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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 

side reactions. The model-based analysis of the VRFB performance revealed that the 

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 

variable flow rate did not improve the battery capacity and efficiency during long-

term operation due to the electrolyte imbalance. To solve this problem, the dynamic 

optimization was performed to determine an optimal electrolyte flow rate. The 

obtained optimal flow rate profile can maximize the system efficiency, regarding the 

variation in an open circuit voltage and concentration overpotentials, and the 

electrolyte imbalance level. To further improve the performance of the VRFB, an on-

line dynamic optimization was proposed for updating the optimal flow rate when the 

battery is operated under the intermittent current density. The extended Kalman filter 

was integrated into the proposed on-line optimization to estimate the current state of 

the vanadium concentration in the VRFB from the measurement of modified open 

circuit voltage. The results showed that the on-line optimization approach can 

increase the VRFB system efficiency and prevent the battery voltage from reaching 

to the limited voltage before the battery achieve the desired state of charge. 
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CHAPTER I 

 

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 
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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 

V2+/V3+ and VO2+/VO2
+ 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).  
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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, 
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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 
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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 II 

 

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 104 S cm-1, 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 

10-4 to 10-1 S cm-1, 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.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 
 

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 Eq. (2.1) 

,
-

i w i

i

s M It
m

nF
=         (2.1) 

i idN s I

dt nF
=         (2.2) 

where im  is the mass of species i   produced by a reaction, is  is the stoichiometric 

coefficient, n   is the number of electron transferred, ,w iM   is the molecular weight of 

species i , F  is Faraday’s constant, equal to 96487 coulombs s-1, I  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. 
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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 ( act ), the concentration overpotential or concentration 

loss ( con ) and the ohmic overpotential or ohmic loss ( ohm ). 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 ( act ) 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). 

0,electrode act,electrode act,electrodeexp - expa cF F
i i

RT RT

 
 

    
= −    

    
    (2.3) 

A positive act,electrode  produces a positive current (anodic) that represents the first term 

of Eq. (2.3) while negative act,electrode  produces a negative current (cathodic) 

representing by the second term. The parameter 0,electrodei  is called the exchange current 

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-2 to less than 10-7 mA cm-2. The parameters a and c  are called apparent 

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

ohm ohmIR =          (2.4) 

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 Eq. 

(2.5). 

surface
conc

bulk

ln
CRT

nF C


 
=  

 
      (2.5) 
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where surfaceC   and bulkC   are the concentration of active species at the electrode 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). 

 bulk surfaceC C
i nFD



− 
=  

 
       (2.6) 

which   is the diffusion layer thickness and D  is the diffusion coefficient. The limiting 

current ( limi ) 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). 

 bulk
lim

C
i nFD


=         (2.7) 

Therefore, the potential different caused by a concentration gradient can be calculated 

by Eq. (2.8). 

 
conc

lim

1
RT i

nF i


 
= − 

 
        (2.8) 

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 Eqs. (2.9) and (2.10), respectively. 

For galvanic cell:   

OCV

act ohm conc( )V E   = − + +       (2.9) 

For electrolytic cell:   

OCV

act ohm conc( )V E   = + + +       (2.10) 
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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. 

 

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 [Eqs. (2.11) and (2.12)]. During the charging process, the 

oxidation of VO2+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 VO2
+ 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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Positive half-cell reaction 

charge2

2 2discharge
VO H O VO 2H+ + + −⎯⎯⎯⎯→+ + +⎯⎯⎯⎯ e  

0

p 1.004 VE =    (2.11) 

Negative half-cell reaction 

charge3 2

discharge
V V+ − +⎯⎯⎯⎯→+ ⎯⎯⎯⎯e    0

n 0.255 VE = −   (2.12) 

 

 

Figure 2.2 Schematic and mechanism of redox reaction in a VRFB system. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 

 

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 Eqs. (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.  

2 2

2 2V 2VO 2H 3VO H O+ + + ++ + → +      (2.13) 

3 2

2V VO 2VO+ + ++ →        (2.14) 

2 2 3

2VO V 2H 2V H O+ + + ++ + → +      (2.15) 

2 3

2 2
VO 2V 4H 3V 2H O

+ + + +
+ + → +      (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 Eqs. (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 V2+ according to Eq. (2.19). This reaction will derogate the ratio of 

V2+ and VO2
+ redox couple in the charging process, as a result the discharge capacity 

is limited by the amount concentration of V2+ 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  

2
2H 2 He

+ −
+ →      0

HER 0 VE =    (2.17) 

Oxygen evolution   

2 2
2H O O 4H 4e

+ −
→ + +     0

OER 1.229 VE =   (2.18) 

Air oxidation   

2 3

2 2
O 4H 4V 4V 2H O

+ + +
+ + → +       (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. 

