Figure 6.14d.
Interestingly, at the end of charging process, the on-line flow rate attempt to increase
although the charging current step decrease due to the compensating effect of

concentration overpotential at high SOC.
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Figure 6.14 Effect of current density on the optimal electrolyte flow rate profile.
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To compare the effect of electrolyte flow rate between off-line and on-line flow
rate on the battery performance, the battery voltage profile and the total energy for
charging battery were investigated (Figure 6.15). The battery voltage applied with the
off-line flow rate control is higher than the on-line flow rate control in range at the
predicted current is lower than the actual current density because the battery was
charged with the low flow rate. In contrast, if the actual current is lower than the
predicted current, the off-line flow rate is higher than the on-line flow rate causing the
decrease of battery voltage. However, the total charging energy between applied with
the on-line and off-line is slightly different because the actual charging current density
vary approximate to the predicted current, as a result the off-line flow rate could be

used for charging the battery with this actual current density profile.
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Figure 6.15 Comparison of battery voltage under off-line flow rate and on-line flow

rate control.

However, if too low current density was predicted when compare with the actual
current density as presented in Figure 6.16. The off-line electrolyte flow rate profile is
lower than the value that should be and charging battery with the off-line flow rate
significantly increase the battery voltage affecting the increase of total charging energy.

Furthermore, insufficient of electrolyte flow at high SOC cause the battery voltage
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rapidly increases to the upper limit voltage and stop the charging process as presented
in Figure 6.17. The charging process with the off-line electrolyte flow rate finished at
58.51 minutes and the SOC equals 83.97%, while charging with on-line optimal flow
rate, the battery can charge to 90.18% and the battery voltage did not reach the upper
voltage limit of 1.7 V in 60 minutes. Consequently, the on-line optimization is required
for recalculating the optimal electrolyte flow rate value to be consisted the variation of
charging-discharging current density. This approach could increase the system
efficiency and prevent the battery voltage reach to the limit voltage before the battery
achieve the desired SOC.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

A dynamic model of a vanadium redox flow battery (VRFB) taking into account
the electrolyte imbalance was first developed to investigate the efficiency and capacity
loss of the battery. The developed model explained the gassing side reactions, oxygen
(OER) and hydrogen (HER) evolution, coupled with the mass balance of the vanadium
and proton ions, and was validated with the experimental charge-discharge
characteristic voltage curves. The theoretical analysis of the electrolyte imbalance in
the VRFB using the proposed model revealed that the rate of capacity loss from the
gassing side reactions (i.e., HER and OER) depended on electrode and membrane
material as well as operating conditions. Moreover, the variation in the vanadium ions
during long-term operation relied on the presence of the gassing and self-discharge side
reactions. The proposed model can predict which half-cell has the limiting active
specie, leading to a plan for rebalancing the capacity in that half-cell. The effect of key
operating parameters on the battery performance was also analyzed for a long-term
VRFB operation. The battery power and capacity can be increased by using high
vanadium and proton concentration. However, the rate of capacity degradation
increased with an increase in the total vanadium concentration and proton
concentration; moreover, increase the proton concentration result in the increased rates
of the hydrogen and oxygen evolution. The increase in the operating temperatures
decreased the activation overpotential; however, it enhanced the diffusion of vanadium
in the VRFB, increasing the imbalance level. As a result, the VRFB was suggested to
be operated at low temperatures for avoiding the gassing and self-discharge reactions.
The variable flow rate control can reduce the energy penalty and increase the battery
capacity by decreasing the mass transfer limit. Nonetheless, this approach did not
improve the battery capacity and efficiency for the long-term operation. The
optimization problem of the VRFB was considered to improve its performance. The

results showed that the implementation of an optimal electrolyte flow rate can
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maximize the system efficiency, regarding the variation in an open circuit voltage and
concentration overpotential. When the VRFB was operated with the optimal flow rate
of electrolyte, the operating current density is increased and the level of the electrolyte
imbalance is decreased, leading to higher system efficiency than that with the constant
and variable flow rate control. Finally, an on-line dynamic optimization of the VRFB
was performed to update the optimal electrolyte flow rate profile. The extended Kalman
filter was integrated with the on-line dynamic optimization to estimate the vanadium
concentration using measured data from the modified open circuit voltage. The results
showed that the use of the on-line dynamic optimization approve can increase the
system efficiency and prevent the battery voltage from reaching the limited cell voltage

before the battery achieved the desired state of charge.

