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Nowadays, an energy storage system (ESS) is attracting widespread research 

interest. Zinc-air battery (ZAB) is a promising candidate for ESS owing to its high energy 

density at low cost. Although ZAB has been researched in various aspects, the modeling 

aspect is still insufficient. Therefore, this work aims to study the modeling of ZAB using 

both theoretical and empirical approaches. At first, the ZAB system was analyzed using a 

theoretical approach. The studied system was an integrated system of zinc-air flow battery 

(ZAFB) and zinc electrolyzer. The zero-dimensional mathematical model was developed in 

MATLAB and validated against experimental data. The model was used to investigate 3 

parameters: potassium hydroxide (KOH) concentration, zincate ion initial concentration 

and electrolyte flowrate. Hydrogen evolution reaction (HER) was contained in the model 

therefore the current efficiency based on HER of the system can be calculated. The result 

showed that increasing KOH concentration improved the discharge energy of the battery, 

but it also promoted HER. An optimal KOH concentration of 6-7 M was obtained from the 

simulation result. Increasing zincate ion initial concentration improved the current 

efficiency of the system as it reduced HER. For electrolyte flowrate, the higher flowrate 

helped maintain the concentration of the active species in the battery; however, the higher 

flowrate also provided a negative effect on the battery performance. Next, ZAB dynamic 

behavior was investigated by empirical modeling. A linear parameter-varying model was 

proposed to examine the nonlinear behavior of ZAB. The LPV model was created from a 

set of linear time-invariant models. The data used to identify and validate the model in this 

study was measured from a homemade refuellable ZAB. As a result, it was found that the 

LPV model was able to predict the nonlinear behavior of the battery and its performance 

was comparable to the nonlinear model. Finally, the SOC estimation of ZAB was studied. 

The LPV model integrated with the extended Kalman filter algorithm was proposed as SOC 

estimator. The data used to test in this case were obtained from a laboratory-made tri-

electrode ZAFB. The tested scenarios include varied tuning parameters and the correctness 

of the initial SOC guess. The result revealed that the developed estimator was able to 

estimate true SOC value only when SOC approached zero due to the flat voltage profile of 

the flow battery. Nevertheless, the SOC estimator was capable of true SOC tracking in the 

long-term operation with multiple charge-discharge cycles. The results of this research 

provide a better comprehension and extended knowledge boundary of modeling of ZAB. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Recently, renewable energy technologies have been enthusiastically researched and 

developed owing to the rise of energy demand and crucial environmental crisis. 

Various sources of renewable energies such as solar and wind possess the capability 

to achieve the requirement. Nevertheless, the intermittent characteristic of renewable 

energy contributes to several operational problems such as an imbalance between 

energy demand and supply. For instance, a wind turbine can convert wind energy to 

electricity. The performance of wind turbines depends on wind speed which is highly 

unstable resulting in fluctuation in electricity generation. A reliable energy storage 

system (ESS) can efficiently diminish the drawback of renewable energy. In addition, 

the ESS is a key to effectively utilize the renewable energy sources 
Metal-air batteries are a promising ESS that obtains widespread research 

interest. Among them, zinc-air battery demonstrates strong potential and has a great 

possibility to attain commercialization. In recent years, zinc-air battery performance 

has been actively improved, and their energy density can reach up to 837 Wh/kg (Yan 

et al., 2018). An anodic active material of this battery is zinc (Zn) which is non-toxic, 

harmless, plentiful, and low-cost. Besides, zinc-air cell exhibits exceptional reliability, 

recyclability, and rechargeability (Zhu et al., 2016). 

A zinc-air cell can charge and discharge electricity through the 

electrochemical reaction of Zn and oxygen. During the discharge process, oxidation 

of Zn and reduction of oxygen are involved. At the negative electrode, Zn is oxidized 

into zincate ion and later precipitates to zinc oxide (ZnO). At the positive electrode, 

oxygen reduction reaction (ORR) proceeds. Vice versa, the backward reactions occur 

during the recharge process. Zincate ion is reduced to Zn at the negative electrode. At 

the positive electrode, oxygen evolution reaction (OER) takes place instead of ORR. 

The reactions are shown as followed: 

Zn + 4OH
-
↔ Zn(OH)4

2- + 2e- 
Zn(OH)4

2-↔ ZnO + 2OH
-
+ H2O  

1

2
O2 + H2O + 2e-↔2OH

- 
The overall reaction is shown as followed: 

Zn + 
1

2
O2↔ ZnO  

The zinc-air cell has been developed in various types and designs. Primary 
(non-rechargeable) cells are the most developed type and already commercialized. 
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This type of zinc-air cell is typically fabricated in button cell format which is 

exclusively used in hearing aid devices or some other small medical devices. Same as 

button cells, flexible batteries (Suren and Kheawhom, 2016) and cable-type batteries 

(Park et al., 2015) are also developed to use in small-scale applications. The button 

cells have very good performance but suffer from difficulty in scaling up. Prismatic 

design can address the scale-up problem via stacking the cell. Examples of 

applications of medium-scale primary zinc-air batteries are the power source of 

navigation instruments, marker lights, or railway signals. It is also selected to use in 

the military due to its non-explosive property. The flow batteries (Hosseini et al., 

2018a, Hosseini et al., 2018b) can be used in large-scale applications such as grid 

storage systems. The flow batteries have much higher power and capacity. The flow 

electrolyte provides the advantage in a higher power. Moreover, scaling the capacity 

up can be done independently by increasing the active material storage tank size. 

Regarding various benefits for large-scale applications, flow batteries exhibit greater 

potential than other types of batteries. 

Lately, secondary (rechargeable) cells have gained widespread interest and 

tend to be commercialized in the near future. Several challenges have to be addressed 

such as dendrite formation. As regards electrical recharge, the formation of dendritic 

zinc occurs at the zinc electrode. The dendrite can penetrate thru the separator and 

cause an electrical short-circuit. Additionally, the air electrode decomposed due to 

oxygen bubbles growth and carbon corrosion during recharge. These problems limit 

the cycle life of rechargeable zinc-air batteries. Using a mechanical recharge approach 

can avoid these mentioned issues. Active zinc can be refueled directly to the cell. By 

this approach, dendrite formation, oxygen bubble growth, and carbon corrosion are 

completely avoided because zinc is not regenerated inside the cell.  
Zinc-air battery can be developed in various aspects. Among them, the model-

based engineering is one of the effective approaches which can support the 

development of zinc-air battery. Modeling and simulation can be applied to examine 

the phenomena inside the battery or modify the battery structure. For instance, Sunu 

and Bennion (1980) developed the continuum model of a porous zinc electrode in an 

alkaline zinc battery which was able to predict the transient behavior and analyze its 

failure. Later, Mao and White (1992) modified the previous model of Sunu and 

Bennion which had been extended to comprise the separator, the air electrode, and the 

precipitation of solid zinc oxide and potassium zincate. Deiss et al. (2002) 

investigated modeling of a rechargeable zinc-air battery which focused on the 

redistribution of zinc during the battery cycling and the concentration gradient in the 

cell. Schröder and Krewer (2014) introduced the zero-dimensional model of 

secondary zinc-air battery. This model is used to analyze the effect of air composition 
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including relative humidity, carbon dioxide, and oxygen content. Recently, a 

mathematical model of zinc electrolyzer with flow electrolyte was developed by 

Dundálek et al. (2017). Their model comprised the role of hydrogen evolution 

reaction (HER) therefore the influence of HER on the efficiency and zinc morphology 

was able to be analyzed. Mostly, the mentioned works of literature were used a 

theoretical modeling approach to study the phenomena inside the battery.  

There are other modeling types that were used to study other battery types but 

lack for zinc-air battery such as the empirical model. The equivalent circuit model is 

an empirical model which can clarify the electrochemical behavior via an electrical 

circuit. According to various literature, equivalent circuit models were used to predict 

the dynamic behavior of batteries. For example, the dynamic behavior of lithium-ion 

battery was analyzed using an equivalent circuit model in many works of literature. 

Stroe et al. (2017) proposed a second-order equivalent circuit model to determine 

suitability for various applications. This model was also used to investigate zinc-

nickel battery. For example, Yao et al. (2017) build an equivalent circuit model of a 

single-cell zinc-nickel flow battery with 300 Ah. Another example type of model is 

the linear parameter varying (LPV) model which contains the varying parameters 

inside the model. Hu and Yurkovich (2011) developed an LPV battery model and 

proposed a subspace identification algorithm. The proposed LPV model was able to 

describe the dynamic of the battery under various operating conditions. 

A practical application of the dynamic model is the battery state estimation 

such as the state of charge (SOC) estimation. The estimation of the SOC of the battery 

is important for the operation of every battery type including zinc-air battery. For 

instance, Tang et al. (2011) proposed the algorithm for parameter estimation of 

lithium-ion battery including open circuit voltage and SOC using an equivalent circuit 

model. Akbar et al. (2015) developed a dynamic model with a constant charging 

current for lead-acid batteries and used it to compute open circuit voltage and 

corresponding SOC. Hu and Yurkovich (2012) developed an LPV model of a battery 

and used the model with a state observer to estimate the SOC of a lithium-ion battery. 

The dynamic model was also regularly used to estimated other battery states such as 

state of health (SOH) which reflects the remaining lifetime of the battery. 

Nevertheless, the study of state estimation still requires more consideration for 

applying in ZAB. 

This thesis is written as a research paper-based thesis which includes 3 

published research papers and a manuscript prepared for publishing in the future. All 

papers are part of the dissertation publication for graduation. The content of this thesis 

comprises 3 main parts: Model-based analysis of zinc-air flow battery, investigation 

of the dynamic behavior of the battery, and SOC estimation. 
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The first part aims to apply the modeling to investigate and improve the 

operability of zinc-air battery. The type of model used in the first part is a zero-

dimensional theoretical model. The mathematical model is developed and 

implemented in MATLAB. Some model parameters are estimated from the 

experimental data. The experimental data with various conditions is used to verify the 

model validity. The model-based analysis is adopted to investigate various operating 

parameters including electrolyte flowrate, electrolyte concentration, and zincate ion 

concentration. The optimal parameters are determined using the proposed model. 

Furthermore, the developed model can be used to study the control and operational 

strategy for the battery. The second part of this work is to examine the dynamic 

behavior of zinc-air battery using empirical modeling. The empirical models are 

identified and implemented in order to predict, monitor, and control the dynamic 

behavior of battery. The model parameters of empirical models are identified with the 

experimental dynamic response. Finally, in the last part, the estimation of SOC is 

studied using the proposed empirical model from the previous part. Extended Kalman 

filter as state estimation methods integrating with the developed models is employed 

and compared. 

1.2 Objectives 

This works can be separated into 3 parts: Model-based analysis, investigation of 

dynamic behavior, and SOC estimation. For the first part, the model-based analysis 

aims to develop mathematical models, examine the effect of operating parameters and 

develop the control and operation strategies of a zinc-air battery system. 

The second part is the investigation of the dynamic behavior of the zinc-air 

battery. The objective of this part is to examine the dynamic behavior of zinc-air 

battery using an empirical model. Various types of empirical models are used to 

identify the dynamic behavior of the battery. 

The objective of the third part, SOC estimation of zinc-air battery, is to study 

the SOC estimation for zinc-air battery using the developed model integrated with the 

SOC estimation method. 

1.3 Scopes of research 

As regards the first part of this work, model-based analysis, modeling, and simulation 

of this part are performed in MATLAB. Zero-dimension theoretical model is 

developed. The developed model is validated with the experimental data measured 

from a laboratory-made zinc-air flow battery. The flow battery is set up as a plate and 

frame cell with a stack arrangement of zinc anode separator and an air cathode. The 

data used to validate are the current density-potential (IV) curve and polarization data 
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of the battery. The studied parameters include electrolyte flowrate, initial KOH 

concentration, and initial zincate ion concentration. The values of studied parameters 

are listed in table 1.1.  

For the second part, the dynamic models are also developed using MATLAB. 

The types of the model used in this part are the state-space model, linear parameter-

varying model, and Hammerstein-Weiner model. The dynamic models are identified 

by parameter fitting. The parameters of the model are fitted using the data measured 

from a laboratory-made refuellable zinc-air battery. The design of the battery is a 

tubular cell using zinc pellets as anode active material. The measured data include 

discharge profile and step response at various current values. The method used to fit 

the parameter is the minimization of error between measured and predicted data. The 

validity and accuracy of the model are compared. The dynamic behavior between 

different current levels is investigated. 

The last part, SOC estimation, is conducted with the aid of models developed 

from the previous part. The methods of SOC estimation include coulomb counting 

and an extended Kalman filter. The experimental data are obtained from the 

laboratory-made tri-electrode zinc-air flow battery. The obtained data are used to 

validate the proposed model and test the performance of the estimation. The tested 

scenarios in this part are based on varying tuning parameters and the correctness of 

the initial SOC guess. 

Table 1.1 List of studied operating parameter 

Parameter Values Unit 

Electrolyte space velocity 10-3 to 103 s-1 

Initial KOH concentration 2 to 12 M 

Initial Zincate ion concentration 0.4 to 1.0 M 

1.4 Research benefit 

This research provides knowledge of model-based engineering in zinc-air battery 

research. The first part, Model-based analysis, provide the better insight of zinc-air 

battery from the theoretical point of view. The proposed model and idea from this part 

can also be applied in other battery types or other study fields. The second and third 

parts, investigation of dynamic behavior and state estimation, develop a more 

practical approach for a battery management system for the zinc-air battery.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

THEORIES AND LITERATURE REVIEWS 

2.1 Introduction to Zinc-air Technology 

Metal-air technology has been developed for several decades. Originally, the purpose 

of this technology is to use as a power source for small portable devices. 

Nevertheless, there are numerous attempts to improve this technology into other 

levels of application. Metal-air batteries work by utilizing electrochemical coupling of 

a metal anode and air cathode with an appropriate electrolyte. Various types of metal 

can be used in these batteries. Table 2.1 presents the comparison of properties of 

metals used in metal-air batteries. Lithium (Li) shows the highest theoretical specific 

energy and voltage, but it suffers from difficulties in operation. Li is also very 

dangerous and has limited supply amount. Other metals such as aluminum (Al), 

magnesium (Mg) or zinc (Zn) are also good candidates. Although Zn has low 

theoretical specific energy, voltage and capacity compared to other metals, the zinc-

air battery is the most developed and nearly successful to commercialize. The 

difference between theoretical and practical specific energy of Zn is smaller than 

other metals. Zn also has higher stability and reversibility compared with Al and Mg. 

For Al-air and Mg-air batteries, corrosion of Al and Mg is extremely unfavorable. 

This phenomenon makes the actual open circuit voltage (OCV) and practical specific 

energy of both batteries enormously lower than their theoretical values. Therefore, Al 

and Mg are suggested to be used with saline electrolyte instead of alkaline electrolyte 

in order to lower the corrosion effect. As regards zinc-air battery, the properties of Zn 

are well balance (Zhu et al., 2016). The corrosion resistance of Zn in the alkaline 

electrolyte is adequate. Moreover, the regeneration of the Zn discharge product is not 

difficult since Zn electrodeposition in an aqueous electrolyte is feasible. In contrast, 

Al-air and Mg-air are not electrically rechargeable therefore the recycling process of 

Al and Mg discharge products is more problematic than that of Zn. This reason truly 

makes Zn gain an advantage over other candidates. Lately, the practical energy 

density of zinc-air system has reached 837 Wh/kg in academic research (Yan et al., 

2018) and 350 Wh/kg in the industry (Energizer). These numbers already exceed the 

specific energy density of the market-dominating Li-ion battery (100 to 250 Wh/kg). 

 Zinc-air battery was first invented unintentionally when the cathode of the 

Leclanché cell was exposed to atmospheric oxygen. The Leclanché cell is a battery 

invented by the French scientist Georges Leclanché in 1866 (Leclanché, 1867). This 

battery consists of a zinc anode coupling with a mixture of manganese dioxide 

(MnO2) and carbon as a cathode and ammonium chloride electrolyte. The cathode of 
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the Leclanché cell was accidentally exposed to the air leading to the three-phase 

reaction and the change in battery performance. In 1878, a porous platinized carbon 

air cathode was first introduced to the zinc-air battery by Maiche (1878). In 1932, the 

primary zinc-air batteries were commercially launched by the National Carbon 

Company (Heise, 1933). The primary cells have high energy density but low power 

output (Zhang et al., 2019a). The most widespread application of these cells is a 

medical application such as hearing aid device or cardiac telemetry. Other 

applications are also currently seen such as traffic signals. In the last few decades, 

zinc-air batteries have been revisited as rechargeable batteries. There are two major 

applications for the commercialization of zinc-air batteries: power sources for 

electrical vehicles and grid-scale energy storage systems. In 1999, Electric Fuel Ltd. 

(EFL) developed an electrical vehicle utilizing refuellable zinc-air batteries as power 

sources (Goldstein et al., 1999). These refuellable batteries were designed as 

constructible cells. Zn anodes were replaceable cassettes that can be mechanically 

replaced at the refueling station. In 2012, the first commercialized rechargeable zinc-

air batteries for grid storage were introduced by NantEnergy (formerly Fluidic 

Energy). This technology utilized ionic liquid contained sulfonate anions in zinc-air 

battery and was able to obtain 5000 charge-discharge cycles (Wolfe et al., 2012). EOS 

is another company that successfully commercialized the zinc-air energy storage 

system. EOS proposed the tri-electrode cell with a horizontal structure and near-

neutral electrolyte and was able to obtain 2700 cycles (Amendola et al., 2013). 

Table 2.1 Properties of various metals used in metal-air batteries 

Metal Theoretical 

OCV 

(V) 

Actual 

OCV  

(V) 

Theoretical 

specific 

energy 

(kWh/kg) 

Practical 

specific 

energy 

(kWh/kg) 

Specific 

capacity 

(Ah/g) 

Widely used 

electrolyte 

type 

Li 3.4 2.4 13.0 0.9-5 3.86 non-aqueous 

Ca 3.4 2.0 4.6 n.d. 1.34 non-aqueous 

Mg 3.08 1.7 6.8 0.4-0.7 2.2 saline 

Al 2.70 1.2 8.1 0.4-1.8 2.98 saline 

Zn 1.65 1.3 1.3 0.35-0.9 0.82 alkaline 

Fe 1.3 1.0 1.2 0.6-0.8 0.96 alkaline 

2.2 Cell Configurations 

Generally, zinc-air cell consists of 2 electrodes: Zn electrode and air electrode. Both 

electrodes are separated by electrolyte and separator. 
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2.2.1 Zn electrode 

Negative electrode is Zn metal which serves as fuel for the battery. The requirements 

for Zn electrode are large surface area, high electrical conductivity and low self-

discharge (Pei et al., 2014b). The surface area can be increased by adjusting porosity 

and particle size. The higher surface area is preferred because it can provide higher 

discharge current. However, self-corrosion is also higher as a trade-off.  