1 1 1 1 1x A x B u wk k k k k k− − − − −= + +       (2.20) 

y C x vk k k k= +         (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.  

| 1 1 1 1 1
ˆ ˆx A x B u

k k k k k k− − − − −
= +        (2.22) 

where | 1x̂k k−  is the predicted state vector from the previous estimated state vector ( 1x̂ k−

). A and B are the system matrixes of state and input, while 1uk− is the input vector. The 

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

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

T

| 1 1 1 1 1P A P A Qk k k k k k− − − − −= +        (2.23) 

where | 1Pk k−  is the predicted state error covariance matrix from the previous state error 

covariance matrix ( 1Pk− ), and 1Qk−  is the process noise covariance matrix. 

In correction step, firstly, the Kalman gain matrix at discrete time k  ( Kk ) is calculated 

by  

1

| 1 | 1K P C (C P C R )T T

k k k k k k k k k

−

− −= +      (2.24) 

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

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

scaling the difference between the predicted output (
| 1ŷk k−

 or 
| 1C xk k k−

) and measured 

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

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

| 1 | 1
ˆ ˆ ˆx x K (y C x )k k k k k k k k− −= + −      (2.25) 

| 1P (I K C )Pk k k k k−= −        (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 1xn   

y  Output vector 1yn   

u  Input vector 1un   

w  Process noise vector 1xn   

v  Measurement noise vector 1yn   

A  State system matrix 
x xn n  

B  Input system matrix 
x un n  

C  Observer matrix 
y xn n  

P   State error covariance matrix 
x xn n  

Q   Process noise covariance matrix 
x xn n  

R   Measurement noise covariance matrix  
y yn n  

 

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 [Eqs. (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.  

1 1 1x f (x ,u ) wk k k k− − −= +        (2.27) 

( )y h x vk k k= +         (2.28)  
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Table 2.2 Comparison of the equation set between KF and EKF 

Kalman filter (KF) Extended Kalman Filter (EKF) 

Prediction step 

1. | 1 1 1 1 1
ˆ ˆx A x B uk k k k k k− − − − −= +  

2. | 1 1 1 1 1P A P A QT

k k k k k k− − − − −= +  

Prediction step 

1. | 1 1 1
ˆ ˆx f (x ,u )k k k k− − −=  

2. | 1 1 1 1 1P A P A QT

k k k k k k− − − − −= +  

where 

1x̂

f
A

x
k

k

−


=


 

Correction step 

3. 1

| 1 | 1K P C (C P C R )T T

k k k k k k k k k

−

− −= +  

4. | 1 | 1
ˆ ˆ ˆx x K (y C x )k k k k k k k k− −= + −  

5. | 1P (I K C )Pk k k k k−= −  

Correction step 

3. 
1

| 1 | 1K P C (C P C R )T T

k k k k k k k k k

−

− −= +  

4. | 1 | 1
ˆ ˆ ˆx x K [y h(x )]k k k k k k k− −= + −  

5. | 1P (I K C )Pk k k k k−= −  

where 

| 1x̂

h
C

x
k k

k

−


=


 

 

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 Eqs. (2.27) and (2.28) are observable if the observability matrix ( obsM ) 

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

obs

n-1

C

CA
M =

CA

 
 
 
 
 
 

         (2.29) 
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The rank of matrix can be calculated by find the determinant of 
obsM . 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: 

1, 1, 1

1

2, 2, 1

x x1 a 0
u

x x0 1 1

k k

k

k k

−

−

−

      
= +      
      

     (2.30) 

   1,

1

2,

x
y = C 0 + 0 u

x

k

k k

k

 
 
 

      (2.31) 

The observability matrix is (n=2) 

 

 

1

1

obs 2-1

11 1

c 0
c 0C

M = = =1 a
c acCA =CA c 0

0 1

 
    

      
       

    (2.32) 

The determinant of obsM  is  

( ) 2

obs 1 1 1 1det M =c ac -c 0=ac   

The system is observable only if 
2

1ac 0 . For example, if a 0  which means that the 

state variable ( 1x ) has a correlation with the state variable ( 2x ), the system is 

observable if 1c 0  which means that the measurement variable ( y ) contains the 

information about ( 1x ). Meanwhile, if a 0= , the system is non-observable although the 

state variable ( 1x ) is measured. 
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2.5.3 Tuning of Kalman Filter  

The selection of the covariance matrixes 0P , Q  and R  have an effect on the 

state estimation performance of Kalman filter. The initial 0P  affect the initial 

convergence of the filter, however it is often arbitrary initialized to an identity matrix 

for simplicity. The selection of Q  and R is 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 [Eq. (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)]. 

| 1 1

0
| 1

1

| 1 | 1

1 1

| 1 | 1

1

1
lim lim

ˆ ˆ ˆx  x (y C x )

ˆ ˆ     x y C x )

     y

T

k k

k kTR
k k k k k

k k k k k k k k

k k k k k k k k

k k

P C
K C

C P C R C

C

C C

C

− −

→
−

−

− −

− −

− −

−

= = =
+

= + −

= + −

=

     (2.33) 

| 1

0 0
| 1

| 1 | 1

| 1

1
lim lim 0

ˆ ˆ ˆx  x 0 (y C x )