9.2 Recommendations

9.2.1 Since the concentrations of vanadium in the VRFB change with an electrolyte
volume, the effect of a variation in the electrolyte volume on the electrolyte imbalance
should be investigated. The model of the VRFB should predict the battery capacity
when the electrolyte volumes of both half cells are not equal.

9.2.2 Regarding a multi-cell VRFB system, the shunt current causes a difference in the
applied current on each cell, leading to the decrease of energy efficiency. Thus, the
effect of the shunt current loss on the battery performance should be considered for
designing the VRFB cell stack.

9.2.3 During the operation of VRFB, the battery may stay in a standby period and the
self-discharge side reactions in a cell can continuously occur. Moreover, heat of self-
discharge side reactions may cause the precipitation of vanadium in the cell. The
electrolyte should be modified with an additive for increasing the operating temperature
range and the developed model should include the effect of the electrolyte temperature

during operating and standby-periods.

9.2.4 To determine an optimal flow rate profile of electrolyte, a multi-objective function
for maximizing both battery capacity and system efficiency should be considered.

Furthermore, to solve the on-line optimization of the VRFB, the current state of
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vanadium concentrations is needed to be known. Due to its ability to handle the
nonlinear mapping with short calculation time, an artificial neural network can be
trained to estimate the vanadium concentrations from known measured variables such
as battery voltage and implemented in solving the on-line optimization problem to find
an optimal electrolyte flow rate. Thus, the performance of the artificial neural network

integrated with the on-line optimization approach should be investigated.



112

REFERENCES

Al-Fetlawi, H., Shah, A. A., & Walsh, F. C. (2009). Non-isothermal modelling of the all-
vanadium redox flow battery. Electrochimica Acta, 55, 78-89.

Al-Fetlawi, H., Shah, A. A., & Walsh, F. C. (2010). Modelling the effects of oxygen
evolution in the all-vanadium redox flow battery. Electrochimica Acta, 55, 3192-
3205.

Aneke, M., & Wang, M. (2016). Energy storage technologies and real life applications —
A state of the art review. Applied Energy, 179, 350-377.

Arpornwichanop, A., Kittisupakorn, P., & Mujtaba, I. M. (2005). On-line dynamic
optimization and control strategy for improving the performance of batch reactors.
Chemical Engineering and Processing: Process Intensification, 44, 101-114.

Badrinarayanan, R., Zhao, J., Tseng, K. J., & Skyllas-Kazacos, M. (2014). Extended
dynamic model for ion diffusion in all-vanadium redox flow battery including the
effects of temperature and bulk electrolyte transfer. Journal of Power Sources,
270, 576-586.

Boettcher, P. A., Agar, E., Dennison, C., & Kumbur, E. C. (2016). Modeling of ion
crossover in vanadium redox flow batteries: A computationally-efficient lumped
parameter approach for extended cycling. Journal of the Electrochemical Society,
163, A5244-A5252.

Chen, C. L., Yeoh, H. K., & Chakrabarti, M. H. (2014). An enhancement to Vynnycky's
model for the all-vanadium redox flow battery. Electrochimica Acta, 120, 167-
179.

Chen, H., Cong, T. N., Yang, W., Tan, C., Li, Y., & Ding, Y. (2009). Progress in electrical
energy storage system: A critical review. Progress in Natural Science, 19, 291-
312.

Fetyan, A., EI-Nagar, G. A., Lauermann, I., Schnucklake, M., Schneider, J., & Roth, C.
(2018). Detrimental role of hydrogen evolution and its temperature-dependent
impact on the performance of vanadium redox flow batteries. Journal of Energy
Chemistry.