The Zn electrode can have many shapes depending on the design of the 

battery. For example, the primary cell design usually uses Zn paste as anode while the 

secondary cell uses Zn coated on current collector. The current collector of Zn 

electrode can be made of material with high electrical conductivity and high corrosion 

resistance, e.g., nickel and stainless steel (Sapkota and Kim, 2009). 

Morphology of Zn can highly affect the operation of zinc-air cell and is a key 

factor that should be consider carefully. For instance, dendrite morphology provides 

large active surface area but also greatly suffer by the corrosion. Thus, this 

morphology regularly used in high power cell such as zinc-air fuel cell (Goldstein et 

al., 1999). On the other hand, low surface area morphologies, such as granular powder 

form, have lower kinetic activity but have higher corrosion resistance than dendrite 

form. These morphologies are preferred in long time and low power storage cell such 

as button cell. 

2.2.2 Air electrode 

As regards air electrode, the reactant of positive electrode is oxygen in the air. The air 

electrode should be air breathable, leak-proof and high electrically conductive (Pei et 

al., 2014b). Air electrode can be composed of 3 layers: current collector, gas diffusion 

layer (GDL) and catalytic layer. The current collector for air electrode typically made 

of porous carbon or metal such as nickel foam. The porous electrode provides large 

surface area which oxygen can attach on. To improve surface area for oxygen 

adhering, GDL is implemented. GDL normally fabricated with porous carbon 

structure which allows oxygen to diffuse through. The air electrode requires catalyst 

for oxygen reduction reaction (ORR) which naturally has sluggish kinetic. Typically, 

manganese oxide is the most widely used catalyst type for ORR in zinc-air battery 

(Neburchilov et al., 2010, Gu et al., 2017). This catalyst is notably inexpensive but 

provide decent catalytic activity. The noble metal catalysts such as silver (Ag) are also 

interesting candidates, but their economical values have been overcome by the low-

cost manganese oxide. Another property that important to the air electrode is 

hydrophobicity. ORR in zinc-air system can be considered as three-phase reaction. 

Oxygen in the air is gas phase. Electrolyte is generally liquid phase. The last is solid 

phase which is the catalyst. The balance between three phases can be optimized by 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
9 

configurating hydrophobicity of the electrode. The hydrophobic polymer such as 

polytetrafluoroethylene (PTFE) is used as binder for catalyst or GDL in order to link 

the particle together and provide the hydrophobicity. Some works used PTFE 

membrane to provide the hydrophobic layer instead of using normal GDL (Ma et al., 

2014, Li et al., 2016, Xu et al., 2018). 

2.2.3 Electrolyte 

Electrolyte is ionic conducting medium that filled inside the cell chamber and 

transport ion between negative and positive electrodes. The requirement for the 

electrolyte is high ionic conductivity. For zinc-air system, various type of electrolyte 

can be adopted; i.e. alkaline, neutral or non-aqueous. The most commonly used 

electrolyte for zinc-air cell is potassium hydroxide (KOH) which is alkaline 

electrolyte (Xu et al., 2015, R. Mainar et al., 2016). 

2.2.4 Separator 

The function of separator is to prevent contacting between negative and positive 

electrodes. The separator should selectively allow the ions to transfer across. The 

basic requirements are stable in electrolyte, electrical insulation, high ionic 

conductivity and capability to store electrolyte. The commonly used separator is 

organic porous membranes such as polypropylene membrane. 

2.3 Working Principle and Electrochemistry 

Zinc-air batteries are electrochemical cells which store energy via electrochemical 

reaction. The schematic diagram of zinc-air battery is shown in Fig. 2.1. While 

discharge, the batteries act as galvanic cells. At negative (Anode) electrode, oxidation 

of Zn or Zn dissolution is proceeded. Zn reacts with hydroxide ions and converts to 

tetrahydroxo-zincate ion (Zn(OH)4
2-) or zincate ion. Electrons are also produced from 

this reaction. When the electrolyte becomes saturated with zincate ion, the 

precipitation of zinc oxide (ZnO) occurs. 

Zn electrode reaction:  Zn + 4OH
-
 ↔ Zn(OH)4

2- + 2e-   (2.1) 

 Zn(OH)4
2- ↔ ZnO + 2OH

-
+ H2O (2.2) 

At positive (cathode) electrode, oxygen receives electrons release from Zn 

dissolution and ORR takes place.  

Air electrode reaction: 
1

2
O2 + H2O + 2e- ↔ 2OH

-
 (2.3) 

The overall reaction can be basically expressed as Zn reacts with oxygen and 

forms ZnO. The theoretical standard cell potential is 1.65 volt. 

Overall reaction:  Zn + 
1

2
O2 ↔ ZnO  (2.4) 
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During recharge process, the batteries become electrolysis cell and the 

reactions are proceeded backward. At negative (cathode) electrode, zincate ion is 

reduced into Zn metal. The reaction is the same as electrodeposition of Zn. At positive 

(anode) electrode, oxygen is generated via oxygen evolution reaction (OER). The 

reaction of recharge process can be rearranged from equation (2.1) to (2.4) as 

followed: 

Zn electrode reaction:  ZnO + 2OH
-
+ H2O ↔ Zn(OH)4

2- (2.5) 

 Zn(OH)4
2- + 2e- ↔ Zn + 4OH

-
 (2.6) 

Air electrode reaction: 2OH
- ↔ 

1

2
O2 + H2O + 2e- (2.7) 

Overall reaction:   ZnO ↔ Zn + 
1

2
O2  (2.8) 

 At the negative electrode, hydrogen evolution reaction (HER) arises as 

parasitic reaction (equation (2.9)). HER can combine with Zn dissolution resulting in 

Zn corrosion reaction as expressed in equation (2.10). Zn corrosion occurs when Zn 

contacts with aqueous electrolyte. It consumes Zn and generates hydrogen and heat. 

Consequently, the life of battery is shortened. During recharge, HER competes with 

Zn electrodeposition hence the recharge efficiency is lower. 

Parasitic reaction: 2H2O + 2e- → H2 + 2OH
-
 (2.9) 

 Zn + 2OH
-
 + 2 H2O → Zn(OH)4

2- + H2 (2.10) 

 
Figure 2.1 Schematic diagram of zinc-air flow battery 

2.4 Focuses, Progresses and Challenges 

Zinc-air batteries have been research and developed in various aspects. This section 

provides perspective of focuses, progresses and challenges of zinc-air battery 

research. 
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2.4.1 Zn electrode 

Development of Zn electrode is one of the most focused topics of zinc-air battery in 

recent years. The studies of Zn electrode are about overcoming the 4 main problems 

of Zn electrode: passivation, corrosion (hydrogen evolution), shape change and 

dendrite formation. These problems have limited the lifetime of zinc-air batteries. 

Neutralization of these problems can extend the lifespan of the batteries to exceed the 

commercialization threshold. 

 Passivation is occurred when the battery discharges. The local concentration 

of zincate ion exceeds the saturation limit resulting in the formation of ZnO film over 

the electrode surface. Consequently, the transportation of active species and the active 

surface area of the electrode are reduced. When the oxide film grows too large, the 

electrode is totally passivated and inactive. ZnO passivation is considered to have 2 

types: type I and type II (Bockelmann et al., 2017, Bockelmann et al., 2018). Type I 

ZnO is a white porous layer which precipitate over the electrode surface. This type 

does not fully passivate the electrode and it can be reversed. Another type of ZnO is 

type II which is black dense film. This type is directly grown on the surface of Zn. It 

totally blocks the electrode surface and cannot be reversed spontaneously. Type II 

ZnO is formed due to the exceeding local discharge current. Passivation can be 

reduced by flow electrolyte or adding some additive such as silicate ion (SiO3
2-). 

 As regards Zn corrosion, HER can thermodynamically proceed because its 

potential is greater than Zn electrode potential. This reaction happens on the surface 

of Zn. It consumes Zn and generate hydrogen gas resulting in capacity loss, 

electrolyte concentration change and pressure build up. During recharge, HER shares 

the charge current with the Zn electrodeposition led to charging efficiency loss. To 

suppress the corrosion, the simplest approach is interfering the reaction equilibrium 

by increasing zincate ion concentration or adding ZnO into the electrolyte (Einerhand 

et al., 1988, Sharifi et al., 2009). This method aims to reduce the activity of water and 

slows down the Zn dissolution as well as Zn corrosion. In addition, some inhibitor 

such as mercury (Hg) or bismuth (Bi) were doped into the electrode in order to 

increase the overpotential of HER (Lee et al., 2013). Electrolyte organic additives 

such as succinic acid was also used to reduce the corrosion (Lee et al., 2006b). Using 

alternative electrolyte is also a way to address this problem. Besides the alkaline 

electrolyte, near-neutral electrolyte or non-aqueous electrolyte has also been 

developed to use in zinc-air battery. The example of saline electrolyte is near-neutral 

chloride-based electrolyte which has been investigated by many researchers (Sumboja 

et al., 2016, Clark et al., 2019). The non-aqueous electrolyte has also been interesting 

since its non-corrosive property can absolutely prevent the corrosion. 
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 For secondary zinc-air battery, shape and morphology change is a 

phenomenon that can cause the battery failure. The causes of this problem are non-

uniform charge current density distribution and concentration gradient in the 

electrolyte. The shape of recharged Zn is changed from its original design shape 

resulting in changing of porosity and active area, capacity loss and battery 

deterioration from undesired morphology. The morphology of Zn is the performance 

affecting factor of Zn electrode. Different morphologies have different properties and 

have been used in different application. Shape change into the unfavored morphology 

can cause degradation in the cell performance. In some case, the morphology of Zn 

can be changes into the lower porosity morphology. It is called densification. The 

most unwanted morphology for secondary battery is dendrite which can cause the 

internal short-circuit and destroy the cell. 

 Dendritic formation is one type of morphology changing phenomenon. It 

happens when the charging process is diffusion controlled (Jing et al., 2017). At the 

high charge current density range, the concentration of zincate ion at surface is 

become very low and its concentration gradient is large. This causes the dendritic 

formation which has penetrating structure. It can damage the cell by penetration 

through the separator and cause short-circuit between two electrodes. The dendritic 

growth has been addressed by adding electrolyte additive, using alternative electrode 

design, and charging with pulse current. Additionally, mechanical recharge can 

completely avoid the short circuit caused by dendritic formation (Smedley and Zhang, 

2009). 

2.4.2 Air electrode 

Air electrode is the most performance affected part in term of cell power. Due to the 

sluggish kinetic of ORR, the reaction of air cathode is relatively slow and is 

considered to be a bottle neck for battery discharge. Therefore, the development of air 

electrode substantially improves the cell power of zinc-air battery. Most of research 

focus on the improvement of catalyst and composition of electrode. The research of 

ORR catalyst concentrates on the crystalline structure, synthesis, and fabrication 

procedure. Development of bi-functional catalyst that is good for both ORR and OER 

is also a very challenging topic. Furthermore, the ORR needs three-phase boundary as 

active site thus balancing hydrophobic and hydrophilic composition is also concerned. 

 Optimization of hydrophobicity of air electrode is crucial for the operation of 

zinc-air cell. The imbalance of hydrophobicity can cause air electrode flooding or 

drying (Pei et al., 2014b, Xu et al., 2015). For air electrode flooding, the electrolyte 

penetrates the GDL because the electrode hydrophobicity is too low. Consequently, 

oxygen diffusion resistance is increased, and ORR rate is decreased. As regards air 

electrode drying, water in electrolyte evaporates too fast when humidity in the 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
13 

ambient air is very low. Accordingly, the active site is dry and reaction rate is 

decreased. For the cell with small amount of electrolyte such as button cell, 

electrolyte can be drying out from the entire cell. The air electrode flooding or drying 

can also be prevented by humidity management. 

 Electrical recharge can cause detrimental effects to the air electrode, i.e., 

oxygen bubble growth and electrode corrosion. When the battery is charged, OER is 

proceeded, and oxygen is formed at the air electrode. The oxygen formation builds the 

pressure up and lead to mechanical degradation of air electrode. Charging process 

also induce the corrosion of electrode. Carbon and catalyst in air electrode can be 

corroded as a result of charging with high current density. Both oxygen bubble growth 

and electrode corrosion reduce the cycle life of the secondary battery. These 

phenomena can be avoided by using mechanical recharge or tri-electrode 

configuration. 

Another problem of air electrode is carbonation at air electrode or carbon 

dioxide (CO2) poisoning which relates with alkaline electrolyte. CO2 in the air can 

easily dissolve and react with alkaline solution. At first, CO2 reacts with hydroxide 

ions to forms carbonate ion (CO3
2-). When carbonate ion reaches solubility limit, 

potassium carbonate (K2CO3) salt is precipitated. The product of carbonation can be 

precipitate inside the pore of air electrode resulting in pore plugging and active site 

blocking. Moreover, the concentration of electrolyte is changed as well as its ionic 

conductivity (Schröder and Krewer, 2014). For that reason, the CO2 management 

must be concerned. 

2.4.3 Electrolyte 

Recent studies interested on various types of electrolyte ranging from aqueous 

electrolytes to non-aqueous electrolyte. Aqueous electrolytes include alkaline and 

near-neutral electrolyte. As mentioned in previous section, alkaline electrolyte is the 

most widely studied since it provides higher ionic conductivity and superior kinetic 

for Zn than other electrolytes. Thus, the development of electrolyte mostly conducted 

to reduce and prevent the problems existing in alkaline electrolyte. The problems of 

alkaline electrolyte have connection with the other parts of zinc-air battery, i.e., Zn 

corrosion, electrolyte carbonation, electrolyte drying out, electrolyte leakage, etc. 
The other types of electrolytes have also gotten widespread interest as 

alternative electrolyte. The main reason is that alkaline electrolyte exhibits higher 

hydrogen evolution than any other electrolyte. Aqueous near-neutral electrolytes such 

as zinc sulphate (ZnSO4) and zinc chloride (ZnCl2) solutions are already well known 

in Zn electroplating process. Besides the corrosion, neutral electrolyte has two more 

advantages over alkaline electrolyte. Firstly, neutral electrolyte can completely avoid 

the CO2 poisoning because CO2 absorption in neutral pH is very low. Secondly, 
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dendrite formation in neutral electrolyte is lower than in alkaline electrolyte due to the 

lower Zn solubility in neutral electrolyte. The most common near-neutral electrolyte 

is zinc chloride/ammonium chloride (ZnCl2-NH4Cl), which has been used in 

LeClanché cell. 

Non-aqueous electrolyte has been on the spotlight because it can eliminate 

various critical problem of alkaline aqueous electrolyte. There are 3 types of non-

aqueous electrolyte that have been investigated in zinc-air battery (Mainar et al., 

2018): solid polymer electrolytes (SPEs), gel polymer electrolytes (GPEs) and room 

temperature ionic liquids (RTILs). SPEs are ionic conductive solids that contain 

dissolved salts. These electrolytes have good mechanical strength and are easy to 

handle. The corrosion and battery leakage problems can be mitigated by SPEs. 

However, SPEs suffer from low ionic conductivity and passivation between polymer-

electrode interface. The most widely studied SPEs are poly (ethylene oxide)-based 

electrolytes.  

GPEs are polymer gels containing liquid electrolyte. These electrolytes are 

usually immersed in liquid electrolyte such as KOH solution. Consequently, GPEs 

have acceptably high ionic conductivity. It was reported that polyvinyl alcohol / poly 

(acrylic acid) soaked in 32% KOH can provide ionic conductivity with the same order 

of magnitude as conventional KOH electrolyte (Zhang et al., 2014). Unfortunately, 

GPEs also confront the limit of zinc ion solubility and formation of passive layer 

resulting in limitation of rechargeability. These make GPEs is still not appropriate for 

secondary batteries. 

RTILs gain considerable studies in recent years and are considered as 

promising candidate for zinc-air cell. RTILs has been developed in various names 

including molten salt, liquid organic salt or ionic liquid. RTILs are salts that have 

liquid form in room temperature. The advantages of RTILs are non-volatile, wide 

electrochemical window, no HER, no carbonation and no dendrite formation. 

Nonetheless, the ionic conductivity of RTILs is limited and it required high purity. 

Furthermore, the production and purification of RTILs are high cost and emit 

pollution. Later, deep eutectic solvents (DESs) are developed as cheaper and greener 

alternatives to RTILs (Mainar et al., 2018). 

2.4.4 Model-based engineering 

Modeling and simulation can be adopted in zinc-air batteries research for many 

purposes. These procedures can help to clarify the complicated phenomena inside the 

batteries and aid in optimization of cell design and configuration. Modeling can also 

be applied on material development level ranging from electrode material to 

electrolyte. For instance, the development of catalyst can be assisted by density 

functional theory (DFT) which utilizes quantum mechanics to predict electronic 
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structure in atomic level (Sholl and Steckel, 2009). DFT can also assist to investigate 

electrode material such as the precipitation of Li2O2 in Li-air battery (Hummelshøj et 

al., 2010, Hummelshøj et al., 2013). Another example is equilibrium thermodynamic 

model which can be used in determining the suitability of electrolyte. This model can 

also be used to construct Pourbiax diagram or Potential-pH diagram (Beverskog and 

Puigdomenech, 1997, R. Mainar et al., 2016). 

 Typically, the most useful and widely used modeling method is theoretical 

continuum model. This procedure can use in simulation of battery including 

evaluation of cell performance or investigation of transport phenomena inside the 

cells. At the beginning, the continuum model was developed to investigate Zn 

electrode and the precipitation of ZnO (Sunu and Bennion, 1980). This prototype 

model was further developed to one-dimensional model for zinc-air battery (Mao and 

White, 1992, Deiss et al., 2002). Most of the continuum models highlight on the 

principle of Zn electrode and considering the effect of ZnO precipitation. For 

example, Stamm et al. (2017) proposed the study of nucleation and growth of ZnO 

during battery discharge by using one-dimensional model. Other than that, the 

influence of air composition on the cell cycle performance was examined by using 

zero-dimensional continuum model (Schröder and Krewer, 2014). Due to the rise of 

attention to alternative electrolyte, the modeling framework for near-neutral 

electrolyte system in zinc-air battery was recently proposed by Clark et al. (2017). As 

regards Zn regeneration, various works utilized the continuum model to investigate 

the phenomena in the regeneration process. Wang et al. (2014) studied morphology 

control of Zn regeneration by computational fluid dynamic analysis. Dundálek et al. 

(2017) proposed model-based analysis of alkaline Zn electrodeposition with respect to 

the role of HER. 