ˆ     x  

T

k k

k TP P
k k k k

k k k k k k k

k k

P C
K

C P C R R

−

→ →
−

− −

−

= = =
+

= +  −

=

     (2.34) 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

22 

 

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 max

min max

min(or max) ( , )

subject to

            ( , ) 0

           

           

x u
F x u

f x u

x x x

u u u

=

 

 

 

( )

min max

min max

min(or max) ( ( ), ( ), )

subject to

            ( ( ), ( ), )

            ( )

            ( )

u t
J x t u t t

dx
f x t u t t

dt

x x t x

u u t u

=
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Table 2.4 Comparison of function and functional 

Function Functional 

3

( )

1

if    1 2

y f x

y x

x y

=

= +

= → =

  
( )

( )

1

0

1

2 2

0

1

3

0

( ( )) ( )

if  ( ) 2 1 2 1

2 2 5
                                     1 1

3 3 3

J x t x t dt

x t t J t dt

t

=

= + → = +

+ = + =



   

 

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 f x  ; thus the problem can 

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

as follow. 

( )
* *

* *

* *

* *

* *

* *

2
* 2 *

2

2

2

2

2

( ) ( )

( ) ( ) 0

( ) ( )

1
    ( ) 0 ( )

2

1
    

2

1
0

2

T

x x x x

T

x x x x

T

x x x x

f x f x x

f x x f x

f f x x f x

f f
f x x x x x f x

x x

f f
x x x

x x

f f
x x x

x x







   

  

  

= =

= =

= =

 +

+ − 

 = + −

 
= +  +  + −

 

 
=  + 
 

 
 +  

 

  (2.35) 

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

minimum point are
( )

*

0

x x

f x

x
=


=


 and 

( )

*

2

2
0

x x

f x

x
=





, respectively. Similarly, the 

optimum of functional can be defined in the term of increment of functional ( J ) and 

*( )x t  is the optimal function as the variation of functional ( J ) 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: 

( ) ( )f f x x f x = + −   

Increment of functional 

( ( ) ( )) ( ( ))J J x t x t J x t = + −   

Differential of function: 

( )df f t x=    

Variation of functional 

( )

T
dJ

dJ x t
dx


 

=  
 

 

Minimum condition 

N.C 
*

( )
0

T

x x

f x

x
=


=


  

S.C 
*

2

2

( )
0

x x

f x

x
=





  

Minimum condition 

N.C. 
*( ( )) 0J x t =   

S.C. 
2 *( ( )) 0J x t    

  

 

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) 

0

0 0

min(or max)  ( ( ), ( ), )

subject to

          ( , , )

          ( )

ft

t

J F x t u t t dt

x f x u t

x t x

=

=

=



      (2.36) 

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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( , , ) ( )TL F x u t f x= + −        (2.37) 

0

( , , , , )

ft

t

J L x x u t dt=         (2.38) 

Then, the increment of function and the first variation of function can be defined as 

Eqs. (2.39) and (2.40) 

 ( , , , ) ( , , , , ) ( , , , , )J x x t J x x x x u u t J x x u t       = + + + + −   (2.39) 

0

0 0( ) ( )

        ( ) ( ) ( ) ( ) ( ) 0

ft T T T T

t

T T

f f f f f f

L d L L L L
J x u dt t x t

x dt x u x

L L
t x t L t t x t t

x x

    


 

             
= + + + +        

             

     
+ + − =    

      


 

          (2.40) 

As a result, the system contains the set of equation as 

Euler-Lagrange: 0
L d L

x dt x

 
− =

 
      (2.41) 

Initial transversality: 
0 0( ) ( ) 0

L
t x t

x



=


      (2.42) 

Final transversality: ( ) ( ) ( ) ( ) ( ) 0f f f f f f

L L
t x t L t t x t t

x x
 

    
+ − =     

  (2.43) 

Constraint equation: 0
L




=


       (2.44) 

Optimal control equation:  0
L

u


=


      (2.45) 
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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). 

0( , ( ), ( ))          [ , ]F

dx
f t x t u t t t

dt
=       (2.46) 

0

( ( ), ( ), )

ft

t

J F x t u t t dt=         (2.47) 

For applying the sequential approach, the time interval 0[ , ]Ft 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.  

min  ( max) ( )
y

or J y         (2.48) 

 1 2 1, ,..., ,P P Pn Pny u u u u−=        (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. 

 

Figure 2.3 Optimal control solution via the sequential approach (Arpornwichanop et 

al., 2005).

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

CHAPTER III 

 

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 [Eqs. (3.1) and (3.2)], 

respectively.  

 

Hydrogen evolution 
+ -

22H +2 He        (3.1) 

Oxygen evolution  
+ -

2 22H O O +4H +4e      (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 VO2+ 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 

O2 and CO2; this experiment showed that the proposed dynamic model of Al-Fetlawi 

et al. (2010) was consistent with this measurement. 