113

Hadjipaschalis, 1., Poullikkas, A., & Efthimiou, V. (2009). Overview of current and future
energy storage technologies for electric power applications. Renewable and
Sustainable Energy Reviews, 13, 1513-1522.

Khazaeli, A., Vatani, A., Tahouni, N., & Panjeshahi, M. H. (2015). Numerical
investigation and thermodynamic analysis of the effect of electrolyte flow rate on
performance of all vanadium redox flow batteries. Journal of Power Sources, 293,
599-612.

Knehr, K. W., & Kumbur, E. C. (2011). Open circuit voltage of vanadium redox flow
batteries: Discrepancy between models and experiments. Electrochemistry
Communications, 13, 342-345.

Liu, H., Xu, Q., Yan, C., & Qiao, Y. (2011). Corrosion behavior of a positive graphite
electrode in vanadium redox flow battery. Electrochimica Acta, 56, 8783-8790.

Luo, X., Wang, J., Dooner, M., & Clarke, J. (2015). Overview of current development in
electrical energy storage technologies and the application potential in power
system operation. Applied Energy, 137, 511-536.

Ma, X., Zhang, H., Sun, C., Zou, Y., & Zhang, T. (2012). An optimal strategy of
electrolyte flow rate for vanadium redox flow battery. Journal of Power Sources,
203, 153-158.

Ma, X., Zhang, H., & Xing, F. (2011). A three-dimensional model for negative half cell
of the vanadium redox flow battery. Electrochimica Acta, 58, 238-246.

Merei, G., Adler, S., Magnor, D., & Sauer, D. U. (2015). Multi-physics Model for the
Aging Prediction of a Vanadium Redox Flow Battery System. Electrochimica
Acta, 174, 945-954.

Mohammadi, T., Chieng, S. C., & Skyllas Kazacos, M. (1997). Water transport study
across commercial ion exchange membranes in the vanadium redox flow battery.
Journal of Membrane Science, 133, 151-159.

Mohammadi, T., & Skyllas-Kazacos, M. (1995). Use of polyelectrolyte for incorporation
of ion-exchange groups in composite membranes for vanadium redox flow battery
applications. Journal of Power Sources, 56, 91-96.

Newman, J., & Thomas-Alyea, K. E. (2012). Electrochemical systems: John Wiley &
Sons.



114

Ngamsai, K., & Arpornwichanop, A. (2015a). Analysis and measurement of the
electrolyte imbalance in a vanadium redox flow battery. Journal of Power Sources,
282, 534-543.

Ngamsali, K., & Arpornwichanop, A. (2015b). Investigating the air oxidation of /(1) ions
in a vanadium redox flow battery. Journal of Power Sources, 295, 292-298.

Ngamsai, K., & Arpornwichanop, A. (2015c). Measuring the state of charge of the
electrolyte solution in a vanadium redox flow battery using a four-pole cell device.
Journal of Power Sources, 298, 150-157.

Nicolas Watrin, B. B. a. A. M. (2012). Review of adaptive systems for lithium batteries.

in Proceedings of IEEE Transportation Electrification

Conference and Expo, pp. 1-6.

Oh, K., Yoo, H., Ko, J., Won, S., & Ju, H. (2015). Three-dimensional, transient,
nonisothermal model of all-vanadium redox flow batteries. Energy, 81, 3-14.

Pavelka, M., Wandschneider, F., & Mazur, P. (2015). Thermodynamic derivation of open
circuit voltage in vanadium redox flow batteries. Journal of Power Sources, 293,
400-408.

Rohit, A. K., Devi, K. P., & Rangnekar, S. (2017). An overview of energy storage and its
importance in Indian renewable energy sector. Journal of Energy Storage, 13, 10-
23.

Roznyatovskaya, N., Herr, T., Kittinger, M., Fihl, M., Noack, J., Pinkwart, K., & Tibke,
J. (2016). Detection of capacity imbalance in vanadium electrolyte and its
electrochemical regeneration for all-vanadium redox-flow batteries. Journal of
Power Sources, 302, 79-83.