 Empirical model has been used in various type of batteries, but it still lacks in 

the field of zinc-air battery. Empirical model usually uses to predict the dynamic 

behavior of the battery system. Regularly, the complexity of empirical model is lesser 

than that of theoretical continuum model. The most commonly used empirical model 

for battery research is an equivalent circuit model (ECM). The ECM can simplify the 

electrochemical characteristic of battery and describe it via the theoretical circuit. This 

type of model has been frequently used to express various types of battery such as Li-

ion battery (Tang et al., 2011, Samadani et al., 2015, Li et al., 2017b, Stroe et al., 

2017), lead-acid battery (Mauracher and Karden, 1997, Buller et al., 2003, 

Jantharamin and Zhang, 2008, Akbar et al., 2015) or Zn-Ni battery (Li et al., 2014, 

Yao et al., 2017). Zinc-air battery also received little investigation by using ECM 

(Şanal et al., 2015). 
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2.4.5 Battery State Estimation 

In order to utilize battery effectively, Battery Management System (BMS) is adopted 

in various application. BMS can optimize the used energy of battery and prevent the 

battery damaging from inappropriate operation (Pop et al., 2008). Moreover, this 

system is typically used for battery monitoring and control. The state of battery is an 

important parameter for BMS and battery users. The battery state can indicate how to 

use battery properly and helps develop the control strategy (Chang, 2013). 

The most significant state parameter is state of charge (SOC) which represents 

the remaining charge inside a battery. SOC is usually defined as the percentage or 

ratio of the current capacity to the nominal capacity of a battery. State of health 

(SOH) is another important parameter that indicate the remaining lifetime of the 

battery. SOH reflects the battery aging and capacity fading. SOH is normally defined 

as the ratio of present maximum capacity to initial maximum capacity. The accurate 

state estimation can protect the battery from unsuitable usage, prevent overcharge and 

overdischarge and prolong the life of battery. 

For SOC, the simple estimation can be done via direct measurement or book-

keeping method.  The direct measurement method relies on the relationship between 

the SOC and measurable properties such as OCV. This method can be done easily but 

the measurement requires long rest time which is problem for estimating in dynamic 

condition. The book-keeping method, such as coulomb counting, utilizes applied 

current data to estimate SOC. This method is simple but not robust. The error can be 

accumulated by the time thus, the estimation becomes inaccurate. The SOH can also 

be easily estimated via the physical analysis and direct impedance measurement 

techniques. Physical measurement techniques, such as Raman spectroscopy or X-ray 

diffraction (XRD), can obviously observe the physical change of battery but they are 

impossible to conduct in real-time estimation. The impedance measurement is also 

difficult for real-time SOH estimation. As regards advance method, the model-based 

estimation can be used to estimate various type of battery state including SOC and 

SOH. This advance method contains correction algorithm which can adapt the 

parameters dynamically. Consequently, the model-based estimation is very accurate, 

robust and suitable for the real-time estimation. 

Generally, the model-based estimation consists of a system model and an 

adaptive filter. The empirical model such as ECM is commonly used as the battery 

model because it is not too complicated (Wei et al., 2018). Nevertheless, the 

theoretical model has been tried but the model is too complicate to use with adaptive 

process. The widely used adaptive filters are various types of Kalman filter. This filter 

can update the model parameter associated with the measurement data therefore the 

real-time estimation becomes more robust. 
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2.5 Theoretical Cell Modeling 

As regards theoretical continuum model of battery, this section is divided into 5 parts 

including continuity of species, electrode kinetics, mass transport in electrolyte, cell 

potential and evaluation of cell performance. 

2.5.1 Continuity of species 

Mass and charge balances of battery cell can be done via the continuity equations. 

The mass continuity, equation (2.11), is developed by mass balance over the control 

volume. In this case, it describes the transport of chemical species k in porous 

electrode. For charge continuity, equation (2.12) describes charge conservation via the 

assumption of electroneutrality. The general equations of mass and charge continuity 

are expressed as followed: 

 
𝜕 𝐶𝑘

𝜕𝑡
= −�⃑� ∙ 𝐽 𝑘 + 𝑅𝑖 (2.11) 

 0 = −�⃑� ∙ 𝑖 + ∑ 𝑛𝑘𝐹𝑅𝑖𝑖  (2.12) 

Both continuity equations require the expression of electrolyte transport and 

electrochemical reactions to be completed. 

2.5.2 Mass transport in electrolyte 

Mass transport of species k in electrolyte can be expressed by Nernst-Planck equation: 

 𝐽 𝑘 = −[𝐷�⃑� 𝐶𝑘  −  𝐶𝑘�⃑�  +  
𝑛𝑘𝐹

𝑅𝑇
𝐷𝑘𝐶𝑘(�⃑� ∅𝑒)] (2.13) 

Where 𝐽 𝑘 is mass flux of species k which combines diffusion, convection and 

migration fluxes. −𝐷�⃑� 𝐶𝑘 represents diffusion flux (𝑗 𝑘
𝑑𝑖𝑓𝑓

). 𝐶𝑘�⃑�  denotes convective 

flux (𝑗 𝑘
𝑐𝑜𝑛𝑣). −

𝑛𝐹

𝑅𝑇
𝐷𝑘𝐶𝑘(�⃑� ∅𝑒) designates migration flux (𝑗 𝑘

𝑚𝑖𝑔
). The model 

components shown in equation (2.13) are universal form of electrolyte transport. 

Theoretically, electrolyte transport equation can be expressed by 2 different forms 

based on ionic strength and pH of the electrolyte, i.e. dilute solution theory and 

concentrated solution theory (Clark et al., 2018). As regards low ionic strength 

electrolyte, dilute solution theory can be applied. On the other hand, concentration 

solution theory can be used in the high ionic strength system which zinc-air battery 

typically is. 

Dilute Solution Theory: 

 𝑗 𝑘
𝑑𝑖𝑓𝑓

= −𝐷�⃑� 𝐶𝑘 (2.14) 

 𝑗 𝑘
𝑚𝑖𝑔

= −
𝑛𝐹

𝑅𝑇
𝐷𝑘𝐶𝑘(�⃑� ∅𝑒) (2.15) 

Concentrated Solution Theory: 

 𝑗 𝑘
𝑑𝑖𝑓𝑓,𝑚𝑖𝑔

= −𝐷�⃑� 𝐶𝑘 − 
𝑡𝑘

𝑛𝑘𝐹
𝑖  (2.16) 
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 𝑖 = −𝜅�⃑� ∅𝑒 +
𝜅

𝐹
∑

𝑡𝑘

𝑛𝑘

𝜕𝜇𝑘

𝜕𝐶𝑘
�⃑� 𝐶𝑘𝑘  (2.17) 

2.5.3 Electrode kinetics 

The rate of electrochemical reaction depends on the charge or discharge current. Thus, 

the electrochemical reaction rate is directly proportional to the applied current. As 

regards faraday’s law, the charge transfer rate is described as: 

 𝐼 =
𝑑𝑄

𝑑𝑡
 (2.18) 

Where I is the current, Q is charge and t is time. The electrochemical reaction 

produces electron equivalent to charge transfer per time or electrical current. Rate of 

electrochemical reaction in the unit of mole per time can be calculated as: 

 𝑅𝑖 =
𝑑𝑁

𝑑𝑡
=

𝑖

𝑛𝑖𝐹
 (2.19) 

Let consider an electrochemical reaction as followed: 

 𝑂𝑥 +  𝑛𝑒−  
𝑘
↔  𝑅𝑒𝑑 (2.20) 

The rate of this reaction can be written in traditional kinetic form as: 

 𝑅 = 𝑘𝑟𝑒𝑑𝑎𝑜𝑥 − 𝑘𝑜𝑥𝑎𝑟𝑒𝑑 (2.21) 

This reaction rate can be written in the net current form as followed: 

 𝑖 = 𝑛𝐹(𝑘𝑟𝑒𝑑𝑎𝑜𝑥 − 𝑘𝑜𝑥𝑎𝑟𝑒𝑑) (2.22) 

Conventionally, the reaction rate constant depends on temperature, activation energy 

and natural characteristic of the reaction and can be described via Arrhenius equation: 

 𝑘 = 𝐴 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
) (2.23) 

For electrochemical reaction, the activation energy can be inserted as applied 

potential: 

 𝑘𝑟𝑒𝑑 = 𝐴𝑟𝑒𝑑 𝑒𝑥𝑝 (
∆𝐺𝑟𝑒𝑑

𝑅𝑇
) 𝑒𝑥𝑝 (

𝛼𝑟𝑒𝑑𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) (2.24) 

 𝑘𝑜𝑥 = 𝐴𝑜𝑥 𝑒𝑥𝑝 (
∆𝐺𝑜𝑥

𝑅𝑇
) 𝑒𝑥𝑝 (

−𝛼𝑜𝑥𝑛𝐹 (𝐸−𝐸𝑒𝑞

𝑅𝑇
) (2.25) 

These can be reduced to the simple forms: 

 𝑘𝑟𝑒𝑑 = 𝑘𝑟𝑒𝑑
0  𝑒𝑥𝑝 (

𝛼𝑟𝑒𝑑𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) (2.26) 

 𝑘𝑜𝑥 = 𝑘𝑜𝑥
0  𝑒𝑥𝑝 (

−𝛼𝑜𝑥𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) (2.27) 

Inserting equation (2.22) and (2.23) into equation (2.20) gives: 

 𝑖 = 𝑛𝐹 [𝑘𝑟𝑒𝑑
0 𝑎𝑜𝑥 𝑒𝑥𝑝 (

𝛼𝑟𝑒𝑑𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) − 𝑘𝑜𝑥

0 𝑎𝑟𝑒𝑑 𝑒𝑥𝑝 (
−𝛼𝑜𝑥𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
)] (2.28) 

Considering dynamic equilibrium case, net current is zero. The oxidation and 

reduction currents are equals to each other. Both rate constants are also considered to 

be equal so that 𝑘𝑟𝑒𝑑
0 = 𝑘𝑜𝑥

0 = 𝑘0. Equation (2.28) can be further rearranged: 
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 𝑖 = 𝑛𝐹𝑘0 [𝑎𝑜𝑥 𝑒𝑥𝑝 (
𝛼𝑟𝑒𝑑𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) − 𝑎𝑟𝑒𝑑 𝑒𝑥𝑝 (

−𝛼𝑜𝑥𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
)] (2.29) 

 𝑖 = 𝑖0 [𝑎𝑜𝑥 𝑒𝑥𝑝 (
𝛼𝑟𝑒𝑑𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) − 𝑎𝑟𝑒𝑑 𝑒𝑥𝑝 (

−𝛼𝑜𝑥𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
)] (2.30) 

The equation (2.30) is one form of the Butler-Volmer equation. This equation 

describes the relation of electrochemical reaction rate and the potential applied. 𝑎𝑜𝑥 

and 𝑎𝑟𝑒𝑑 can be changed into different forms depending on the reaction system. For 

the standard state, the most common form of Butler-Volmer equation is shown in 

equation (2.31). 

 𝑖 = 𝑖0 [𝑒𝑥𝑝 (
𝛼𝑟𝑒𝑑𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑜𝑥𝑛𝐹 (𝐸−𝐸𝑒𝑞)

𝑅𝑇
)] (2.31) 

2.5.4 Cell potential 

The equilibrium electromotive force (Eemf) of battery is obtained at zero current state. 

As regards half-cell reaction, the equilibrium Eemf denotes the standard electrode 

potential (E0). The Eemf is equivalent with the standard Gibbs free energy change 

(ΔG0) of the reaction and can be calculated as followed: 

 𝐸𝑒𝑚𝑓 = 𝐸
0 =

−∆𝐺0

𝑛𝐹
 (2.32) 

 From the thermodynamics data of Gibbs energy, the equation (2.32) can be 

used to calculated E0 of any electrochemical reaction in standard state. For non-

standard state, the electrode potential deviates from the E0. To calculate the electrode 

potential at any state, Nernst equation is applied to express the effect of temperature 

and activity of reactant. This equation gives a result as Nernst potential of electrode 

(Eeq). Then, the equilibrium electrode potential of each electrode can be used to 

calculate the equilibrium cell potential (𝐸𝑒𝑞,𝑐𝑒𝑙𝑙) or Nernst potential of the cell or 

OCV. 

 𝐸𝑒𝑞 = 𝐸
0 −

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝑎𝑟𝑒𝑑

𝑎𝑜𝑥
) (2.33) 

 𝐸𝑒𝑞,𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑞
𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 − 𝐸𝑒𝑞

𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
 (2.34) 

Where 𝑎𝑟𝑒𝑑 and 𝑎𝑜𝑥 are the activity of reduced and oxidized form of reactant, 

respectively. E is electrode potential. Superscript 0 stands for standard state. Subscript 

eq stands for equilibrium. 

 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑞,𝑐𝑒𝑙𝑙 − 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (2.35) 

 Furthermore, when battery discharges or charges, the cell voltage is different 

from the equilibrium potential. In order to calculate cell potential, potential losses 

must be accounted, i.e., activation loss, ohmic loss and concentration loss. The details 

of potential losses are given in section 2.5.5.  
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2.5.5 Cell performance evaluation 

2.5.5.1 Open Circuit Cell Potential 

The OCV is defined as the equilibrium potential of battery cell measuring at zero 

current state. For zinc-air battery, the theoretical OCV calculating from standard 

electrode potential is 1.65 V. However, the actual OCV measuring from an actual cell 

is practically less than 1.65 V and is about 1.2 to 1.4 V. This happens because the 

actual OCV already includes some potential losses. Specifically, the activation 

overpotential of air electrode is very impactful even at open circuit condition. Another 

loss that reduces the OCV is Zn corrosion. If the corrosion is high, the equilibrium 

potential is shifted lower. For example, the theoretical OCV of Al-air battery in 

alkaline system is about 2.7 V but the actual OCV of this battery is only about 1.2 V 

due to high corrosion and sluggish ORR. 

 The theoretical OCV can be calculated as shown above in equations (2.33) and 

(2.34). These equations can be adapted into zinc-air battery as in equations (2.36) and 

(2.37). The parameters affected OCV are temperature and activity of the reactant. 

 𝐸𝑒𝑞
𝑎𝑖𝑟 = 𝐸0,𝑎𝑖𝑟 −

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

(𝑃𝑂2/𝑃
𝑟𝑒𝑓)0.5

(𝐶𝑂𝐻−
𝑎𝑖𝑟 /𝐶𝑟𝑒𝑓)2

) (2.36) 

 𝐸𝑒𝑞
𝑧𝑖𝑛𝑐 = 𝐸0,𝑧𝑖𝑛𝑐 −

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

(𝐶
𝑍𝑛(𝑂𝐻)4

2−
𝑧𝑖𝑛𝑐 /𝐶𝑟𝑒𝑓)

(𝐶𝑂𝐻−
𝑧𝑖𝑛𝑐/𝐶𝑟𝑒𝑓)4

) (2.37) 

 
Figure 2.2 example of polarization curve of a zinc-air battery 

2.5.5.2 Overpotential / Potential losses and Polarization curve 

As mentioned before in section 2.5.4, the potential losses or overpotentials are used to 

calculate the cell potential. The overpotential is defined as the energy loss when the 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
21 

electrochemical cell operates. Generally, the overpotential and cell performance are 

monitored by polarization curve. Polarization curve or current-potential curve shows 

the cell potential in the function of applied current. Fig. 2.2 illustrates the example of 

polarization curve of the battery. Each different region of the curve represents 

different overpotential dominating in each region. Regularly, 3 types of overpotential 

can be depicted in the curve, i.e., activation overpotential, ohmic overpotential and 

concentration overpotential. 

A) Activation Overpotential 

An electrochemical reaction thermodynamically requires activation energy to be 

proceed. The activation overpotential refers to that activation energy in term of 

potential losses. This overpotential directly relates to the current rate. The higher 

current requires the higher overpotential. From Fig. 2.2, activation overpotential 

dominates over the initial-middle zone of the polarization curve ranging from OCV to 

the origin of region with constant slope. In zinc-air battery, the activation 

overpotentials involves in the charge transfer reactions of Zn and air electrode as 

shown in equations (2.1) and (2.3). The Butler-Volmer approach can be used to 

describe the activation overpotentials as shown in equations (2.38) and (2.39). 

 𝑖𝑍𝑛 = 𝑖0
𝑧𝑖𝑛𝑐 ∙ [𝑒𝑥𝑝 (

𝛼𝑧𝑖𝑛𝑐𝑛𝑒𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡
𝑧𝑖𝑛𝑐) − 𝑒𝑥𝑝 (−

(1−𝛼𝑧𝑖𝑛𝑐)𝑛𝑒𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡
𝑧𝑖𝑛𝑐)] (2.38) 

 𝑖𝑎𝑖𝑟 = 𝑖0
𝑎𝑖𝑟 ∙ [𝑒𝑥𝑝 (

𝛼𝑎𝑖𝑟𝑛𝑒𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡
𝑎𝑖𝑟) − 𝑒𝑥𝑝 (−

(1−𝛼𝑎𝑖𝑟)𝑛𝑒𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡
𝑎𝑖𝑟)] (2.39) 

 The equations (2.38) and (2.39) are derived from equation (2.31). 𝐸 − 𝐸𝑒𝑞 is 

replace with the 𝜂𝑎𝑐𝑡. These equations express the relationship between the activation 

overpotential and the current density of each electrode. In most cases, symmetric 

electron transfer is assumed resulting in 𝛼 = 0.5. The equation (2.31) can be 

simplified to the form of inverse hyperbolic sine as shown in equation (2.40). 

 𝜂𝑎𝑐𝑡 =
2𝑅𝑇

𝑛𝐹
𝑠𝑖𝑛ℎ−1 (

𝑖

2𝑖0
) (2.40) 

When the overpotential goes very large, one of the exponential terms inside 

the bracket can be diminished due to its very low value. Therefore, the equation (2.31) 

can become the Tafel equation: 

 𝜂𝑎𝑐𝑡 =
𝑅𝑇

𝛼𝑛𝐹
𝑙𝑛 (

𝑖

𝑖0
) (2.41) 

 𝜂𝑎𝑐𝑡 =
𝑅𝑇

𝛼𝑛𝐹
𝑙𝑛(𝑖) −

𝑅𝑇

𝛼𝑛𝐹
𝑙𝑛(𝑖0) (2.42) 

The term 
𝑅𝑇

𝛼𝑛𝐹
 is called Tafel slope which can be determined from Tafel plot 

(𝑙𝑛|𝑖| vs 𝜂𝑎𝑐𝑡 or 𝑙𝑜𝑔|𝑖| vs 𝜂𝑎𝑐𝑡). The Tafel slope expresses the relationship of 

overpotential and reaction rate. The Tafel plot can also be used to determine the 
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information of electrochemical reaction such as corrosion potential, open circuit 

potential, charge transfer coefficient or exchange current density. 

The activation overpotential generally depends on the natural characteristic of 

each electrochemical reaction. For example, the ORR in zinc-air battery is very 

sluggish reaction led to very high activation overpotential. Meanwhile, Zn dissolution 

is always faster than ORR resulting in lower activation overpotential. Furthermore, 

the activation overpotential is also affected by temperature and the activity of reactant 

same as other chemical reaction. 