 

Figure 3.1 (a) Potentiodynamic polarization curves of a graphite electrode from 0.4 to 

1.5 V 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). 
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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 [Eq. (3.3)]. 

+ 2+ 3+

2 2O +4H +4V 4V +2H O→       (3.3) 

Air oxidation of V2+ limits the active species to the negative half-cell because 

the amount of V2+ ions are not consistent with the V5+ 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-2 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 V2+ 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 V2+ to V3+ ions, and 

reducing the imbalance between V2+ and VO2
+ 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 

-

4HSO , 
2-

4SO  and H+, act as hindrance ions at the interface. Secondly, many free sulfuric 

ions could bond with V2+ ions and form a vanadium salt (VSO4 or V(HSO4)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. 3.5c). Since 
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V3+ ions were increased by using high vanadium concentration, they could reduce the 

reactive area and hinder the air oxidation of V2+ 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. 

 

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 Ion 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 VO2+ and VO2
+ ions diffuse across the membrane and react with V2+ 

and V3+ ions in the negative half-cell, the self-discharge reactions take place [Eqs. (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 [Eqs. (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 

into half-cell 

Reaction  

+

2VO    
+ 2+ + - 3+

2 2VO +2V +4H +e 3V +2H O→  (3.4) 

2+VO   2+ 2+ + 3+

2VO +V +2H 2V +H O→   (3.5) 

+

2VO    
+ 3+ 2+

2VO +V VO→   (3.6) 

Positive half-cell 

Diffused ions 

into half-cell 

Reaction   

V2+ 2+ + + 2+

2 2V +2VO 2H 2VO +H O+ →  (3.7) 

V3+ 3+ + 2+

2V +VO 2VO→  (3.8) 

V2+ 2+ 2+ + 3+

2V +VO +2H 2V +H O→   (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 V2+ 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 c (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 (

2+ 2+ + 3+

2V >VO >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.      

 

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 

2+ 2+ + 3+

2V >VO >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 Eqs. (3.4) – (3.6), leading to a decrease in 

V2+ and an increase in V3+. For the positive half-cell, the increase of VO2+ is faster than 

that of V3+ in the negative half-cell because the higher rate of V2+ diffusion across the 

membrane increases the self-discharge reactions [Eqs. (3.7) and (3.9)], which also 

significantly decrease the VO2
+ concentration in the positive half-cell. As a result, the 

VO2
+ concentration decreased and there is only VO2+ in the positive half-cell, while 

both V2+ and V3+ still exist in the negative half-cell. Thus, the self-discharge reactions 

in region 2 can be represented by Eqs. (3.5) and (3.9). In region 3, the self-discharge 

reactions [Eqs. (3.5) and (3.9)] continually occur in negative and positive half-cells. As 

a result, the accumulation of V3+ ions are observed in both half-cells. Finally, V2+ ions 

in the negative half-cell are exhausted and the self-discharge process switches to 

regions 4 and 5. At beginning of region 5, V3+ and VO2+ ions coexist in the positive 

electrolyte, while only V3+ 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 VO2+ ion concentration is higher in the positive half-cell than in the 

negative half-cell. Hence, in this region, only diffusion of V3+ and VO2+ 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). 

 

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 0C 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 0C. 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.   

 

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. 

 

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 ( OCVE ) known as the voltage of the electrochemical 

cell without the current flow could be described by the Nernst equation according to 

Eq. (4.1) which is the potential difference between positive (
pE ) and negative ( nE ) 

electrodes as shown in Eqs. (4.2) and (4.3), respectively. The standard potentials ( 0

pE  

and 0

nE  ) are defined at the standard state which the concentration of active species (

( )iC ) is 1 mol dm-3, thus the variation from the standard state could be corrected by the 

exponential term in the Nernst equation. 

 
2 + +

2

3+ 2+
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= −  

 
 

    0 0.255 VnE = −   (4.3) 

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

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

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

2015)  that can be calculated by Eq. (4.5). The loss from electrolyte expressed as the 

function of the electrolyte conductivity ( elec )  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).  

e mem elec
ohm

e mem elec

d d d
i
  

 
= + + 

 
      (4.4) 

mem

ref

1 1
7.3exp 1268

T T


  
= −  

  
      (4.5) 

2
2 eff

elec i i i

i

F
z D c

RT
 =             (4.6) 

eff 3/2

i iD D=          (4.7) 

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

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 [Eqs. (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 (
jk )  shown by Eq. (4.10)   

2+ +
2

(1 ) ( )

0,p p VO VO

c ci Fk C C
 −

=        (4.8) 

2+ 3+

(1 ) ( )

0,n n V V

a ai Fk C C
 −

=        (4.9) 

0

ref

0 ref ,

ref

( ) 1 1
exp

j

j j

zFE T
k k

R T T

  
= −   

  
     (4.10) 

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

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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1

act,p

0,p

2
sinh

2

RT i

nF i
 −

  
=    

   

  where  2+ +
2

0,p p VO VO
i Fk C C=   (4.11) 

1

act,n

0,n

2
sinh

2

RT i

nF i
 −

  
=    

   

 where 2+ 3+0,n n V V
i Fk C C=    (4.12) 

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

electrolyte flow rate and concentration at bulk electrolyte ( bulkC ). Thus, the regulation 

of electrolyte flow rate can control the magnitude of the concentration at surface of 

electrode. The concentration loss ( conc ) 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 ( mk ) 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 ( eff

iD ), pore diameter of electrode (
fd ) and Reynolds number ( Re ) as Eq. 