Schafner, K., Becker, M., & Turek, T. (2018). Capacity balancing for vanadium redox
flow batteries through electrolyte overflow. Journal of Applied Electrochemistry.

Schweiss, R., Pritzl, A., & Meiser, C. (2016). Parasitic hydrogen evolution at different
carbon fiber electrodes in vanadium redox flow batteries. Journal of the
Electrochemical Society, 163, A2089-A2094.

Shah, A. A., Al-Fetlawi, H., & Walsh, F. C. (2010). Dynamic modelling of hydrogen
evolution effects in the all-vanadium redox flow battery. Electrochimica Acta, 55,
1125-1139.



115

Shah, A. A., Watt-Smith, M. J., & Walsh, F. C. (2008). A dynamic performance model
for redox-flow batteries involving soluble species. Electrochimica Acta, 53, 8087-
8100.

Skyllas-Kazacos, & McCann, J. F. (2015). Chapter 10 - Vanadium redox flow batteries
(VRBs) for medium- and large-scale energy storage. In Advances in Batteries for
Medium and Large-Scale Energy Storage (pp. 329-386): Woodhead Publishing.

Skyllas-Kazacos, M., & Goh, L. (2012). Modeling of vanadium ion diffusion across the
ion exchange membrane in the vanadium redox battery. Journal of Membrane
Science, 399, 43-48.

Skyllas-Kazacos, M., Menictas, C., & Lim, T. (2013). 12 - Redox flow batteries for
medium- to large-scale energy storage A2 - Melhem, Ziad. In Electricity
Transmission, Distribution and Storage Systems (pp. 398-441): Woodhead
Publishing.

Sukkar, T., & Skyllas-Kazacos, M. (2003). Water transfer behaviour across cation
exchange membranes in the vanadium redox battery. Journal of Membrane
Science, 222, 235-247.

Sun, J., Shi, D., Zhong, H., Li, X., & Zhang, H. (2015). Investigations on the self-
discharge process in vanadium flow battery. Journal of Power Sources, 294, 562-
568.

Tang, A., Bao, J., & Skyllas-Kazacos, M. (2011). Dynamic modelling of the effects of
ion diffusion and side reactions on the capacity loss for vanadium redox flow
battery. Journal of Power Sources, 196, 10737-10747.

Tang, A., Bao, J.,, & Skyllas-Kazacos, M. (2012). Thermal modelling of battery
configuration and self-discharge reactions in vanadium redox flow battery.
Journal of Power Sources, 216, 489-501.

Tang, A., Bao, J., & Skyllas-Kazacos, M. (2014). Studies on pressure losses and flow rate
optimization in vanadium redox flow battery. Journal of Power Sources, 248, 154-
162.

Wang, T., Fu, J., Zheng, M., & Yu, Z. (2017). Dynamic control strategy for the electrolyte
flow rate of vanadium redox flow batteries. Applied Energy.



116

Weber, A. Z., Mench, M. M., Meyers, J. P., Ross, P. N., Gostick, J. T., & Liu, Q. (2011).
Redox flow batteries: a review. Journal of Applied Electrochemistry, 41, 1137.

Xiong, B., Zhao, J., Tseng, K. J., Skyllas-Kazacos, M., Lim, T. M., & Zhang, Y. (2013).
Thermal hydraulic behavior and efficiency analysis of an all-vanadium redox flow
battery. Journal of Power Sources, 242, 314-324.

Xu, Q., Zhao, T. S., & Leung, P. K. (2013). Numerical investigations of flow field designs
for vanadium redox flow batteries. Applied Energy, 105, 47-56.

Yan, Y., Li, Y., Skyllas-Kazacos, M., & Bao, J. (2016). Modelling and simulation of
thermal behaviour of vanadium redox flow battery. Journal of Power Sources,
322, 116-128.

Yang, W. W., He, Y. L., & Li, Y. S. (2015). Performance Modeling of a Vanadium Redox
Flow Battery during Discharging. Electrochimica Acta, 155, 279-287.