B) Ohmic Overpotential 

The ohmic overpotential denotes the potential loss to the internal resistance of cell 

components, i.e., electrode, electrolyte, etc. It is the dominant overpotential of the 

middle region with constant slope. In most case, ohmic overpotential is linearly 

increased with the current according to Ohm’s law. It is simply expressed as equation 

(2.43). 

 𝜂𝑜ℎ𝑚𝑖𝑐 = 𝐼
𝑐𝑒𝑙𝑙𝑅𝑜ℎ𝑚𝑖𝑐 (2.43) 

Where 𝐼𝑐𝑒𝑙𝑙 is total current applied. 𝑅𝑜ℎ𝑚𝑖𝑐 is internal resistance from the cell 

components.  𝑅𝑜ℎ𝑚𝑖𝑐 can be affected various parameters. For instance, change of 

KOH concentration contributes to change of ionic conductivity of electrolyte. 

Formation of ZnO reduces the electrical conductivity of Zn electrode. 

C) Concentration Overpotential 

The concentration overpotential is also sometimes called diffusion loss or mass 

transport loss. This overpotential occurs due to the limit of mass transport. The 

reaction becomes a state called mass transfer control or diffusion control. Therefore, 

the concentration overpotential dominates the high current region of the polarization 

curve. For discharge process of zinc-air battery, diffusion limit of oxygen at air 

cathode contributes the concentration overpotential. In this region, increasing current 

further results in potential drop rapidly. For charge process, mass transport limit of 

zincate ion can cause the rise of parasitic reaction. 

 The concentration overpotential from the oxygen diffusion limit can be 

calculated via the limiting current density (𝑖𝑙𝑖𝑚). The limiting current density is 

derived from Fick’s law of diffusion as shown in equation (2.44). Then, the limiting 

current density is used to calculate concentration overpotential in equation (2.45). If 

we manage to know oxygen concentration at catalyst surface, it can also be used to 

compute concentration loss instead of limiting current density as shown in equation 

(2.46). 

 𝑖𝑙𝑖𝑚 =
𝑍𝑒,𝑂2𝐹𝐷𝑂2,𝐺𝐷𝐿

𝛿𝐺𝐷𝐿
∙ 𝐶𝑂2 (2.44) 
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 𝜂𝑐𝑜𝑛𝑐 =
𝑅𝑇

𝑛𝑒,𝑂2𝐹
𝑙𝑛 (1 −

𝑖𝑐𝑒𝑙𝑙

𝑖𝑙𝑖𝑚
) (2.45) 

 𝜂𝑐𝑜𝑛𝑐 =
𝑅𝑇

𝑛𝑒,𝑂2𝐹
𝑙𝑛 (

𝐶𝑂2,𝐶𝑆

𝐶𝑂2,𝑏𝑢𝑙𝑘
) (2.46) 

2.5.5.3 Current Density and Power Density 

For the electrochemical cell, current is equivalent to the rate of reaction. In order to 

compare the performance of batteries, the current density is regularly used to report 

the performance of batteries instead of current. As regards zinc-air battery, current 

density is typically normalized with the active surface area of air electrode because 

the area of air electrode is practically constant. Moreover, the air electrode is the 

bottle neck limit of the system in case of discharging. 

 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑖) =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝐴𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑖𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
=

𝐼

𝐴𝑎𝑖𝑟
 (2.47) 

 Same as current, the cell power also needs to be normalized to the active area 

of electrode. The normalized cell power is called power density. 

 𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑐𝑒𝑙𝑙 𝑝𝑜𝑤𝑒𝑟

𝐴𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑖𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
= 𝑖𝑐𝑒𝑙𝑙𝐸𝑐𝑒𝑙𝑙 (2.48) 

To compare the performance between different batteries reported in literature, 

the peak (maximum) power density and the current density at peak are usually used. 

2.5.5.4 Efficiency of the Electrochemical cell 

The performance of battery usually evaluates in the term of efficiency. Different types 

of efficiency indicate different aspect of cell performance. Current efficiency or 

coulombic efficiency of the rechargeable battery is the ratio between extracted 

electrical charge and the total input charge based on a full charge-discharge cycle. 

 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝑄𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
 (2.49) 

 As regards parasitic reaction, the current efficiency for charging process can 

be defined as the ratio of Zn electrode current density to the total applied current 

density. The current efficiency of discharging process can be defined as the ratio of 

the actual discharge current density to the total Zn electrode current density. 

 𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑖𝑍𝑛

𝑖𝑐𝑒𝑙𝑙
 (2.50) 

 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑖𝑐𝑒𝑙𝑙

𝑖𝑍𝑛
 (2.51) 

 Current efficiency can express the quantity of the useful charge. This 

efficiency does not include the quality of charge respect to cell power. Therefore, the 

energy efficiency is another performance index for the rechargeable battery. It is the 

ratio of discharged energy to charged energy based on a full charge-discharge cycle. 

This efficiency indicates both quality and quantity of the applied charge. 
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 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐼𝐸𝑡 (2.52) 

 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦

𝐶ℎ𝑎𝑟𝑔𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦
 (2.53) 

2.6 Empirical Dynamic Modeling 

Generally, the purpose of empirical modeling of battery is to predict the behavior and 

some significant parameters of the battery with fast and less effort of computation 

since it typically applied on the real-time operation such as monitoring and control. 

Herein, this work includes 3 selected types of empirical model: state space model, 

linear varying parameter model and Hammerstein-Weiner model. 

2.6.1 State Space Model 

State space model is a linear time-invariant (LTI) model. In this work, this model is 

the representative of the linear model. The model describes the system of input, 

output and state variables by first-order differential equations as followed: 

 �̇�(𝑡) =  𝐴𝑋(𝑡)  +  𝐵𝑢(𝑡) (2.54) 

 𝑌(𝑡)  =  𝐶𝑋(𝑡)  +  𝐷𝑢(𝑡) (2.55) 

Where u, X and Y are input vector, state vector and output vector, respectively. A, B, 

C and D are state matrix, input matrix, output matrix and feed through matrix, 

respectively. 

 The above equations are written in the continuous-time domain. The state 

space model can also be expressed in the discrete representation as followed: 

 𝑋(𝑘 + 1) =  𝐴𝑋(𝑘)  +  𝐵𝑢(𝑘) (2.56) 

 𝑌(𝑘)  =  𝐶𝑋(𝑘)  +  𝐷𝑢(𝑘) (2.57) 

2.6.2 Linear Parameter Varying model 

Linear parameter varying (LPV) model is a time-variant model and it still possesses 

linear behavior. However, some model parameters vary with other parameters called 

scheduling parameters. Therefore, LPV model can be used to predict nonlinear 

behavior which related to the scheduling parameter. By applying LPV representation 

to the state space model, the model parameters are expressed as a function of 

scheduling parameter p(k): 

 𝐴 = 𝐴(𝑝(𝑘)), 𝐵 = 𝐵(𝑝(𝑘)), 𝐶 = 𝐶(𝑝(𝑘))𝑎𝑛𝑑 𝐷 = 𝐷(𝑝(𝑘)) (2.58) 

Consequently, the equations (2.56) and (2.57) becomes 

 𝑋(𝑘 + 1) =  𝐴(𝑝(𝑘))𝑋(𝑘)  +  𝐵(𝑝(𝑘))𝑢(𝑘) (2.59) 

 𝑌(𝑘)  =  𝐶(𝑝(𝑘))𝑋(𝑘)  +  𝐷(𝑝(𝑘))𝑢(𝑘) (2.60) 
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2.6.3 Hammerstein-Weiner model 

Hammerstein-Weiner (HW) model is a block-oriented model which has linear and 

nonlinear functions as separated blocks. In this work, this model is a representative of 

nonlinear model. The block diagram of HW model is shown in Fig. 2.3. The model is 

oriented as three function blocks connected in series. The first block is a nonlinear 

block called ‘Hammerstein block’ and is expressed by function f. The input signal is 

transformed by this block. The transformed signal sequentially goes to the linear 

block. 

 𝑤(𝑘)  =  𝑓 [𝑢(𝑘)] (2.61) 

where u(k) and w(k) are the input and output of nonlinear block f, respectively. 

 The linear block is designated as B/F and is derived from an output error (OE) 

model. 

 𝑥(𝑘)  =  (𝐵/𝐹)𝑤(𝑘 − 𝑛𝑘) (2.62) 

where nk is an input delay. B and F are polynomials in a linear output-error model 

with respect to the delay operator z-1 and expressed as followed: 

 𝐵(𝑧)  =  𝑏1  + 𝑏2𝑧
−1  +  … + 𝑏𝑛𝑏𝑧

−𝑛𝑏+1 𝑓𝑜𝑟 𝐵 𝑜𝑟𝑑𝑒𝑟 =  𝑛𝑏 (2.63) 

 𝐹(𝑧)  =  1 + 𝑓1𝑧
−1  +  … + 𝑓𝑛𝑓𝑧

−𝑛𝑓   𝑓𝑜𝑟 𝐹 𝑜𝑟𝑑𝑒𝑟 =  𝑛𝑓 (2.64) 

The last nonlinear block h is called ‘Wiener block’. the output signal of the linear 

block is transformed by this block: 

 𝑦(𝑘)  =  ℎ[𝑥(𝑘)] (2.65) 

where y(k) is the output of the nonlinear block h and the output of HW model. 

The output of the HW model can be written as followed: 

 𝑦(𝑘)  =  ℎ[(𝐵/𝐹)𝑓[𝑢(𝑘)]] (2.66) 

2.7 SOC estimation techniques 

2.7.1 Direct measurement 

The simplest way to estimate SOC is the direct measurement. This group of methods 

takes advantage from the measurable physical properties such as OCV or terminal 

voltage and estimate SOC by constructing the correlation between the measured 

properties and SOC. For example, the OCV method estimate SOC from the OCV-

SOC correlations (Danko et al., 2019). 

 𝑉𝑂𝐶 = 𝐴 ∙ 𝑆𝑂𝐶 + 𝐵 (2.67) 

 This example correlation is the linear correlation which has been implemented 

in lead-acid battery. For other types of battery, the correlations are different. Because 

measurement of some physical properties takes long time, the direct measurement 

method is difficult to use in real-time estimation. 
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2.7.2 Coulomb counting 

The coulomb counting (CC) method estimates SOC by counting the change of 

capacity of a battery. Mathematically, discharging / charging current is integrated 

over time resulting in capacity change. To estimate the SOC, the capacity change 

together with previous estimated SOC values and nominal capacity (Cn) are used in 

the calculation, as followed: 

 𝑆𝑂𝐶(𝑡) =  𝑆𝑂𝐶(𝑡 − 1) + ∫
𝐼𝑐𝑒𝑙𝑙(𝑡)

𝐶𝑛

𝑡

𝑡−1
𝑑𝑡 (2.68) 

Or it can be written in discrete time domain as: 

 𝑆𝑂𝐶(𝑘) =  𝑆𝑂𝐶(𝑘 − 1) +
∆𝑡

𝐶𝑛
∙ 𝐼𝑐𝑒𝑙𝑙(𝑘) (2.69) 

These two equations are common form of CC method for the ideal system that has 

current efficiency of 1; however, the efficiency is always less than 1. Therefore, 

modification is applied to the CC method, as expressed: 

 𝑆𝑂𝐶(𝑡) =  𝑆𝑂𝐶(𝑡 − 1) + ∫
∙𝐼𝑐𝑒𝑙𝑙(𝑡)

𝐶𝑛

𝑡

𝑡−1
𝑑𝑡 (2.70) 

 𝑆𝑂𝐶(𝑘) =  𝑆𝑂𝐶(𝑘 − 1) +
∆𝑡

𝐶𝑛
∙ 휀 ∙ 𝐼𝑐𝑒𝑙𝑙(𝑘) (2.71) 

Where ε is the current efficiency 

 Nonetheless, the accuracy of CC method can be affected by various factors 

(Moo et al., 2007), i.e., temperature, battery aging, current level, cycle life and 

efficiency. Another drawback of CC method is the error accumulation when it applies 

in long-time operation. 

2.7.3 Kalman filter 

Kalman filter (KF) is a recursive state estimation algorithm which can estimate the 

inner states of any dynamic system (Murnane and Ghazel). As regards state 

estimation of battery, the battery pack is observed as dynamic system which has cell 

current as input and terminal voltage as output (Rivera-Barrera et al., 2017). 

Moreover, this technique is also capable of real-time estimation (Chang, 2013). 

 KF takes advantage from the estimated states from previous time and the 

measurement from current time. The errors of the system are assumed to be Gaussian. 

Typically, KF is designed to estimate state linear system. For example, the linear 

model can be written as: 

 𝑋𝑘+1 = 𝐴𝑋𝑘  +  𝐵𝑢𝑘 + 𝑞𝑘
𝑋 (2.72) 

 𝑌𝑘 = 𝐶𝑋𝑘 + 𝑟𝑘
𝑋 (2.73) 

Where 𝑞𝑘
𝑋 and 𝑟𝑘

𝑋 are stochastic noise. These equations are equivalent to the linear 

state-space model. The algorithm of KF is described as following equations: 

Prediction 
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Estimated state prediction: �̂�𝑘+1
− = 𝐴𝑋𝑘  +  𝐵𝑢𝑘 (2.74) 

Estimated covariance prediction:𝑃𝑘+1
− = 𝐴𝑃𝑘

+𝐴𝑇 + 𝑄𝑋 (2.75) 

Output estimation: �̂�𝑘 =  𝐶�̂�𝑘+1
−  (2.76) 

Correction 

Optimal Kalman gain: 𝐾𝑘 = 𝑃𝑘+1
−  𝐶𝑇( 𝐶𝑃𝑘+1

−  𝐶𝑇 + 𝑅𝑋)−1 (2.77) 

State update: �̂�𝑘+1
+ = �̂�𝑘+1

− + 𝐾𝑘(𝑌𝑘 − �̂�𝑘) (2.78) 

Estimated covariance update: 𝑃𝑘+1
+ = (1 − 𝐾𝑘𝐶)𝑃𝑘+1

−  (2.79) 

Where variables with superscript + means that variables are corrected and variables 

with superscript – means that variables are predicted. �̂�𝑘 and �̂�𝑘 represent estimated 

state and output, respectively. P is estimated covariance. Q and R are covariances of 

process noise and measurement noise, respectively. 

2.7.4 Extended Kalman filter 

The EKF is the nonlinear variant of KF. EKF utilizes the linearization to handle the 

nonlinear system (Julier and Uhlmann, 2004). The nonlinear model used with EKF 

can be written as: 

 𝑋𝑘+1 = 𝑓(𝑋𝑘, 𝑢𝑘) + 𝑞𝑘
𝑋 (2.80) 

 𝑌𝑘 = 𝑔(𝑋𝑘 , 𝑢𝑘) + 𝑟𝑘
𝑋 (2.81) 

Where 𝑓(𝑋𝑘, 𝑢𝑘)and 𝑔(𝑋𝑘, 𝑢𝑘) are nonlinear function. 𝑞𝑘
𝑋 and 𝑟𝑘

𝑋 are stochastic noise. 

The procedure of EKF is defined as following equations: 

Prediction 

Estimated state prediction: �̂�𝑘+1
− = 𝑓(�̂�𝑘

+, 𝑢𝑘) (2.82) 

Estimated covariance prediction:𝑃𝑘+1
− = �̂�𝑘𝑃𝑘

+�̂�𝑘
𝑇 + 𝑄𝑋 (2.83) 

Output estimation: �̂�𝑘 =  𝑔(�̂�𝑘+1
− , 𝑢𝑘) (2.84) 

Correction 

Optimal Kalman gain: 𝐾𝑘 = 𝑃𝑘+1
− �̂�𝑘

𝑇(�̂�𝑘𝑃𝑘+1
− �̂�𝑘

𝑇 + 𝑅𝑋)−1 (2.85) 

State update: �̂�𝑘+1
+ = �̂�𝑘+1

− + 𝐾𝑘(𝑌𝑘 − �̂�𝑘) (2.86) 

Estimated covariance update: 𝑃𝑘+1
+ = (1 − 𝐾𝑘�̂�𝑘)𝑃𝑘+1

−  (2.87) 

Where �̂�𝑘 and �̂�𝑘 are Jacobian matrices of state and output functions, respectively, 

which can be defined as: 

 �̂�𝑘 =
𝜕𝑓(�̂�𝑘

+,𝑢𝑘)

𝜕�̂�𝑘
+  (2.88) 

 �̂�𝑘 =
𝜕𝑔(�̂�𝑘+1

− ,𝑢𝑘)

𝜕�̂�𝑘+1
−  (2.89) 

 The EKF also has some drawbacks. The first drawback is the difficulty in the 

Jacobians calculation for some model. The computational cost might be high based on 
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the Jacobians calculation. Next, EFK only works with the differentiable model. 

Lastly, the highly nonlinear system might be difficult to found the optimal state by 

EKF. 

2.8 Literature Reviews 

2.8.1 Zinc-air cell 

The development of ZAB tried to address the battery problem and improve the cell 

performance and stability of the battery. In previous literature, the most widely used 

methods were material study and configuration of the cell parameters. 

Flow battery is a battery configuration that can improve the performance of 

battery significantly. For example, Appleby and Jacquier (1976) from Laboratories de 

Marcoussis (C.G.E.) proposed a circulating zinc-air battery using as a vehicle power 

source. The discharging unit was designed to be separated with the charging unit. The 

discharging unit consisted of   many tubular cells. The charging unit was an 

electrolysis cell. The electrolyte and zinc were mixed together and were stored in 

reservoir. The proposed system was capable of 110 Wh/kg with the power rate of 80 

W/kg for an urban vehicle and was able to scale up to 125 Wh/kg for heavy duty 

purpose. The lifetime of this system was two times higher than that of lead acid 

battery. Recharge efficiency of this system was about 40% which was relatively low. 
 A zinc-air flow battery with packed bed anode was studied by Lawrence 

Berkeley Laboratory (Huh et al., 1992, Savaskan et al., 1992). The cell was fabricated 

as a plate cell with zinc particle packed in the anode channel. The area of cathode was 

76 cm2. The electrolyte was 45% KOH solution. The battery exhibited peak power 

density of 185 mW/cm2 with current density of 200 mA/cm2 at temperature of 45 °C. 

They further studied the regeneration of zinc particles and electrolyte using fluidized 

bed electrodeposition (Huh et al., 1992). The electrolyte was also 45% KOH solution. 

The suitability of various electrode material and the effect of current density and 

zincate concentration on cell performance were investigated. After optimizing the 

material, the result showed that the energy consumption was 1.92 kWh per kg of zinc 

at 1000 A/m2 and 2.08 kWh per kg of zinc at 2000 A/m2. Combining both parts of 

studies, the round-trip energy efficiencies of 50% and 46% were exhibited. 