(4.15).  

conc,p

,p bulk,p

ln 1
m

RT i

F k nFC


 
= − −  

 
      (4.13) 

where  2+bulk,p VO
C C=  for charging, while 

+
2

bulk,p VO
C C=   for discharging 

conc,n

,n bulk,n

ln 1
m

RT i

F k nFC


 
= − −  

 
      (4.14) 

where  3+bulk,n V
C C=  for charging while 2+bulk,n V

C C=   for discharging 

eff

, 7 0.4i
m i

f

D
k Re

d
=         (4.15) 

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 (
g ) 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). 

 

0,

(1 )
= exp

g g

g g

F
i i

RT

 − 
 
 

       (4.16) 

0

ref

0, ref,g

ref

( ) 1 1
= exp

g

g

nFE T
i i

R T T

  
−   

  
     (4.17) 

0 0

g,j j j g,jE E = + −         (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 ( ic ) in the liquid electrolyte solution and assumes that 

the electrolyte volume is constant: 

 

( ) ( )redox
mem=

e
e e t ek

k k i

dC I
V Q C C s N

dt nF
− + +     (4.19)   

( )
t

t t e tk
k k

dC
V Q C C

dt
= −       (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 ( redoxI ) in Eq. (4.21) is the applied current (
appliedI ) that 

is consumed by the gassing side reaction and can be determined by using the following 

equation (Merei et al., 2015).  

 

redox applied

e

g sI I i AV= −        (4.21) 
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The molar flux across the membrane (
memN ) is the summation of the species 

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 (  ), 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 ( p ), 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 ( is ) 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 ( Diff

iN ) Diff

mem mem/i ik C A d                              (4.22) 

Migration ( Mig

iN ) Mig

memi ik C A                                   (4.23) 

Electro-osmosis ( Eosm

iN  ) Eosm

memi ik C A                                  (4.24) 

Hydraulic pressure ( Hydr

iN ) Hydr

memi ik C pA                                  (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 ( kC ) (
i mems N ) 

At the negative half-cell   

2+ + 3+

2 2VO +2V +4H 3V +H O+   2+V
C  

2+ 2+
2

mem mem mem

V VO VO
2N N N+− − −  

2 2+ + 3+

2VO +V +2H 2V +H O+   

 

3+V
C  

+H
C  

3+ 2+
2

mem mem mem

V VO VO
+3 +2N N N+  

+ 2+
2

mem mem mem

H VO VO
4 2N N N+− −  

 

At the positive half-cell 

  

2+ + 2+

2 2V +VO +2H 3VO +H O+   4+V
C  

2+ 3+ 2+

mem mem mem

VO V V
+2 +3N N N−  

3+ 2

2V +VO 2VO+ +  5+V
C  

+H
C  

2+ 3+
2

mem mem mem

VO V V
2N N N+− − −  

+ 2+

mem mem

H V
2N N− −  

 

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: 

 

2e
pump pipe

flow

( ) ( ) ( )
h

P t p Q t Q t
A




=  +       (4.26) 

2 3

2(1 )

f

CK

d 


 
=

−
         (4.27) 
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where   is the electrolyte viscosity, eh  is the height of the electrode,   is the electrode 

porosity,   is the permeability of porous electrode, and CK  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 

efficiency (CE) 
discharge

charge

( ( )) 

( ( )) 

i t dt

i t dt




 

(4.28) 

Voltage efficiency 

(VE) 
discharge

charge

( ( )) 

( ( )) 

V t dt

V t dt




 

(4.29) 

Energy efficiency 

(EE) 

CE×VE  (4.30) 

System efficiency 

(SE) 

discharge discharge pump

charge charge pump

( ( ) ( ) ( )) 

( ( ) ( ) ( )) 

V t I t P t dt

V t I t P t dt

−

+




 

(4.31) 

Discharge 

capacity (DC) 

discharge( ( )) i t dt  (4.32) 

 

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 Eqs. (4.19) and (4.20). The number of active species in the system is 6 

variables, which are V2+, V3+, VO2+, VO2
+, 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 (
0E ) in Nernst equation changes to formal potential (

0E ) as shown in Eq. 

(4.33). 

2+ +
2

3+ 2+

V VO0

OCV

V VO

ln
C CRT

E E
F C C

 
= +  

 
 

      (4.33) 

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.  