You, D., Zhang, H., & Chen, J. (2009). A simple model for the vanadium redox battery.
Electrochimica Acta, 54, 6827-6836.

Zhang, L., Ling, L., Xiao, M., Han, D., Wang, S., & Meng, Y. (2017). Effectively
suppressing vanadium permeation in vanadium redox flow battery application
with modified Nafion membrane with nacre-like nanoarchitectures. Journal of
Power Sources, 352, 111-117.



NAME

DATE OF BIRTH
PLACE OF BIRTH
INSTITUTIONS
ATTENDED
HOME ADDRESS

PUBLICATION

117

VITA
Tossaporn Jirabovornwisut
13 September 1993
Bangkok
Chulalongkorn university
421 Prachautid 98 Thungku Bangkok 10140
Effect of the electrolyte imbalance on performance of a

vanadium redox flow battery: Dynamic simulation and
analysis



	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	NOMENCLATURES
	CHAPTER I  INTRODUCTION
	1.1 Background and motivation
	1.2 Research objective
	1.3 Scope of research

	CHAPTER II  THEORIES
	2.1 Principle of electrochemistry
	2.1.1 Definitions
	2.1.2 Overpotential and actual cell voltage

	2.2 Cell components of vanadium redox flow battery
	2.2.1 Current collector
	2.2.2 Flexible graphite foil
	2.2.3 Graphite block
	2.2.4 Flow field
	2.2.5 Electrode
	2.2.6 Membrane

	2.3 Operation of vanadium redox flow battery
	2.4 Side reaction and capacity loss
	2.5 Kalman filter
	2.5.1 Kalman filter Algorithm
	2.5.2 Observability
	2.5.3 Tuning of Kalman Filter

	2.6 Dynamic optimization
	2.6.1 Variation approach for optimal control problem
	2.6.2 Discretization techniques with sequential approach


	CHAPTER III  LITERATURE REVIEWS
	3.1 Causes and effects of an electrolyte imbalance
	3.1.1 Gassing side reactions
	3.1.2 Air oxidation
	3.1.3 Ion diffusion
	3.1.4 Volumetric transfer

	3.2 Performance prediction by mathematical model of VRFB
	3.2.1 Application of the VRFB multi-dimensional model or zero-dimensional model
	3.2.2 Electrolyte imbalance model
	3.2.3 Pump power loss model

	3.3 Operating condition of the VRFB

	CHAPTER IV  MODELING OF VANADIUM REDOX FLOW BATTERY
	4.1 Mathematical model of vanadium redox flow battery
	4.1.1 Model assumptions
	4.1.2 Electrochemical models
	4.1.3 Conservation equation
	4.1.4 Pump power model

	4.2 Extended Kalman filter for vanadium redox flow batteries
	4.2.1 Observability matrix for vanadium redox flow batteries models

	4.3 Simulation method
	4.4 Model validation

	CHAPTER V  PERFORMANCE ANALYSIS OF VANADIUM REDOX FLOW BATTERY UNDER THE ELECTROLYTE IMBALANCE CONDITIONS
	5.1 Effect of the electrolyte imbalance
	5.2 Effect of the operating conditions on battery performance
	5.2.1 Current density
	5.2.2 Vanadium and proton concentrations
	5.2.3 Operating temperature
	5.2.4 Electrolyte flow rate


	CHAPTER VI  DESIGN OF ELECTROLYTE FLOW RATE CONTROL STRATEGY FOR IMPROVING THE PERFORMANCE OF VANADIUM REDOX FLOW BATTERY
	6.1 Problem statements
	6.2 Dynamic optimization
	6.2.1 Comparison of the effect of electrolyte flow rate control strategies on the battery performance
	6.2.2 Extended Kalman Filter for vanadium redox flow battery

	6.3 On-line dynamic optimization
	6.3.1 Effect of current density fluctuation on the optimal electrolyte flow rate profile


	CHAPTER VII  CONCLUSIONS AND RECOMMENDATIONS
	9.1 Conclusions
	9.2 Recommendations

	REFERENCES
	VITA