 In the past century, there is an adaptation of zinc-air flow battery which is 

zinc-air fuel cell or refuelable battery. This configuration attracts widespread interest 

because of its continuous operation. For instance, Sapkota and Kim (2010) proposed a 

zinc-air fuel cell using metal oxide catalyst and polymer separator. The cell was 

designed as a plate cell with 3 degrees taper end. Air cathode, separator and 

electrolyte were examined. For air cathode, cathode fabrication with catalyst mixture 

of MnO2 and CeO2 showed the best performance. Nylon net was the best separator in 
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the comparison. The electrolyte was compared between NaOH and KOH with 

concentration of 4, 8 and 16 M. 8 M KOH was exhibited to be the optimal condition 

for electrolyte. For maximum performance, this cell provided 70 mA/cm2 at 1 volt. 

 Jiratchayamaethasakul et al. (2014) investigate anode orientation and flow 

channel design in refuelable zinc-air fuel cell. The cell was designed as plate and 

frame type with 3.5 × 3.5 of active area. Active zinc slurry was fed into the cell by 

pumping. The effect of anode orientation and flow pattern on cell performance was 

examined. It was found that the anode-bottom orientation provided higher 

performance than top orientation due to the effect of gravity. As regards the effect of 

flow pattern, serpentine flow channel performed better than parallel flow channel. The 

maximum performance of this cell was 240 mW/cm2 of peak power density at 500 

mA/cm2. 

Pei et al. (2014a) proposed high performance ZAFC stack. Bipolar plate used 

as anode current collector and for stacking cell. MnO2 was used as cathode catalyst. 

The 5 cells stack was characterized the polarization curve. The third cell in the stack 

provided highest performance due to the highest temperature spot in the stack. The 

effects of location, filled state of zinc, contact resistance and flow state of electrolyte 

and air were investigated by 2 cells stack. The optimal performance was obtained 

from the second cell of the stack with type Y chamber and cleaned nickel foil. Its 

peak power density was able to reach 435 mW/cm2 at 0.86 V and 510 mA/cm2. 

 Recently, Oh et al. (2018) developed the flexible tubular zinc-air fuel cells 

with single-layer cathode. This cell was designed as tubular cell. Zinc gel mixed with 

8.5 M KOH was used as flow electrolyte. The cathode was fabricated as single-layer 

electrode. The result showed that the electrochemical performance of the cell with 

single-layer cathode was superior to that of double-layer cathode. The effects of PTFE 

content, ball milling duration and cathode thickness were further investigated 

Electrical recharging was also a key method to recharge zinc-air battery. There 

are now 2 solutions for electrical charging of zinc-air battery: bifunctional electrode 

and tri-electrode configuration. Ma et al. (2014) proposed electrically rechargeable 

ZAB stack consisting of 3 cells in series. A novel bipolar plate was developed as 

anode current collector. Α-MnO2 and LaNiO3 were used as bifunctional catalyst. The 

polarization characteristic of a single cell showed peak power density of 60.4 

mW/cm2 at 80 mA/cm2. The total peak power of cell stack was 4500 mW. After 100 

charge-discharge cycles, the stability testing result showed that the charging voltage 

increased by 1.56 % which exhibited excellent stability performance. The 

electrochemical impedance spectra showed the charge transfer resistance increased 

from 1.57 to 2.21 Ω for air cathode and 0.21 to 0.34 Ω for zinc electrode after 100 

charge-discharge cycles. 
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Bockelmann et al. (2016) studied electrically rechargeable zinc-oxygen 

batteries with tri-electrode configuration. A 2 cm2 Copper foam was used as substrate 

for zinc electrode. A silver-based oxygen depolarized cathode was used as oxygen 

electrode. A 5 cm2 nickel foam was used as third electrode.  30% KOH solution with 

2% ZnO was used as electrolyte. The electrolyte flowrate was 0.4 L/min. Pure oxygen 

was supplied to oxygen electrode with flowrate of 0.2 L/min. The cell was able to 

charge and discharge with current density up to 600 mA/cm2. Discharge peak power 

density was able to reach 270 mW/cm2. The cell was able to operate up to 600 cycles. 

Table 2.2 Performance of zinc-air cells in literatures 

Description Performance / Remarkable 

conclusion 
References 

Circulating zinc-air flow 

battery for using as 

vehicle power source 

Specific energy of 110 Wh/kg 

Specific power of 80 W/kg 

Appleby and 

Jacquier (1976) 

Zinc-air cell with packed 

bed anode 

Peak power density of 185 mW/cm2 

at 20 mA/cm2 45°C 

Savaskan et al. 

(1992) 

A regenerative ZAFC 12 cell stacks a1.8 kW. Net power 

output of 1.1 kW for 24h 

Smedley and 

Zhang (2007) 

ZAFC with MnO2 catalyst 

and polymer separator 

Current density of about 70 

mA/cm2 at 1 Volt 

Sapkota and 

Kim (2010) 

ZAFC with flowing 

gelled electrolyte 

Current of about 370 mA at 1 Volt Puapattanakul 

et al. (2013) 

ZAFC with circulation 

electrolyte 

Current density of about 70 

mA/cm2 at 1 Volt 

Kim et al. 

(2013) 

Rechargeable ZAB stack Peak power density of 64 mW/cm2 

at 80mA/cm2 Total peak power of 

4.5 W 

Ma et al. (2014) 

ZAFC with serpentine and 

parallel anode flow 

channel 

Peak power density of 240 mW/cm2 

at 500 mA/cm2 with 4 ml/h flowrate 

Jiratchayamaeth

asakul et al. 

(2014) 

High performance ZAFC 

stack with MnO2 

Peak power density of 435 mW/cm2 

at 510 mA/cm2 0.86V 

Pei et al. 

(2014a) 

ZAFC with inhibitor 

coated zinc 

Novel coating method is proposed. 

Inhibitor coating can suppress HER. 

Kim et al. 

(2015b)  

ZAFC used to study effect 

of KOH concentration and 

depth of discharge 

Current density of 102 mA/cm2 at 1 

Volt 

Li et al. (2015) 
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Table 2.2 (cont.) Performance of zinc-air cells in literatures 

Description Performance / Remarkable 

conclusion 
References 

ZAFC with calcium 

hydroxide 

Ca(OH)2 can remove zincate ion. 

Electrolyte capacity is increased. 

Zhu et al. 

(2015) 

Rechargeable zinc-oxygen 

flow battery 

Peak power density of 270 mW/cm2 

at 460 mA/cm2  

Bockelmann et 

al. (2016) 

ZAFC with N and S co-

doped hierarchically porous 

carbon as electrocatalyst 

Peak power density of 516.3 

mW/cm2 at 800 mA/cm2 with 5 

mg/cm2 catalyst loading 

Tang et al. 

(2017) 

Studying air supply effect 

using commercial 48 Ah 

primary prismatic ZAB 

Rated capacity of 48 Ah, 53 Wh at 

1 A discharge 

Larsson et al. 

(2017) 

Flexible tubular ZAFC 

with single layer cathode 

1.06 V at 50 mA/cm2 / Nominal 

voltage maintaining for 45 h 

Oh et al. (2018) 

Parameter optimization 

for rechargeable zinc-air 

battery 

Air electrode / cell configuration / 

Cycling operation are optimized. 

Wang et al. 

(2018) 

2.8.2 Regeneration of Zn 

Zn regeneration or charging is an important process for Zn-based battery. The most 

common regeneration method related to zinc-air battery is electrodeposition in 

alkaline solution which have been researched for many years. Generally, current 

efficiency and morphology of Zn are the performance index of the regeneration 

process. Many studies focused on the effects of various parameter on the efficiency 

and morphology. 

For example, the deposition of electrolytic Zn from alkaline zincate solution 

was investigated by Sharifi et al. (2009). Three parameters were studied in this work 

including current density, zincate concentration and KOH concentration. Current 

efficiency, Zn morphology and specific surface area were observed. For the effect of 

current density, it was observed that current efficiency tended to increase when 

increasing current density. The morphology became more dendritic with higher 

surface area when using higher current density. For effect of electrolyte concentration, 

increasing zincate concentration or decreasing KOH concentration provided 

increasing in current efficiency and decreasing in surface area. 

Gavrilović-Wohlmuther et al. (2015) studied the effect of electrolyte 

concentration, temperature, flow velocity and current density on Zn deposition 

morphology. A polished carbon composite with no additive was used as substrate for 
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Zn deposit. The used electrolyte was 8 M KOH solution with 0.1, 0.2 and 0.5 M 

zincate concentration.  The tests were conducted on the homemade design flow cell. 

The result showed that the higher zincate concentration provided the higher current 

efficiency and mossy morphology. Increasing current density promoted dendrite 

formation. The maximum current efficiency of 87 to 93% was observed at the optimal 

condition (8 M KOH with 0.5 M ZnO, elevated temperature of 50 to 70 °C, current 

density of 100 mA/cm2 and flow velocity higher than 6.7 cm/s). 

The morphology control was also focused in many works. Popov et al. (1978) 

studied the electrodeposition of Zn on copper by constant and pulsating overpotential 

from alkaline zincate solution. In constant overpotential, the transformation of 

morphology from spongy to dendrite was observed. The smooth morphology was 

obtained from pulsating overpotential. Later, Simičić et al. (2000) examined the Zn 

morphology control using low direct and pulsating overpotential in alkaline 

electrolyte. This work considered the mechanism of spongy Zn formation. The 

experiment was Zn electrodeposition onto copper wire in 1 M KOH with 0.1 M 

zincate. It was found that square wave pulsating overpotential was able to deliver less 

particle agglomerate than direct overpotential. The higher pulse-to-pulse ratio 

provided the stronger effect.  

Morphology control of Zn regeneration was also investigated by Wang et al. 

(2014). Shape change and morphology control during charging were investigated.  3D 

model of Zn regeneration was developed with COMSOL software. Direct and pulse 

current were also examined. The result showed that flowing electrolyte, surface 

roughness, electrode structure, charging current and mode provided the effects on 

morphology change. The uniform morphology was able to be obtained from low 

pulsating current or flowing electrolyte. Discrete columnar electrode with high current 

and flowing electrolyte was able to provide granular morphology. Wang, Pei et al. 

(2015) further inspected dendrite growth in recharging process of ZAB using phase-

field model. It was observed that the dendrite growth was dependent on diffusion 

control of zinc ions.  

 Hydrogen evolution was also a detrimental problem in Zn electrodeposition. 

Hydrogen generation during Zn electrodeposition in alkaline solution was studied by 

Einerhand et al. (1988). Rotating ring disc electrode technique was used in this 

experiment. The result pointed that the hydrogen evolution during electrodeposition 

was very small at 8 M KOH with 1 M zincate. It was concluded that hydrogen was 

mainly produced from corrosion of Zn electrode.  

 Saleh et al. (1995), (Saleh et al., 1997)  studied electrowinning of Zn at flow-

through porous electrode. The mathematical model was proposed including 

simultaneous hydrogen evolution. The result revealed that the hydrogen gas bubbles 
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promoted the nonuniform distribution of the reaction by increasing the effective 

resistance of gas-electrolyte dispersion. The optimum current was also influenced by 

the hydrogen gas bubble. 

There were some researches trying to gain insight of the morphology change 

and dendrite formation. The relationship between morphology change and the process 

parameter was figured out. Ito et al. (2012) proposed an indicator of Zn morphology 

change in flowing alkaline electrolyte. Effects of zincate concentration, flow velocity 

and current density on the morphology change were experimentally examined. It was 

found that Zn morphology was able to be determined from the ratio of effective 

current density and limiting current density (current density ratio). Mossy and porous 

morphology occurred when the ratio was below 0.4. The dominant morphology in the 

ratio between 0.4 and 0.9 was a mixture of mossy and crystalline structure. Zn 

became crystalline and compact when the ratio exceeded 0.9. 

 Later, Dundálek et al. (2017) investigated role of hydrogen evolution in Zn 

electrodeposition from flowing alkaline zincate electrolyte. Mathematical approach 

was implemented with the experimental data. The idea of current density ratio was 

adopted from the work of Ito et al. (2012). The result showed that the hydrogen 

bubble gas caused the mixing of diffusion layer and disturbed the mass transport of 

zincate ion. This work also showed that current density ratio was not suitable for 

using as morphology indicator because the overall current density also involved with 

hydrogen evolution current. However, they proposed the modify current density ratio 

which was the ratio between Zn electrodeposition current density and limiting current 

density. This proposed current density ratio was able to be used to predict morphology 

change from mossy to crystalline and to dendrite. 

 Besides the conventional electroplating, the novel Zn regeneration procedures 

attracted widespread interest and have been investigated. Fluidized bed 

electrodeposition of Zn was studied (Huh et al., 1992). This process was used to 

regenerate Zn particle and electrolyte. The effects of current density and zincate 

concentration on cell performance were investigated. 45 % KOH zincate solution was 

used as electrolyte. The result showed that the minimum energy consumption was 

1.92 kWh/kg of Zn at superficial current density of 1000 A/m2. 

After that, Jiricny et al. (2000) proposed spout bed Zn electrolysis cell. The 

experiment was carried out on the laboratory scale electrolysis cell with spout bed 

cathode. The operability for production of Zn particle range from 0.4 to 1 mm was 

determined. Suitable material for using as diaphragm was also identified. 

 Wen et al. (2009) conducted preliminary study on Zn electrolysis with 

propanol oxidation as counter electrode. A cadmium-plated nickel sheet was used as 

substrate which was able to prevent dendrite growth and HER effectively. When 
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charge time was increased, Zn granular became larger but still dense. Changing cell 

configuration from ‘gas introducing’ to ‘cavity-opening’ increased discharge voltage 

about 100 mV due to the enhance in kinetic. The feasibility of Zn electrolysis with 

propanol oxidation as a counter electrode was also studied. 
 Zn regeneration process was able to integrate with zinc-air cells. A 

regenerative ZAFC was proposed by Metallic Power (Smedley and Zhang, 2007). 

This work combined the electrolyzer with the ZAFC. The electrolyzer was designed 

as discrete particle electrolyzer which was able to regenerate Zn in the dense particle 

form. It was found that the particle size produced was 0.5 to 0.6 mm. 

Table 2.3 Literature reviews of Zn regeneration 

Description 
Performance / remarkable 

conclusion 
Reference 

Regeneration of Zn and 

electrolyte fluidized bed 

electrodeposition 

Lowest energy consumption of 1.92 

kWh/kg of Zn at 1000 A/m2 

Huh et al. 

(1992) 

Zn deposition with low 

direct and pulsating 

overpotential 

Morphology was less agglomerated 

in pulsating overpotential 

Simičić et al. 

(2000) 

Zn electrolysis cell with 

spout bed electrode 

Particle range 0.4 to 1 mm 

regeneration rate of 10 kg per day 

Jiricny et al. 

(2000) 

Electrolysis cell with 

bipolar nickel electrode 

Energy consumption of about 1.8 

Wh/kg, cell voltage of 4.2 V, current 

density < 1 kA/m2 

Cooper and 

Krueger (2006) 

Electrical recharging 

process in ZAFC with 

additives 

Cellulose and lead oxide partially 

reduce dendrite growth and 

hydrogen. 

Lee et al. 

(2006a) 

Discrete particle 

electrolyzer integrated 

with regenerative ZAFC 

0.5-0.6 mm dense Zn particle.  Smedley and 

Zhang (2007) 

Deposition of electrolytic 

Zn from alkaline solution 

Effect of current density and 

electrolyte concentration on 

morphology, surface area and C.E. 

Sharifi et al. 

(2009) 

Zn electrolysis with 

propanol oxidation as 

counter electrode 

The highest Organic-electro-

synthesis efficiency of 82% at 

propanol up to 1 M 

Wen et al. 

(2009) 
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Table 2.3 (cont.) Literature reviews of Zn regeneration  

Description 
Performance / remarkable 

conclusion 
Reference 

an indicator of Zn 

morphology change in 

flowing alkaline 

electrolyte 

Current density ratio was proposed 

as morphology change indicator. 

The morphology change from mossy 

to crystalline was able to be 

predicted. 

Ito et al. (2012) 

Study effect of current 

density, temperature, flow 

velocity and concentration  

Highest C.E. of 87 – 93 % at 0.5M 

ZnO in 8 M KOH, 50-70 °C, 100 

mA/cm2 

Gavrilović-

Wohlmuther et 

al. (2015) 

Study role of HER in Zn 

electrodeposition from 

flowing alkaline solution 

Diffusion layer of zincate ion was 

mixed by the disturbance of 

hydrogen bubble gas. 

The dendrite formation was able to 

be predicted from the modify current 

density ratio. 

Dundálek et al. 

(2017) 

2.8.3 Modeling of zinc-air battery 

As mentioned in section 2.4.4, the continuum model is the most commonly used 

model type for studying zinc-air battery. The previous work of Sunu and Bennion 

(1980) developed the one-dimensional continuum model of porous Zn electrode. This 

work established the modeling framework of Zn electrode for several consecutive 

research works. This model adopted the concentrated solution theory to describe the 

mass transport and was used to predicted electrode behavior during galvanostatic 

operation. Another main feature of this model is ZnO precipitation and the change of 

electrode porosity. The result revealed that the reaction was highly non-uniform and 

had very thin reaction zone located near electrode surface. Consequently, electrolyte 

depletion occurred inside the porous electrode causing the electrode failure. 

Moreover, the charge and discharge reactions distributed unevenly resulting in shape 

change of Zn electrode. 

 The porous Zn electrode model developed by Sunu and Bennion (1980) was 

further extended to the one-dimensional model of primary ZAB by Mao and White 

(1992). The separator, air cathode and precipitation of solid species were added into 

the model therefore the model was able to use to investigate the battery design. The 

developed model was validated with the experimental data provided by MATSI.inc. 

The result predicted that depletion of OH- concentration limited the Zn utilization. It 

was observed that thickness of electrode showed insignificant effect on the utilization, 

but the material loading provided a great effect on the utilization. Increasing material 
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loading decreased the utilization and capacity. Increasing the thickness of separator 

provided higher utilization but decreased cell voltage. 

 Later, Deiss et al. (2002) developed a one-dimensional model for secondary 

ZAB and simulated charge-discharge cycling. This model adopted the dilute solution 

theory instead. This model showed good agreement with their experiment. The result 

suggested that OH- depletion was a limiting factor for high current discharge. The 

redistribution of anode material was observed in charge-discharge cycling. It was 

found that the redistribution per cycle is reduced as the cycle proceeded. 

 Jung et al. (2016) presented the analysis of Zn utilization in primary ZAB 

using a one-dimensional model. The model included all cell component which 

allowed to perform full-cell scale simulation. The model validity was verified by 

comparing the predicted discharge curve with their experimental data. The model was 

used to find the optimal values for key parameters. As a result, the maximum Zn 

utilization of 97% was obtained at the optimal studied parameters. The optimal values 

for thickness of anode and separator were 0.61 mm and 0.11 mm, respectively. 