( ) ( ) ( ) ( ) ( )2+ + 3+ 2+
2

0

V VO V VO
h x ; ln ln ln lnOCV

RT
E E C C C C

F
 − = + − −
 

(4.34) 

| 1x̂ 1 2 3 4

h h h h h
C

x x x x x
k k

k

−

     
= =  
     

  

2+ 3+ 2+ +
2V V VO VO

RT RT RT RT

FC FC FC FC

 
 =
  

    (4.35) 
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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 Eqs. (4.36) -(4.39).   

( )2+

2+ + 2+
2

V mem
1 2 5 4V VO VO

mem

f (x); 2e

dC AI
V k C k C k C

dt F d
= + − − −    (4.36) 

( )3+

3+ + 2+
2

V mem
2 3 5 4V VO VO

mem

f (x); 3 2e

dC AI
V k C k C k C

dt F d
= − + − + +   (4.37) 

( )
2+

2+ 2+ 3+

VO mem
3 4 2 3VO V V

mem

f (x); 3 2e

dC AI
V k C k C k C

dt F d
= − + − + +   (4.38) 

( )
+
2

2 3
2

VO mem
4 5 2 3

mem

f (x); 2e VO V V

dC AI
V k C k C k C

dt F d
+ + += + − − −   (4.39) 

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

2+

3+

2+

+
2

2 mem 4 mem 5 mem

mem mem mem

3 mem 4 mem 5 memV

mem mem memV

2 mem 3 mem 4 memVO

mem mem memVO

2 mem 3 mem 5 mem

mem mem mem

2
0

2 3
0

3 2
0

2
0

k A k A k A

d d d

CC k A k A k A

C d d d

C k A k A k A

C d d d

k A k A k A

d d d

− − − 
 
 

   − 
   
   =
   −
   
    

 − − −
 
 

  

2+

3+

2+

+
2

V

V

VO

VO

1/
C

F I
C

C

 
 
  +
 
 
  

(4.40) 

To confirm the observability of this system, the rank of observability matrix 

depending on the matrix C and A in Eqs. (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 (V2O5) 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 V3+ ions while the fractional term refers the 

percentage of the higher oxidation state in the solution, hence 0.50 represent 50% of 

VO2+ and the remaining is the 50% of V3+. 

 

Figure 4.1 The schematic of the experiment to measure the open circuit voltage: (a) 

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 Eqs. (4.41) - (4.43).  

Vstate 2 3:+ →+  

3 2V Ve+ − ++           
2+

3+

0 V
2 3 2 3

V

ln
CRT

E E
F C

− −

 
= −  

 
 

  (4.41) 
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Vstate 3 4:+ →+   

2 3

2VO 2H V H Oe+ + − ++ + → +    
3+

2+

0 V
3 4 3 4 2

VO H

ln
CRT

E E
F C C +

− −

 
= −  

 
 

 (4.42) 

Vstate 4 5:+ →+  

 
2

2 2VO 2H VO H Oe+ + − ++ + → +  
2+

2

0 VO
4 5 4 5 2

VO H

ln
CRT

E E
F C C+ +

− −

 
 = −
 
 

 (4.43) 

In this measurement, the potential between positive (negative) electrolyte and 

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

Mod

OCV,posE ) and the negative open circuit voltage (
Mod

OCV,negE ) are presented in Eqs. (4.44) 

and (4.45), respectively. 

2+ 2+ 2+

3+
2

2

Mod 0 0 VO VO H
OCV,pos 4 5 3 4 2

VO H V ref

ln
C

C C CRT
E E E

F C C+ +

− −

  
 = − −  

  
  

   (4.44) 

3+ 3+

2+ 2+

Mod 0 0 V V
OCV,neg 3 4 2 3 2

VO H Vref

ln
C CRT

E E E
F C C C+

− −

  
 = − −  
  
  

   (4.45) 

However, the correlation between vanadium concentration and open circuit 

voltage can be reduced in the simple form as shown in Eqs. (4.46) and (4.47) according 

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

2+

+
2

Mod 0,Mod VO
OCV,pos pos

VO

CRT
E E

F C

 
 = −
 
 

      (4.46) 

where 
2+ 2+

3+

2

0,Mod 0 0 VO H
pos 4 5 3 4 2

H V ref

1
ln

C CRT
E E E

F C C+

− −

  
 = − −  

  
  

 

3+

2+

Mod 0,Mod V
OCV,neg neg

V

ln
CRT

E E
F C

 
= −  

 
 

     (4.47) 

where 
3+

2+

0,Mod 0 0 V
neg 3 4 2 3 2

VO H ref

ln
CRT

E E E
F C C +

− −

 
= − −  
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Since the modified positive (
0,Mod

posE ) and negative (
0,Mod

negE ) standard potential are 

reported to be the constant value, the measurement equation is formulated to Eqs. (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 Eqs. (4.50) equal to 4, the system can be 

observed by this set of measurement equations.  