 Schröder and Krewer (2014) studied the effect of air composition using zero-

dimensional model of ZAB. The zero-dimensional continuum model was developed 

and included all necessary cell component. Three studied parameters of air component 

were O2, CO2 and humidity. As regards effect of O2, it affected the limiting current of 

the battery. The higher concentration of O2 provide higher limiting current and cell 

performance. For the effect of CO2, it was noted that CO2 affected the electrolyte 

concentration via the carbonation reaction. As the cycle proceeded, electrolyte 

concentration was changed resulting in decreasing of cell voltage. Lastly, the 

humidity contributed to electrode flooding and drying. The optimal relative humidity 

was reported. The relative humidity above the optimal value causes the electrode 

flooding. Vice versa, the electrode drying was occurred when the relative humidity 

was lower than the optimal value. 

Recently, Stamm et al. (2017) proposed modeling and simulation of primary 

ZAB based on VARTA button cell. This work included the modeling of nucleation 

and growth of ZnO and investigated its effect on discharge curve. Furthermore, 

carbonation in electrolyte was also included. The simulation revealed the 

inhomogeneous precipitation of ZnO and dissolution of Zn. The addition of ZnO into 

anode was able to improve the rechargeability; however, the initial discharge capacity 

was reduced. It was also found that CO2 absorption in alkaline electrolyte limited the 

battery lifetime. 

As regards the dynamic behavior of zinc-air battery, little model-based 

research was done in the past. For instance, the cell parameters of zinc-air cells for a 

BMS were determined by electrotechnical investigation (Şanal et al., 2015). This 
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work analyzed a zinc-air cell with capacity of 50 Ah and presented a battery test 

bench. The test bench is used to investigate cell parameters including OCV, cell 

resistance and cell capacity. The result showed that OCV and cell resistance exhibited 

the relationship with SOC. Therefore, this relationship was able to be used to estimate 

the SOC. 

It can be clearly seen that this study of the dynamic behavior of zinc-air 

battery is still lack in recent times. In contrast, the other battery types have been 

received relatively higher research interest. The decent examples are the Li-ion 

battery and lead-acid battery. The research on dynamic behavior, BMS and state 

estimation of these batteries has superior progress. For Li-ion battery, many works 

were focusing on the dynamic model (Docimo et al., 2014, Akbar et al., 2015, Stroe et 

al., 2017, Krewer et al., 2018, Nam et al., 2018). Most of these works aimed to 

develop the dynamic model for use in battery state estimation. Furthermore, the state 

estimation algorithm was also a popular topic for Li-ion battery (Li et al., 2017b, Tran 

et al., 2017, Wei et al., 2018). 

For instance, Hu and Yurkovich (2011) developed an LPV model for the 

prediction dynamic voltage of the lithium-ion battery and proposed a subspace 

identification method. The dynamics of the battery under various operating conditions 

were able to be predict by the proposed model. Further, the LPV technique was 

developed for the SOC estimation of a battery cell (Hu and Yurkovich, 2012). The 

model was applied with a state observer to estimate the SOC. The proposed technique 

provided good performance with guaranteed stability. 
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Table 2.4 Summary of literature reviews for modeling of zinc-air battery 

Description remarkable conclusion Source 

One-dimensional model 

of porous Zn electrode in 

alkaline electrolyte 

The reaction was highly non-uniform 

and had thin active zone. Limitation of 

Zn electrode came from electrolyte 

depletion. 

Sunu and 

Bennion 

(1980) 

Two-dimensional model 

of porous Zn electrode for 

investigation of material 

redistribution.  

Non uniform current and concentration 

distribution contributed to redistribution 

of Zn and ZnO 

Isaacson et 

al. (1990) 

One-dimensional model 

of primary ZAB for 

investigation of the 

battery behavior with 

respect to design 

Zn utilization is limited by depletion of 

hydroxide ions. Material loading 

provide a significant effect on Zn 

utilization. 

Mao and 

White 

(1992) 

One-dimensional model 

of rechargeable ZAB for 

analysis of galvanostatic 

experiment. 

OH- depletion was predicted to be 

limiting factor for high-current 

discharge. Zn redistribution per cycle 

was reduced with increasing number. 

Deiss et al. 

(2002) 

Zero-dimensional model 

of secondary ZAB for 

studying effect of air 

composition. 

O2 contributed to limiting current. Air 

humidity caused electrode flooding or 

drying. CO2 affected OH- concentration 

and operation lifetime. 

Schröder 

and Krewer 

(2014) 

Analysis of O2 bubble 

growth in ZAB recharging 

process using 

computation fluid 

dynamic. 

Using flowing electrolyte and partial 

insulation electrode could prevent 

oxygen bubble coalescence. Two type 

of tri electrode configuration were 

compared. 

Wang et al. 

(2015a) 

Investigation of morphology 

control in Zn regeneration 

using computation fluid 

dynamic. 

Dendrite growth can be reduced by 

pulsating current and flowing 

electrolyte. Morphology of Zn depends 

on rates of reaction and mass transfer. 

Wang et al. 

(2015b) 

One-dimensional model 

of GDL in ZAB with 

moving gas-liquid 

interface. 

Pulse-current operation and electrode 

flooding were investigated. The 

parameters affecting O2 distribution 

was also studied. 

Schröder et 

al. (2016) 

One-dimensional model 

of ZAB considering the 

effect of anode and 

separator thickness on Zn 

utilization 

The optimal thickness of anode and 

separator was reported. 

(97 % Zn utilization with compact 

anode, 0.61 mm for anode and 0.11 mm 

for separator) 

Jung et al. 

(2016) 

Study of ZnO nucleation 

and growth using multi-

phase one-dimensional 

ZAB model 

Inhomogeneous deposition and 

dissolution of Zn/ZnO were detected. 

Rechargeable capacity was improved 

by adding ZnO to the electrode, but it 

reduced initial discharge capacity. 

Stamm et al. 

(2017) 
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https://www.frontiersin.org/articles/10.3389/fenrg.2019.00015/full#supplementary-

material and is also provided in Appendix A of this thesis. 

3.2 Abstract 

This work aims at analyzing an integrated system of a zinc-air flow battery with a 

zinc electrolyzer for energy storage application. For efficient utilization of inherently 

intermittent renewable energy sources, safe and cost-effective energy storage systems 

are required. A zinc-air flow battery integrated with a zinc electrolyzer shows great 

promise as an electricity storage system due to its high specific energy density at low 

cost. A mathematical model of the system was developed. The model was 

implemented in MATLAB and validated against experimental results. The validation 

of the model was verified by the agreement between the simulation and experimental 

polarization characteristic. The behavior and performance of the system were then 

examined as a function of different operating parameters: the flow rate of the 

electrolyte, the initial concentration of potassium hydroxide (KOH) and the initial 

concentration of zincate ion. These parameters significantly affected the performance 

https://www.frontiersin.org/articles/10.3389/fenrg.2019.00015/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenrg.2019.00015/full#supplementary-material
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of the system. The influence of the hydrogen evolution reaction (HER) on the 

performance of the system was investigated and discussed as it significantly affected 

the coulombic efficiencies of both the zinc-air flow battery and the zinc electrolyzer. 

Optimal KOH concentration was found to be about 6–7M. Whilst increased KOH 

concentration enhanced the discharge energy of the battery, it also increased HER of 

both the battery and the electrolyzer. However, higher initial concentration of zincate 

ion reduced HER and improved the coulombic efficiency of the system. Besides, a 

higher flow rate of electrolyte enhanced the performance of the system especially at a 

high charge/discharge current by maintaining the concentration of active species in 

the cell. Nevertheless, the battery suffered from a higher rate of HER at a high flow 

rate. It was noted that the model-based analysis provided better insight into the 

behavioral characteristics of the system leading to an improved design and operation 

of the integrated system of zinc-air flow battery with the zinc electrolyzer. 

Keywords: zinc-air battery, zinc electrolyzer, simulation, energy storage, flow battery 

3.3 Introduction 

Nowadays, renewable energy has captured the public interest and has been 

extensively explored due to the increment in energy demand and stringent climate 

change targets (Li and Dai, 2014, Jing et al., 2017). Renewable energy sources, 

therefore, such as solar and wind have a strong potential to fulfill the need. 

Nevertheless, their practical employment has been limited by their variability and 

intermittent nature. Thus, a reliable and cost-effective energy storage system (ESS) is 

required for efficient utilization of renewable energy sources (Zhang, 2013). Besides, 

ESS can play a significant role to enhance stability and flexibility of a power grid in 

both supply and demand (Dunn et al., 2011). 

Zinc-air batteries are a promising ESS because of their high practical specific 

energy, up to 700 Wh/kg (Li et al., 2013). Zinc (Zn) is also an attractive anodic active 

material because it is non-toxic, safe, abundant and low-cost (Lao-atiman et al., 

2017). Besides, Zn exhibits high stability and reversibility during charge-discharge 

cycle (Zhu et al., 2016). Zn-air batteries generate electricity through the 

electrochemical reaction of Zn and oxygen. During discharge of the battery, Zn anode 

is oxidized and produces zincate and later changes to zinc oxide whilst, at the cathode, 

oxygen from the atmosphere undergoes reduction. As the cathodic active material is 

not enclosed in the cell, Zn-air batteries exhibit very high energy density. Zn-air 

batteries have been fabricated in various forms and shapes such as flexible batteries 

(Fu et al., 2016, Suren and Kheawhom, 2016, Wang et al., 2017), cable-type batteries 

(Park et al., 2015), and flow batteries (Bockelmann et al., 2016, Hosseini et al., 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
41 

2018b, Wang et al., 2018). Flow batteries have a wide power range and much higher 

capacity ratings. In addition, they can independently scale the power and capacity by 

storing active materials outside the cell. In other words, flow batteries allow for 

independent scale-up of power and capacity specifications (Escalante Soberanis et al., 

2018). Thus, regarding cost, system flexibility, quick response and safety concerns for 

large-scale applications, flow batteries exhibit significant advantages over other types 

of battery. 

Zn-air batteries can be recharged by two approaches: electrical recharge and 

mechanical recharge (Xu et al., 2015, Mainar et al., 2018). An electrically 

rechargeable Zn-air battery is recharged by supplying electricity directly to the cell. 

During recharge, oxygen is generated at the air electrode whilst Zn metal is 

electrochemically regenerated at the Zn electrode. A significant problem of the Zn 

electrode is the formation of dendritic Zn during recharge. Moreover, during recharge, 

the air electrode rapidly deteriorates due to the growth of oxygen bubbles and the air 

electrode corrosion (Pei et al., 2014b). These issues are a critical life cycle-limiting 

factor for rechargeable Zn-air batteries. These problems can be avoided by using a 

mechanical recharging approach. A mechanically rechargeable Zn-air battery (also 

known as a Zn-air fuel cell) can be recharged by directly refueling active Zn anode 

into the cell. Zn serving as fuel is stored in a storage tank and fed to the cell. In this 

configuration, dendritic Zn formation inside the cell is avoided because Zn is 

regenerated in other places such as an electrolyzer. Further, the air electrode of the 

battery does not suffer from oxygen bubbles erosion and carbon corrosion. As Zn is 

regenerated outside the cell, the mechanically rechargeable Zn-air battery is typically 

fabricated as a flow battery such that the discharge product can be circulated out of 

the cell. 

Zn can be regenerated by various methods. Yet, the most appropriate 

procedure to use with Zn-air flow batteries is electrochemical regeneration or 

electrolysis. The discharge product of the batteries can be directly used as reactant of 

the electrolysis cell or electrolyzer. The outlet stream of a flow battery containing 

zincate and zinc oxide is fed to an electrolyzer to regenerate Zn. The regenerated Zn is 

then refueled back into the battery. The zinc-air flow battery integrated with an 

electrolyzer can be operated as an ESS. Technologies based on mechanically 

rechargeable Zn-air flow batteries and Zn regeneration have been developed 

progressively. Smedley and Zhang (2007) proposed an integrated system of Zn-air 

fuel cells and electrolyzers which was designed to serve as a source of an emergency 

power backup system. The 12-cell-stacks system was able to provide a power output 

of 1.8 kW for 12 h. Recently, the ESS based on Zn-air flow batteries was developed 

by Amunátegui et al. (2018).  A 1 kW, 4 kWh Zn-air flow battery pilot plant was 
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demonstrated having 40% round-trip efficiency and 2000 cycles, respectively. It was 

observed that the coulombic efficiency was reduced by 18% because of shunt current 

phenomenon. 

Previously, mathematical models for different types of Zn-air batteries were 

proposed to study the influence of various parameters. Mao and White (1992) 

developed a model of a primary Zn-air battery to investigate the behavior of the 

battery concerning several design parameters. Their results showed that the utilization 

of Zn was restricted by the depletion of hydroxide ion (OH-) and significantly 

depended on the Zn loading in the electrode. Deiss et al. (2002) proposed a one-

dimensional mathematical model of a rechargeable Zn-air battery and indicated that 

the redistribution and shape change of Zn and ZnO leads to a non-uniform Zn 

electrode. The shape change proceeded as the battery cycle progressed forward. 

Nevertheless, the redistribution rate slowed down when the number of cycles 

increased. Schröder and Krewer (2014) introduced a mathematical model for a 

secondary Zn-air battery to examine the impact of air composition under isothermal 

operation. 

Significant performance evaluations of Zn electrolysis include the morphology 

of Zn and the coulombic efficiency of the process (Savaskan et al., 1992, Simičić et 

al., 2000, Lee et al., 2006a, Sharifi et al., 2009, Gavrilović-Wohlmuther et al., 2015). 

Wang et al. (2015a) also proposed an electrochemical phase field model for the 

simulation of Zn dendritic growth. The results showed that dendrite growth could be 

controlled by manipulating the concentration gradient of Zn ion. Moreover, dendrite 

growth could be suppressed by pulsed-current charging and flowing electrolyte 

(Garcia et al., 2017). Besides, the growth of oxygen bubbles during recharge of the 

Zn-air battery was studied. It was found that the oxygen bubble coalescence could be 

inhibited by the flowing electrolyte. 

Zn-air batteries are preferably operated using an alkaline electrolyte. One 

crucial issue that occurs in alkaline Zn-air cells is corrosion of the Zn anode due to 

hydrogen evolution reaction (HER). This is known as self-corrosion of the Zn anode 

(Wongrujipairoj et al., 2017). Moreover, this reaction consumes the electrolyte and 

decreases the utilization efficiency of Zn. In other words, hydrogen evolution 

contributes to the coulombic efficiency loss during both charging and discharging 

processes. Saleh et al. (1997) developed a model of alkaline Zn electrowinning 

considering HER to study the effects of different operating parameters. Besides, 

Dundálek et al. (2017) proposed a model of Zn electrodeposition from a flowing 

alkaline electrolyte by considering HER and limiting current density of Zn reduction. 

The model was used to examine the relationship between HER and the morphology of 
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Zn deposited. Nevertheless, HER has not been addressed previously in a 

mathematical model of a Zn-air flow battery. 

This work aims to develop a mathematical model of a Zn-air flow battery 

integrated with an electrolyzer. Hydrogen evolution reaction as a parasitic reaction is 

also considered in the model. The developed model was implemented in MATLAB 

and validated against the experimental data. Then, simulation was performed to 

examine the dynamic behavior of the battery system. The study consists of the 

following: (1) a brief overview of the Zn-air flow battery and Zn electrolyzer (2) 

experimental setup of the system for model validation (3) model development and 

validation of the model (4) simulation of the system and the effects of various 

parameters (5) final summary. 

3.4 Zinc-air Flow Battery and Zinc Electrolyzer 

A Zn-air flow battery (ZAFB) consists of two electrodes: a Zn anode and an air 

cathode, as shown in Fig. 3.1A. The anode and cathode are separated by a separator 

allowing ions to transfer across the cell. Potassium hydroxide (KOH) aqueous 

solution is used as an electrolyte. At the anode (negative electrode), Zn reacts with 

hydroxide ions (OH-) and forms zincate ions (Zn(OH)4
2-) as shown in R1. When the 

concentration of zincate ion reaches its solubility limit, zinc oxide (ZnO) precipitation 

reaction proceeds, as presented in R2. Hydrogen evolution reaction (HER) is also 

considered as a parasitic reaction on the Zn electrode. Water receives electrons and 

converts to hydrogen (H2) and hydroxide ions, as shown in R3. HER combined with 

Zn dissolution reaction results in Zn corrosion, as shown in R4. At the cathode 

(positive electrode), oxygen reduction reaction (ORR) consumes oxygen (O2) and 

water and produces hydroxide ions as described in R5. As the battery discharges, 

electrons are released from reaction R1 and received by reaction R5. Both reactions 

proceed and generate electricity. 

Zn electrode: 𝑍𝑛 + 4 𝑂𝐻−
𝑟𝑍𝑛
↔  𝑍𝑛(𝑂𝐻)4

2−
+ 2𝑒−  (R1)

 𝑍𝑛(𝑂𝐻)4
2− 𝑟𝑍𝑛𝑂
↔  𝑍𝑛𝑂 + 2 𝑂𝐻− + 𝐻2𝑂 (R2) 

Parasitic reaction: 2𝐻2𝑂 + 2𝑒−
 
→𝐻2 + 2𝑂𝐻

− (R3)

 𝑍𝑛 + 2𝑂𝐻− + 2𝐻2𝑂 → 𝑍𝑛(𝑂𝐻)4
2−
+ 𝐻2 (R4) 

Air electrode: 
1

2
𝑂2 + 𝐻2𝑂 + 2 𝑒

−
𝑟𝑎𝑖𝑟
↔ 2 𝑂𝐻− (R5) 

The Zn electrolyzer, as shown in Fig. 3.1B, consists of a Zn regeneration 

electrode (negative electrode) and an air electrode (positive electrode). The charge 

current is supplied to the electrolyzer inducing the reverse reactions of ZAFB to 

proceed: zincate ions as a reactant are converted back to Zn and hydroxide ions at the 

negative electrode (a reversion of R1). HER (R3) also significantly affects 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
44 

performance of the electrolyzer because water in the electrolyte can receive electrons 

directly from the charge current. At the positive electrode, oxygen evolution reaction 

(OER; a reversion of R5) converts hydroxide ions into oxygen and water. 

ZAFB integrated with the Zn electrolyzer can be used as an energy storage 

system. In Fig. 3.2, the integrated system of ZAFB connecting with Zn electrolyzer is 

illustrated. The electrolyte circulates between the battery and the electrolyzer. During 

discharge, ZAFB consumes Zn and produces zincate ion. The effluent from ZAFB, 

containing a high concentration of zincate ion, is fed into the electrolyzer. The 

electrolyzer consumes electricity in order to regenerate Zn. Zincate ions are then 

converted to Zn. In comparison, the effluent from the electrolyzer, containing a lower 

concentration of zincate ion, is fed into ZAFB. Besides, Zn regenerated from the 

electrolyzer is mechanically transferred to the ZAFB. 

 
Figure 3.1 Schematic diagram of zinc-air flow battery and zinc electrolyzer. 

 
Figure 3.2 Schematic diagram of zinc-air flow battery integrated with zinc 

electrolyzer. 

3.5 Experimental Setup 

The model developed in this work was validated against experimental data obtained 

from a Zn-air flow battery and a Zn electrolyzer. The experimental setup of the 

battery included a stack arrangement with a Zn anode plate, a separator and an air 

cathode. The Zn anode consisted of 10 g Zn granules with an average diameter of 0.8 
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mm loaded inside a 100-mesh stainless steel pouch functioning as a current collector. 

The area of the current collector was 10 cm2. The separator was prepared by casting 2 

g of 24 wt.% poly(vinyl acetate) (PVAc) aqueous solution over both sides of a filter 

paper and then dried in an oven at 55 °C for 10 min. The air cathode plate consisted of 

three layers: namely, a gas diffusion layer, a cathode current collector and a catalyst 

layer. Nickel foam (0.5 mm thick with 100 PPI) was employed as the cathode current 

collector. The gas diffusion layer was fabricated by casting a slurry mixture of 4 g 

carbon black, 4 g PTFE powder and 2 g glucose in 50 ml ethanol on one side of the 

nickel foam. The coated nickel foam was then heat-pressed at 350 °C for 15 min using 

a manual hot press machine. Then, the catalyst layer was fabricated on the other side 

of the nickel foam by adding a slurry mixture of 3 g MnO2 and 7 g carbon black in 

the binder dissolved solvent. The solvent was prepared by dissolving 1 g poly styrene-

co-butadiene (4% butadiene, Sigma Aldrich) as a binder in 50 ml toluene. The 

catalyst coated cathode was then annealed at 110 °C in an oven. The gas diffusion 

layer exhibited good hydrophobicity. The hydrophobicity of the gas diffusion layer 

prevents leakage of the electrolyte and water flooding in the cathode. This layer also 

allows oxygen gas from the atmosphere to permeate through the cell. The active area 

of the cathode was 10 cm2. KOH aqueous solution (7 M) was used as the electrolyte. 

The electrolyte with a total volume of 150 mL was fed through the cell at a circulation 

rate of 50 mL/min using a peristaltic pump. 

The experimental setup of the electrolyzer is similar to the battery. The 

electrolyzer included a stack arrangement with a cathode plate, a separator and an 

anode. The cathode plate is made of stainless steel with an active area of 10 cm2. The 

separator was prepared by casting 2 g of 24 wt.% PVAc aqueous solution over both 

sides of a filter paper and then dried in an oven at 55 °C for 10 min. The anode was 

made of nickel foam (0.5 mm thick with 100 PPI) with an area of 10 cm2.  

To validate the mathematical models of ZAFB and Zn electrolyzer, the 

polarization characteristic of ZAFB was examined. The cell voltage and current were 

measured by a BA500 battery analyzer using BA500WIN software. The current input 

can be adjusted manually and cell voltage is measured at the selected current 

continuously. The data of cell voltage was collected every second. For one current 

value, the voltage data had been collected for 10 seconds and 10 voltage values were 

used to calculate the average cell voltage. After that, the current value was changed to 

the next value. To measure the overpotential of the electrodes, a mercury / mercury 

oxide electrode was used as a reference electrode. The overpotential was calculated 

from the difference of potential between the reference electrode and the equilibrium 

potential of each electrode. 
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3.6 Mathematical Models 

In this section, mathematical models of ZAFB and the Zn electrolyzer are described. 

The models were developed based on the following assumptions: 

• Temperature variations are negligible: an isothermally operation at 298.15K is 

assumed. Operation of both ZAFB and the Zn electrolyzer are carried out at 

room temperature. 

• Zero-dimensional space: all variables and parameters inside the cell are 

independent of the location. The concentration gradient inside the cell is very 

small and can be neglected. This assumption is valid because the reactions are 

sufficiently slow; electrode reaction rate is relatively slower than mass transfer 

rate. Hence, homogenous concentrations in each cell are assumed. In previous 

literature, a similar assumption was also considered. For instance, Schröder 

and Krewer (2014) proposed a zero-dimensional zinc-air battery model which 

was used to investigate the effect of air-composition on cell performance. 

Dundálek et al. (2017) published a zero-dimensional model of zinc 

electrodeposition with flowing electrolyte. 

• Negligible distance between the cells: the effluent of the electrolyzer 

immediately affects the ZAFB. In the same manner, the effluent of the ZAFB 

instantly affects the electrolyzer. 

• Constant physical properties, electrode areas and thickness: material properties 

are assumed to be constant because the state of temperature and pressure is 

constant. The electrode area and thickness were also assumed to be constant as 

the cell design. 

• Zn oxidation / reduction taking place at the Zn electrode and ORR / OER 

taking place at the air electrode: no reaction occurred outside the reaction area. 

• The capacitive effects are negligible: the system is assumed to be a quasi-

electroneutrality condition. 

• Ideal gas behavior: ideal gas law is applied as the system is operated at 

ambient pressure. 

• Binary mass diffusion: the diffusion rate is determined by Fick’s law. 

3.6.1 Species Balances 

The molar concentration balance of species k, including OH-, Zn(OH)4
2- and H2O, is 

expressed as in Equation (3.1). Superscript j represents the electrode or position 

referring to Zn electrode (j = zinc) and air electrode (j = air): 

 
𝑑𝐶𝑘

𝑗

𝑑𝑡
=

1

𝑉
electrolyte
𝑗 ∙ [𝐹𝑘,𝑖𝑛 − 𝐹𝑘,𝑜𝑢𝑡 + 𝐽𝑘 + ∑ 𝑣𝑘,𝑖 ∙ 𝑟𝑖𝑖 − 𝐶𝑘

𝑗 𝑑𝑉electrolyte
𝑗

𝑑𝑡
] (3.1) 
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where Ck is concentration of species k, Velectrolyte is electrolyte volume, Fk is molar 

flowrate of species k, 𝑣𝑘,𝑖 is stoichiometric coefficient of species k in reaction i, ri is 

rate of reaction i (mol/s). Jk is molar transfer rate crossing between Zn and air 

electrodes of species k including diffusion (diff), migration (mig) and convection 

(conv) and can be calculated as in Equation (3.2): 

 𝐽𝑘 = 𝐽𝑘
diff + 𝐽𝑘

mig
+ 𝐽𝑘

conv  (3.2) 

where:  𝐽𝑘
diff = 𝐷𝑘 ∙

(𝐶𝑘
air−𝐶𝑘

zinc)

𝛿𝑠𝑒𝑝
∙ 휀sep ∙ 𝐴sep  

 𝐽𝑘
mig

=
𝑡𝑘

𝑧𝑘
±𝐹
∙ 𝑖cell ∙ 휀sep ∙ 𝐴sep 

 𝐽𝑘
conv = 𝐹conv ∙ 𝐶𝑘

zinc 

where 𝐷𝑘 is diffusivity of species k, 휀sep is porosity of separator, 𝐴sep is area of 

separator, 𝛿𝑠𝑒𝑝 is thickness of separator, 𝑡𝑘 is transference number of ion k, 𝑧𝑘
±is ion 

number of species k, F is Faraday constant, 𝑖cell is current density, 𝐹conv is convective 

volume flow crossing between Zn and air electrodes. 

 𝐹𝑐𝑜𝑛𝑣 = ∑ 𝐽𝑘 ∙ �̅�𝑘𝑘  (3.3) 

From the zero-dimensional space assumption, the outlet molar flowrate of species k 

(𝐹𝑘,out) can be calculated as in Equation (3.4). The electroneutrality conditions are 

applied to an ionic species charge balance, as shown in Equation (3.5): 

 𝐹𝑘,out = 𝐶𝑘
zinc ∙ 𝑉electrolyte

zinc ∙ 𝑆𝑉 (3.4) 

 ∑ 𝑧𝑘
±𝐶𝑘

𝑗
𝑘 = 0 (3.5) 

where SV is space velocity. 

The accumulation of ZnO is expressed by the molar balance with reaction R2. Solid 

Zn is calculated in the same way with reaction R1:     

 
𝑑𝑁ZnO

𝑑𝑡
= 𝑣ZnO,2 ∙ 𝑟ZnO (3.6) 

 
𝑑𝑁Zn

𝑑𝑡
= 𝑣Zn,1 ∙ 𝑟Zn (3.7) 

where 𝑁ZnO is moles of ZnO, 𝑁Zn is moles of Zn. 

3.6.2 Rates of Reactions 

The reaction rates of reaction R1, R3 and R5 are modeled by Faradaic reaction 

approach as expressed in Equations (3.8), (3.9) and (3.10), respectively: 

 𝑟Zn =
𝑖Zn∙𝐴zinc

𝑛𝑒𝐹
 (3.8) 

 𝑟H =
𝑖H∙𝐴zinc

𝑛𝑒𝐹
 (3.9) 

 𝑟air =
𝑖air∙𝐴air

𝑛𝑒𝐹
 (3.10) 
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where rZn, rH and rair are rates of reaction R1, R3 and R5, respectively. iZn, iH and iair 

are current density related to reaction R1, R3 and R5, respectively. 𝑛𝑒 is number of 

exchange electrons involved in the reaction. 

For ZnO precipitation reaction (Equation R2), the rate of reaction is expressed by a 

saturation approach (Sunu and Bennion, 1980): 

 𝑟ZnO = 𝑘𝑠(𝐶Zn(OH)42− − 𝐶Zn(OH)42−
sat ) (3.11) 

where rZnO is rate of reaction R2, ks is rate constant of reaction R2 and 𝐶Zn(OH)42−
sat  is 

saturation limit concentration of Zn(OH)
4

2-
 

3.6.3 Volume Change 

The solid electrode volume change can be expressed as follows: 

 
𝑑𝑉solid

zinc

𝑑𝑡
=
𝑑𝑁Zn

𝑑𝑡
∙ �̅�Zn +

𝑑𝑁ZnO

𝑑𝑡
∙ �̅�ZnO (3.12) 

The electrolyte volume change can be calculated accordingly: 

 
𝑑𝑉electrolyte

zinc

𝑑𝑡
= ∑ (𝑉electrolyte

zinc ∙
𝑑𝐶𝑘

zinc

𝑑𝑡
+ 𝐶𝑘

zinc ∙
𝑑𝑉electrolyte

zinc

𝑑𝑡
) ∙ �̅�𝑘𝑘  (3.13) 

 
𝑑𝑉electrolyte

air

𝑑𝑡
= −𝐹conv + 𝑟air∑ 𝑣𝑘,air ∙𝑘 �̅�𝑘 (3.14) 

 휀 = 1 −
𝑉solid
zinc

𝛿zinc𝐴elecZn
 (3.15) 

where �̅�𝑘 is specific molar volume of species k, 휀 is porosity of Zn electrode, 𝑉solid
zinc  is 

volume of solid Zn electrode, 𝛿zinc is thickness of the Zn electrode and 𝐴elecZn is 

surface area of the Zn electrode. 

3.6.4 Cell Potential 

The cell potential (Ecell) can be calculated from Nernst potential (E0,cell) minus with 

overpotentials as expressed in Equation (3.16). The included overpotentials are Zn 

activation overpotential (η
act
zinc), air activation overpotential (η

act
air )  and ohmic 

overpotential (η
ohmic

): 

 𝐸cell = 𝐸0,cell − 𝜂act
zinc − 𝜂act

air − 𝜂ohmic (3.16) 

 𝐸0,cell = 𝐸
air − 𝐸zinc (3.17) 

where 𝐸air is potential of air electrode and 𝐸zinc is potential of the Zn electrode. 

 𝐸air=𝐸0
air+

RT

𝑛𝑒∙F
ln(

(𝑃O2/𝑃
ref)0.5

(C
OH-
air

/Cref)
2 ) (3.18) 

 𝐸zinc=𝐸0
zinc+

RT

𝑛𝑒∙F
ln(

(C
Zn(OH)4

2-
zinc

/Cref)

(C
OH-
zinc

/Cref)
4 ) (3.19) 
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where 𝐸0
air is standard electrode potential of air electrode, 𝐸0

zinc is standard electrode 

potential of the Zn electrode, 𝑃O2 is partial pressure of oxygen, 𝑃ref is reference state 

pressure and C
ref

 is reference state concentration. 

3.6.5 Activation Loss 

The activation loss of Zn electrode (𝜂act
zinc) can be calculated from the total current at 

Zn electrode including Zn dissolution or regeneration (𝑖Zn) and HER (𝑖H), as 

described in Equations (3.20) to (3.25):  

 
𝑑𝜂act

zinc

𝑑𝑡
∙ 𝐶DL

zinc = 𝑖cell − (𝑖Zn + 𝑖H) (3.20) 

𝑖Zn = 𝑖0
zinc ∙ [exp (

𝛼zinc𝑛𝑒𝐹

𝑅𝑇
𝜂act
zinc) − (

𝐶
Zn(OH)4

2−,𝑠

𝐶
Zn(OH)4

2−,𝑏

) exp (−
(1−𝛼zinc)𝑛𝑒𝐹

𝑅𝑇
𝜂act
zinc)] (3.21) 

 𝑖H = 𝑖0
H ∙ [exp (

𝛼H𝑛𝑒,H𝐹

𝑅𝑇
𝜂H) − exp (−

(1−𝛼H)𝑛𝑒,H𝐹

𝑅𝑇
𝜂H)] (3.22) 

where 𝐶DL
zinc is double layer capacitance of the Zn electrode, 𝑖0

zinc is exchange current 

density of the Zn electrode, 𝑖0
H is exchange current density of HER, α is charge 

transfer coefficient, 𝐶Zn(OH)42−,𝑠 is concentration of zincate ion at the electrode surface, 

𝐶Zn(OH)42−,𝑏 is concentration of zincate ion in the bulk electrolyte and 𝜂H is 

overpotential of HER at the Zn electrode which can be calculated from Equations 

(3.23) to (3.25). 

 𝜂H = 𝜂act
zinc + ∆𝐸ZH (3.23) 

 ∆𝐸ZH = 𝐸
zinc − 𝐸H (3.24) 

 𝐸H = 𝐸0
H-

RT

𝑛𝑒∙F
ln(

C
OH

-
zinc

Cref ) (3.25) 

where ∆𝐸ZH is potential difference between the Zn electrode reaction and HER, 𝐸H is 

electrode potential of HER, 𝐸0
H is standard electrode potential of HER. The exchange 

current density (𝑖0
zinc) of the Zn electrode can be calculated from Equations (3.26) to 

(3.29). The reference exchange current density (𝑖0
Zn,ref

) can be calculated from a 

correlation between exchange current density and concentration of OH- fitted with 

experimental data by Dirkse and Hampson (1972) as determined in Equation (3.26): 

 𝑖0
Zn,ref = 0.0281 + 0.0613𝐶OH− − 0.0041𝐶OH−

2 (3.26) 

 𝑋zinc =
𝑉solid,Zn

2/3

𝑉solid,Zn
2/3+𝑉solid,ZnO

2/3 (3.27) 

 𝑎𝑠 = 𝑎0 (
1−

1− 0
)
2/3

 (3.28) 

 𝑖0
zinc = 𝑖0

ref,zinc𝑎𝑠𝑋zinc (3.29) 
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where 𝑋zinc is active surface fraction of Zn in solid phase, 𝑉solid,𝑘 is volume of solid 

species k, 𝑎𝑠 is solid-solution interface area per unit volume, 𝑎0 is initial solid-

solution interface area per unit volume and 휀0 is initial porosity of the Zn electrode. 

Equation (3.21) expressed the current of Zn electrode including both oxidation and 

reduction.  For electrolyzer, the term (
C

Zn(OH)4
2-,s

C
Zn(OH)4

2-,b

) refers to the diffusion limit of zincate 

ion in Zn reduction reaction (Ito et al., 2012, Dundálek et al., 2017). The 

concentration of zincate ion at the electrode surface (C
Zn(OH)4

2-,s
) and bulk electrolyte 

(C
Zn(OH)4

2-,b
) can be described as in Equations (3.30) and (3.31):  

 
𝑑𝐶

Zn(OH)4
2−,𝑠

𝑑𝑡
=

1

𝑉electrolyte
∙ [𝑟Zn − 𝐷Zn(OH)42−,elec

(𝐶
Zn(OH)4

2−,𝑠
−𝐶

Zn(OH)4
2−,𝑏

)

𝛿
Zn(OH)4

2−,diff
𝐴elecZn

+

𝐶Zn(OH)42−,𝑠
𝑑𝑉electrolyte

𝑑𝑡
]  (3.30) 

 
𝑑𝐶

Zn(OH)4
2−,𝑏

𝑑𝑡
=

1

𝑉electrolyte
∙ [𝐹Zn(OH)42−,in − 𝐹Zn(OH)42−,out − 𝑟ZnO +

𝐷Zn(OH)42−,elec
(𝐶
Zn(OH)4

2−,𝑠
−𝐶

Zn(OH)4
2−,𝑏

)

𝛿
Zn(OH)4

2−,diff
𝐴elecZn

+ 𝐶Zn(OH)42−,𝑠
𝑑𝑉electrolyte

𝑑𝑡
] (3.31) 

where 𝐷Zn(OH)42−,elec is diffusivity of zincate ion in electrolyte. The thickness of the 

zincate ion diffusion layer (δ
Zn(OH)4

2-,diff
) can be calculated as in Equations (3.32) to 

(3.35): 

 𝛿Zn(OH)42−,diff =
𝑑ℎ

𝑆ℎ
 (3.32) 

 𝑆ℎ = 1.85 (
𝑑ℎ

𝐿
𝑅𝑒𝑆𝑐)

1
3⁄

 (3.33) 

 𝑅𝑒 =
𝑑ℎ𝑣𝜌𝑒𝑙𝑒𝑐

𝜇
 (3.34) 

 𝑆𝑐 =
𝜇

𝐷
Zn(OH)4

2−,elec
𝜌elec

 (3.35) 

where D
Zn(OH)4

2-,elec
is the diffusion coefficient of zincate in electrolyte, C

Zn(OH)4
2-,b is 

concentration of zincate in bulk electrolyte, δ
Zn(OH)4

2-,diff
 is the thickness of zincate ion 

diffusion layer, dh is hydraulic diameter, Sh is Sherwood number, Re is Reynolds 

number, Sc is Schmidt number, ν is electrolyte velocity, μ is viscosity of electrolyte 

and ρelec is density of electrolyte. 
The activation loss of air electrode (𝜂act

air) can be calculated accordingly: 

 
𝑑𝜂act

air

𝑑𝑡
∙ 𝐶DL

air = 𝑖cell − 𝑖air  (3.36) 

 𝑖air = 𝑖0
air ∙ [(

𝐶O2,s

𝐶O2,atm
) exp (

𝛼air𝑛𝑒𝐹

𝑅𝑇
𝜂act
air) − 𝑒𝑥𝑝 (−

(1−𝛼air)𝑛𝑒𝐹

𝑅𝑇
𝜂act
air)]  (3.37) 
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where 𝐶DL
air is double layer capacitance of air electrode, 𝑖air is current density 

respecting to air electrode reaction, 𝐶O2,atm is concentration of oxygen in the 

atmosphere. The exchange current density of air electrode (𝑖0
air) is expressed as in 

Equation (3.38). The oxygen concentration at catalyst surface (𝐶O2,s) can be 

calculated by using molar concentration balance as described in Equation (3.39). 