( ) ( ) ( )+ 2+
2

0,Mod

1 pos pos VO VO
h x ;OCV ln ln

RT
E C C

F
 − = −
 

    (4.48) 

( ) ( ) ( )2 3

0,Mod

2 neg neg V V
h x ;OCV ln ln

RT
E C C

F
+ +

 − = −
 

   (4.49) 

2+ +
2

| 1

2+ 3+

1 1 1 1

VO VO1 2 3 4

x̂ 2 2 2 2

1 2 3 4 V V

h h h h 0 0
x x x xh

C
h h h hx

0 0
x x x x

k k

k

RT RT

FC FC

RT RT

FC FC
−

      −        = = =
     

−         

 (4.50) 

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 

(t0) 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 t0 to tf, 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 [Eqs. 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 [Eqs. 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.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

62 

 

 

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 

cm2 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- 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-1 cm-2. 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 
eh   0.09 m  

- Width of the electrode 
ew   0.09 m  

- Thickness of the electrode 
ed   0.003 m  

- Thickness of the membrane 
memd   30  m  

- Surface area of membrane 
memA   8.1x10-3 m  

- Porosity     0.94  

- Pore diameter of the electrode 
fd   1.0x10-5 m  

- Electrode conductivity 
e   363 S m-1  

- Tank volume tV   0.25 L  
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Electrolyte properties 

- Density    1300 kg m−3 (Khazaeli et 

al., 2015) 

- Viscosity    0.005 Pa s (Khazaeli et 

al., 2015) 

- Diffusion coefficient of V2+/V3+ 
2 3/

V V
D D+ +   2.4 x 10-10 m2 s−1 (Khazaeli et 

al., 2015) 

- Diffusion coefficient of 

VO2+/VO2
+ 

2
2

/
VO VO

D D+ +
 3.9x 10-10 m2 s−1 (Khazaeli et 

al., 2015) 

- Diffusion coefficient of H+ 
H

D +   9.312x 10-9 m2 s−1 (Khazaeli et 

al., 2015) 

- Diffusion coefficient of HSO4
- 

4HSO
D −

  1.33 x 10-9 m2 s−1 (Khazaeli et 

al., 2015) 

Mass transfer coefficient across the membrane   

- Migration coefficient of V2+ 
2

Mig

V
k +   7.0 x 10-7 m V-1s−1 (Schafner et 

al., 2018) 

- Migration coefficient of V3+ 
3

Mig

V
k +  1.7 x 10-6 m V-1s−1 (Schafner et 

al., 2018) 

- Migration coefficient of VO2+ 
2

Mig

VO
k +  1.0 x 10-7 m V-1s−1 (Schafner et 

al., 2018) 

- Migration coefficient of VO2
+ 

2

Mig

VO
k +  1.0 x 10-7 m V-1s−1 (Schafner et 

al., 2018) 

- Electro-osmosis coefficient Eosmk  8.0 x 10-8 m V−1 

s−1 

(Schafner et 

al., 2018) 

- Hydraulic pressure coefficient Hydrk   1.2 x 10-7 m bar−1 

s−1 

(Schafner et 

al., 2018) 

Electrochemistry    

- Standard potential for the 

V2+/V3+ reaction 

0

nE   -0.255 V  

- Standard potential for the 

VO2+/VO2
+ reaction 

0

pE   1.004 V  

- Standard potential for the HER 0

HERE   0 V (Shah et al., 

2010) 

- Standard potential for the OER 0

OERE   1.229 V (Al-Fetlawi 

et al., 2010) 
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- Standard rate constant for the 

positive electrode 
0, pk   6.8 x 10-7 m s−1 (C. L. Chen 

et al., 2014) 

- Standard rate constant for the 

negative electrode 
0,nk  2.6 x 10-6 m s-1  

- Exchange current density of 

OER 
,o OERj   1.0 x 10-9 A m−2 (Al-Fetlawi 

et al., 2010) 

- Reference temperature  
refT   298.15 K  

Gas constant R   8.314 J mol−1 K−1  

Faraday’s constant F   96,485 A s mol−1  

 

 

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-1 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 H2SO4. 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 

0C under argon atmosphere and were brought to thermal surface oxidation with air at 

750 0C 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 

(m2 g-1) 

Conductivity 

(S m-1) 

k0 V2+/V3+ 

(m s-1) 

HER 

j0 (A m-2) 1-β 

Type 1 6.5 100 2.1×10-5 2.5×10-2 0.34 

Type 2 0.5 310 6.5×10-7 6.9×10-1 0.21 

Type 3 1.2 460 2.6×10-6 6.6×10-4 0.25 

 

Table 5.2 Vanadium ion diffusion coefficients for different membrane types (Tang et 

al., 2011) 

Membrane Vanadium ion diffusion coefficient (cm2 min-1) 

2

Diffk   
3

Diffk   
4

Diffk   
5

Diffk   

Selemion AMV 2.94×10-4 1.8×10-4 7.8×10-5 2.16×10-4 

Selemion CMV 2.64×10-3 5.96×10-4 1.67×10-3 1.041×10-3 

Nafion 115 5.76×10-3 2.1×10-3 6.26×10-3 3.84×10-3 
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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. 

 

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. 

 

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 VO2
+ and V2+ ions decrease, while that of the VO2+ ions increase. 

This is attributed to the high V2+ ion diffusion from the negative half-cell, which causes 

a high conversion of VO2
+ to VO2+ 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 V2+ ions during the 

end of each cycle. This occurs because the conversion of V2+ to V3+ ions during the 

discharging process of the negative half-cell is limited by the reduction of the VO2
+ 

ions in the positive half-cell. This reaction produces the necessary electrons for the 

oxidation of V2+ to V3+ 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 VO2
+ ions. Conversely, the minimum SOC 

in the negative half-cell increases from an initial 7% to 30% due to the accumulation of 

V2+ ions (Figure 5.3c). On the other hand, if the HER is high, the oxidation of VO2+ to 

VO2
+ 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 (VO2+ to VO2
+ ions). This results in an accumulation of VO2

+ ions 

due to the limited V2+ ion concentration in the negative half-cell, which is depleted 

before the VO2
+ 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-2 120 mA cm-2 

Vanadium concentration 1.4–2.0 M 1.6 M 

Proton concentration 2– 5 M 4 M 

Temperature 298.15– 318.15 K 298.15 K 

Electrolyte flow rate  1-5 mL s-1 cm-2 2 mL s-1  
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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 V 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. 

 

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-2. 

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+/V3+ 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 

VO2+/VO2
+ 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. 

 

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-2 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-2. However, if the current 

density at which the battery is operated is too low (˂40 mA cm-2), 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-2 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. 

 

Figure 5.6 Effect of current density on (a) battery power and capacity and (b) battery 

efficiency. 
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Figure 5.7 Effect of current density on long-term capacity variation. 

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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Figure 5.8 Effect of vanadium concentration on battery voltage curve with maximum 

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+/V3+ redox couple 

with the HER at the negative half-cell and the VO2+/VO2
+ 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 VO2+/VO2
+ 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 VO2+/VO2
+ redox couple rather than that of the 

OER. This can be observed by the slope between the standard potentials. 

 

Figure 5.11 Effect of (a) vanadium concentration and (b) proton concentration on HER 

current density and initial SOC of OER. 

 

Figure 5.12 Effect of proton concentration on standard potential of (a) redox couples 

VO2+/VO2
+ and OER (b) redox couples V2+/V3+ and HER. 
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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. 

 

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. 

 

Figure 5.14 Effect of operating temperature on (a) battery capacity and power and (b) 

battery efficiency. 

 

Figure 5.15 Effect of operating temperature on long-term capacity variation of AMV 

membrane. 
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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. 

 

Figure 5.16 Effect of operating temperature on HER current density at upper limit 

voltage. 
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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-1, 

nevertheless the optimal flow rate of battery depeneds on the cell structure as well as 

electrolyte condition such as the electrolyte viscosity.      

 

Figure 5.17 Effect of electrolyte flow rate on (a) overpotentials and (b) HER current 

density and initial SOC of OER. 
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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.  

 

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 
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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  

interval 

Charging energy 

(Wh) 

Battery  

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-2 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-1, 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.  

 

Figure 6.2 Battery voltage curve under different flow rate control strategies. 
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Figure 6.3 Electrolyte flow rate variation during charging-discharging process under 

different flow rate control strategies. 

 

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-1 to 

1.0 ml s-1 slightly increase the open circuit voltage cell, while decrease to 0.5 ml s-1 

significant increases the open circuit voltage. 

 

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-2. 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 (%) 78.75 81.10 81.26 

 

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-2 and 2 ml s-1, 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).   

 

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 

imbalance 

Charging time (min) Discharging time (min) 

Constant 

flow 

Variable 

flow 

Optimal 

flow 

Constant 

flow 

Variable 

flow 

Optimal 

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 

 

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 Eqs. (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 (
0P ) 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-2 and 2 ml s-1, 

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.  

 

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

circuit cell. 

 

Figure 6.10 Estimation result of vanadium concentration in (a) negative half-cell and 

(b) positive half-cell. 
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Table 6.6 Mean absolute error of vanadium concentration with different flow rate 

control 

 MAE of concentration estimation (mM) 

Flow rate V2+ V3+ VO2+ VO2
+ 

1 ml s-1 4.794 8.192 7.571 5.117 

2 ml s-1 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. 

 

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

pulse current. 
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Figure 6.12 Estimation result of vanadium concentration under positive pulse charging 

current density.  

 

Figure 6.13 Estimation result of vanadium concentration under hybrid pulse charging 

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

 MAE of concentration estimation (mM) 

Current  V2+ V3+ VO2+ VO2
+ 

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-2 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-2 (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.  

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.  

 

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.    

 

Figure 6.16 Effect of high charging current density on the on-line electrolyte flow rate 

profile. 
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Figure 6.17 Comparison of battery voltage charging with high charging current density 

under off-line flow rate and on-line flow rate control.

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

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. 
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