 𝑖0
air = 𝑖0

air,ref𝑎𝑐𝛿active  (3.38) 

 
𝑑𝐶O2,s

𝑑𝑡
=

1

𝑉electrolyte
∙ [−0.5𝑟air − 𝐷O2,air

(𝐶O2,s−𝐶O2,atm)

𝛿GDL𝐴air
+ 𝐶O2,s

𝑑𝑉electrolyte
air

𝑑𝑡
] (3.39) 

where  𝐷O2,air is diffusivity of oxygen in air electrode, 𝛿GDL is thickness of gas 

diffusion layer of air electrode and 𝐴air is active surface area of air electrode. 

3.6.6 Ohmic Loss 

The ohmic loss (𝜂ohmic) is expressed by Ohmic’s law. The total ohmic resistance 

(Rohmic) is calculated from the conductivity and resistivity of the chemical species and 

cell components involved. Anode conductivity is accounted for by the solid species 

conductivity and mole fraction in solid electrode. 

 𝜂ohmic=i
cell ∙ Acell ∙ 𝑅ohmic (3.40) 

 𝑅ohmic =
𝛿zinc

𝜎anode𝐴zinc
+

𝛿electrolyte

𝜎electrolyte𝐴electrolyte
+

𝛿air

𝜎cathode𝐴air
+ 𝑅comp

𝛿comp

𝐴cell
 (3.41) 

 𝜎anode = (
𝑁Zn

𝑁Zn+𝑁ZnO
𝜎Zn +

𝑁ZnO

𝑁Zn+𝑁ZnO
𝜎ZnO) ∙ (1 − 휀) + 𝜎electrolyte휀 (3.42) 

where 𝛿zinc, 𝛿electrolyte and 𝛿air are thickness of the Zn electrode, electrolyte channel 

and air electrode, respectively. 𝜎anode, 𝜎electrolyte and 𝜎cathode are conductivity of Zn 

electrode, electrolyte channel and air electrode, respectively. 𝑅comp and 𝛿comp are 

resistivity and equilibrium thickness of other cell components. 𝜎Zn and 𝜎ZnO are 

conductivity of Zn and zinc oxide, respectively. 

The developed model was implemented and simulated in MATLAB. The 

designed parameters and operating conditions are given in Table A1 in supplementary 

material. The initial conditions at t = 0 s are listed in Table A2 in supplementary 

material. 
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Figure 3.3 Validation of the proposed models: (A) polarization characteristic of 

ZAFB (B) anode and cathode overpotential of ZAFB (C) polarization characteristic of 

Zn electrolyzer and (D) anode and cathode overpotential of Zn electrolyzer. 

3.7 Results and Discussion 

3.7.1 Model Validation 

As regards validation of the ZAFB and the electrolyzer model, two parameters, 
including the thickness of the active air electrode (δactive) and the resistance of other 

cell components (Rcomp), were manually adjusted to fit the model prediction with the 

experimental data. The fitted values of δactive and Rcomp were 30 μm and 5 Ω∙cm, 

respectively. Fig. 3.3A shows the comparison of the polarization curve between 

simulation and experimental data of the ZAFB. It was observed that there was good 

agreement between the model prediction and the experimental data. The comparison 

of total overpotential of the electrodes between the model prediction and experimental 

data is displayed in Fig. 3.3B. The overpotential of each electrode is a combination of 

electrode activation overpotential and the ohmic loss. It was assumed that the ohmic 

loss from the cathode contributes to half of the total ohmic loss of the cell. The ohmic 

loss from the anode also contributes to half of the total ohmic loss of the cell. The 

comparison was acceptable for Zn overpotential. In the case of the air electrode, a 

small offset was observed. This offset might have arisen from the ohmic loss which 
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arbitrarily adds to the activation overpotential. The measured overpotential of the 

electrodes from the experiment included some part of the ohmic overpotential which 

cannot be distinguished from the activation overpotential. The model simulated the 

activation overpotential and ohmic overpotential separately. Therefore, the measured 

overpotentials were found to be different from the simulated overpotentials. 

Furthermore, the differentiation of the air electrode was reported (Schröder et al., 

2016). However, this differentiation was not included in the model herein. On the part 

of the Zn electrolyzer, Figs. 3.3C and 3.3D show the comparison of the cell potential 

and the absolute overpotential of the electrodes between simulation and experiment. 

Acceptable validity between the simulation and experimental data was observed. A 

small offset was still shown in the overpotential of air electrode. When charging, it 

was noted that the growth of oxygen bubbles at the air electrode can affect the 

behavior of the air electrode (Wang et al., 2015b). Nevertheless, this model does not 

consider the effects of oxygen bubbles. 

 
Figure 3.4 Effects of KOH concentration on ZAFB using zincate ion initial 

concentration 0.2 M and discharge current density of 100 mA/cm2: (A) current 

efficiency as a function of space velocity and (B) discharge energy as a function of 

space velocity.  

3.7.2 Battery Performance 

The ZAFB with 10 g of initial Zn (0.1538 mole of Zn) was simulated to analyze 

performance as functions of space velocity, KOH concentration and zincate ion initial 

concentration. The discharge current density was 100 mA/cm2. The simulation was 

carried out until depletion of Zn. The performance of ZAFB was evaluated from its 

current efficiency and discharge energy at the end of the simulation. The current 

efficiency of ZAFB is defined as the ratio of the total discharge current to the 

electrochemical equivalent current of the Zn electrode. In this case, the current 

efficiency was calculated as follows: 
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 Current efficiency of ZAFB =  
𝑖cell𝐴elecZn𝑡𝑓

2𝐹(𝑁Zn,0−𝑁Zn,𝑓)
 (3.43) 

and the discharge energy is given by: 

 Discharge energy (Wh) =
∑ (𝐸cell)
𝑡𝑓
𝑡=0 ∙(𝑖cell∙𝐴elecZn∙𝑡𝑓)

3600
 (3.44) 

where tf is the total operating time in sec, NZn,0 is initial mole of Zn and NZn,f is final 

mole of Zn. 

As shown in Fig. 3.4, the current efficiency and discharge energy of ZAFB 

were examined as functions of KOH concentration and space velocity. Fig. 3.4A 

shows that the higher KOH concentration provided lower efficiency than the lower 

KOH concentration. It indicated that corrosion of the Zn electrode increased when the 

concentration of KOH increased. The corrosion was greater at higher KOH 

concentration because the reversible potential difference between the Zn electrode 

reaction and HER (ΔEZH) was negatively larger at higher KOH concentration, as 

shown in Fig. 3.5. ΔEZH contributes to HER overpotential (ηH) and drives the current 

of HER, as shown in Equations (3.23) and (3.22), respectively. The effect of KOH 

concentration on Zn corrosion was also investigated by other researchers using 

different methods (Muralidharan and Rajagopalan, 1978, Ravindran and 

Muralidharan, 1995, El-Sayed et al., 2012). Muralidharan and Rajagopalan (1978) 

studied corrosion of zinc in sodium hydroxide solution with steady state and transient 

Tafel extrapolation. Ravindran and Muralidharan (1995) determined the hydrogen 

evolution rate by gasometric method and examined the behavior of zinc in alkaline 

electrolyte. El-Sayed et al. (2012) proposed the corrosion study of Zn in alkaline 

solution by Tafel plot and electrochemical impedance spectroscopy (EIS). The 

research as mentioned above is in full agreement with the result concerning the effect 

of KOH concentration on hydrogen evolution. However, when KOH concentration 

increased, it had a different effect on the discharge energy, as shown in Fig. 3.4B. 

Consequently, when concentration of KOH reached about 6 M, it provided maximum 

exchange current density of Zn dissolution and maximum ionic conductivity. Using 

KOH concentration more or less than 6 M decreased the energy discharge of ZAFB. 

Thus, at 6 M KOH concentration, the maximum performance for ZAFB was 

achieved. 

As regards the effect of flowrate, the increasing space velocity of the 

electrolyte provided lower current efficiency because the higher electrolyte flowrate 

maintained a higher concentration of KOH which contributed to higher corrosion. 

However, the flowrate exhibited less effect at lower KOH concentration. 
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Figure 3.5 Effects of zincate ion initial concentration on ΔEZH as a function of KOH 

concentration. 

Fig. 3.6 presents the effect of zincate ion concentration on the performance of 

ZAFB. The results showed that increasing the concentration of zincate ion tended to 

increase the current efficiency and discharge energy of the battery. This was because 

hydrogen evolution was affected by the zincate ion concentration. Previously, Fig. 3.5 

shows the relation between ΔEZH and concentration of zincate ion. When zincate ion 

concentration increased, ΔEZH reduced due to the decrease in the reversible Zn 

electrode potential (Ezinc). According to the previous work of Shivkumar et al. (1995), 

it was reported that adding ZnO reduced hydrogen evolution and Zn dissolution. The 

previous work came to the same conclusion as the result herein. 

 
Figure 3.6 Effects of zincate ion initial concentration on ZAFB using 8 M KOH at 

discharge current density of 100 mA/cm2: (A) current efficiency as a function of space 

velocity and (B) discharge energy as a function of space velocity. 
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3.7.3 Electrolyzer Performance 

In the case of the electrolyzer, simulation was performed in order to examine the 

effects of space velocity, KOH concentration and zincate ion concentration using a 

charge current density of 100 mA/cm2. The target amount of regenerated Zn was 10 g. 

The simulation was terminated when it reached the target amount of Zn. The current 

efficiency of the electrolyzer is the ratio of the equivalent current for Zn regeneration 

to the total applied current. The current efficiency and charge energy of electrolyzer is 

expressed by: 

 Current efficiency of electrolyzer =  
2𝐹(𝑁Zn,𝑓−𝑁Zn,0)

𝑖cell𝐴elecZn𝑡𝑓
 (3.45) 

 Charge energy (Wh) =
∑ (𝐸cell)
𝑡𝑓
𝑡=0 ∙(−𝑖cell∙𝐴elecZn∙𝑡𝑓)

3600
 (3.46) 

The performance of the Zn electrolyzer was evaluated by the current 

efficiency and the charge energy, as shown in Fig. 3.7. It was found that the flow of 

the electrolyte had a significant effect on the performance of the electrolyzer. 

Increasing space velocity increased the current efficiency but decreased charge 

energy. The high flowrate was preferred because increasing flowrate reduced the 

diffusion film thickness of the zincate ion. Consequently, Zn reduction was promoted 

and HER was suppressed. As regards the effect of zincate ion concentration, current 

efficiency increased and charge energy decreased when the concentration of zincate 

ion increased. The higher zincate ion concentration provided greater driving force of 

the diffusion and thereby enhanced the Zn reduction reaction. Increasing zincate ion 

concentration also reduced ΔEZH of HER which also suppressed the corrosion of Zn 

electrode. Many previous works have reached the same conclusion about the effect of 

zincate ion on Zn electrodeposition, as the result put forward herein (Einerhand et al., 

1988, Sharifi et al., 2009, Dundálek et al., 2017). Einerhand et al. (1988) reported that 

the high concentration of zincate ion promoted ZnO layer formation on Zn electrode 

surface which protected Zn against corrosion. Dundálek et al. (2017) also highlighted 

the relation between Zn deposition morphology, electrolyte condition and HER and 

concluded that high flowrate and zincate ion concentration were preferred for Zn 

electrodepositon with low HER. 
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Figure 3.7 Effects of zincate ion initial concentration on zinc electrolyzer using 8 M 

KOH at charge current density of 100 mA/cm2: (A) current efficiency as a function of 

space velocity and (B) charge energy as a function of space velocity. 

 
Figure 3.8 Effects of KOH concentration on zinc electrolyzer using different zincate 

ion initial concentration (0.2 M (dotted line) and saturated zincate ion (solid line)) at 

discharge current density of 100 mA/cm2: (A) current efficiency as a function of space 

velocity and (B) charge energy as a function of space velocity. 

Regarding the effect of KOH concentration, as illustrated in Fig. 3.8, it was 

observed that KOH concentration had a complicated effect on current efficiency and 

charge energy. KOH concentration had a connection with the saturation limit of 

zincate ion. When zincate ion was not saturated, KOH concentration had little effect 

on current efficiency in the low flowrate region. However, a different trend was 

observed in the high flowrate region (space velocity above 1 per second). In the high 

flowrate region, increasing KOH concentration provided lower current efficiency due 

to increasing ΔEZH. As for the effect on charge energy, the higher KOH concentration 

needed higher charge energy because of the higher Nernst potential (E0,cell). Sharifi et 

al. (2009) also studied zinc electrolysis using various KOH concentration and 

approached to the same conclusion. When the zincate ion was saturated, the effect on 

current efficiency and charge energy was different from that of non-saturated zincate 

ion. KOH concentration had less effect in the high flowrate region, but it had a direct 
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effect in the low flowrate region. When KOH concentration increased, efficiency 

tended to increase due to the saturation limit of zincate ion. The saturation limit 

increased due to the increase in KOH concentration. The effect of the saturation limit 

showed a similar trend with the effect of zincate ion concentration, as in Fig. 3.7. The 

higher saturation limit provided higher efficiency. 

3.7.4 Integrated System 

The operation having an equal charge-discharge current density of 100 mA/cm2 was 

simulated. The initial Zn in ZAFB was 10 g (0.1538 mole of Zn). Zn depletion in 

ZAFB was the termination criterion. The current efficiency of the integrated system is 

defined as the ratio of the total amount of Zn regenerated to the total amount of Zn 

utilized, as in Equation (3.47). The other performance evaluation is energy efficiency 

which is expressed as the ratio of discharge energy to charge energy, as described in 

Equation (3.48): 

 Current efficiency of the integrated system =  
𝑁Zn,𝑓
electrolyzer

−𝑁Zn,0
electrolyzer

𝑁Zn,0
battery

−𝑁Zn,𝑓
battery  (3.47) 

 Energy efficiency =
Discharge energy (Wh)

Charge energy (Wh)
 (3.48) 

Then, the performance of the integrated system was examined by considering 

various operating parameters i.e. space velocity, KOH concentration and zincate ion 

concentration. 
The current efficiency and energy efficiency of the integrated system are as 

shown in Fig. 3.9. It was observed that the efficiency trends of the integrated system 

were comparable with the charge efficiency trends of the electrolyzer, as illustrated in 

Figs. 3.9A, 3.9B and 3.9C. It can be inferred that the efficiency of the integrated 

system is dominated by the electrolyzer. The results showed that increasing flowrate 

enhanced the current efficiency except at low zincate ion concentration. At low 

zincate concentration, the inflection point occurred at space velocity range 0.1 to 1 s-1 

and especially at 0.2 M zincate concentration. The condition at the bottom of the 

curve is the condition such that the total amount of zincate ion transferring to the 

electrode surface is minimum compared to the adjacent condition. The increasing 

flowrate had a positive effect on the energy efficiency of the system. In the case of the 

comparison of effect of zincate ion concentration, the higher zincate ion concentration 

provided better performance throughout the range of space velocity. Increasing 

zincate ion concentration was able to suppress HER and increase the current 

efficiency for both discharging and charging. At space velocity, approximately below 

0.1 s-1, increasing zincate ion concentration improved energy efficiency. In contrast, 

at space velocity above 1 s-1, increasing zincate ion concentration provided an adverse 

effect on energy efficiency. 
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Figure 3.9 Effects of zincate ion initial concentration using 8 M KOH at charge and 

discharge current density of 100 mA/cm2: (A) current efficiency as a function of space 

velocity (B) discharge efficiency as a function of space velocity (C) charge efficiency 

as a function of space velocity and (D) energy efficiency as a function of space 

velocity. 

In Fig. 3.10, the performance of the integrated system was examined: namely, 

from 2 to 10 M KOH concentration. It was observed that the efficiency curve could be 

divided into 2 regions: the region before and after the inflection point. For the region 

before the inflection point, efficiency increased as KOH concentration increased. 

Zincate ion was saturated herein. Subsequently, when KOH concentration increased, 

the saturation limit of zincate ion increased. Therefore, zincate ion diffusion also 

improved. On the other hand, efficiency decreased as KOH concentration increased 

for the region after the inflection point. Zincate ion was not saturated in this region. 

Thus, the concentration of zincate ion was not much different between the various 

KOH concentration. However, HER still intensified as KOH concentration increased. 

It is evident that 8 M KOH concentration provided maximum energy efficiency. This 

was followed by 6 M KOH concentration. Energy efficiency was dominated by the 

performance of the discharge process which was influenced mainly by optimal KOH 

concentration. As mentioned previously in the section of battery performance, 

concentration of about 6 to 7 M KOH provided maximum exchange current density of 

the Zn electrode reaction and maximum ionic conductivity. Consequently, in the case 
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of the integrated system, 6 and 8 M KOH concentration exhibited optimal 

performance. 

 
Figure 3.10 Effects of KOH concentration using 0.2 M zincate ion initial 

concentration at charge and discharge current density of 100 mA/cm2: (A) current 

efficiency as a function of space velocity (B) discharge efficiency as a function of 

space velocity (C) charge efficiency as a function of space velocity and (D) energy 

efficiency as a function of space velocity. 

3.8 Conclusion 

In this work, a mathematical model of a Zn-air flow battery integrated with a Zn 

electrolyzer including the model of HER was developed to evaluate the system 

performance. Thereby, the following parameters were investigated: electrolyte 

flowrate, potassium hydroxide (KOH) concentration and zincate ion initial 

concentration. Besides, the influence of the hydrogen evolution reaction (HER) on the 

performance of the Zn-air energy storage system was examined. Upon investigation, 

it was found that KOH concentration had a significant effect on the performance of 

the battery. Further, it was noted that increasing KOH concentration enhanced HER 

and reduced the current efficiency. However, the optimal KOH concentration, which 

was about 6-7 M, provided maximum discharge energy. Increasing zincate ion initial 

concentration was able to suppress the HER and increase the current efficiency of the 

battery because of the lessening of reversible potential difference between the Zn 
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electrode reaction and HER. As regards the electrolyzer, the results showed that the 

performance of the electrolyzer was dominated by zincate ion initial concentration 

and electrolyte flowrate. When zincate ion initial concentration increased together 

with the flowrate, current efficiency significantly increased. Further, the charge 

energy was reduced due to the enhancement of zincate ion diffusion to the electrode 

surface. Yet, increasing KOH concentration did not directly improve electrolyzer 

performance but contributed to the increment of saturation limit of zincate ion which 

enhanced the electrolyzer performance. For the overall integrated system, it was 

observed that the current efficiency of the integrated system was dominated by the 

electrolyzer. Therefore, increasing zincate ion initial concentration and electrolyte 

flowrate had a beneficial effect on the current efficiency of the integrated system. On 

the other hand, the energy efficiency of the integrated system was essentially 

influenced by the discharging cell. Maximum energy efficiency was obtained by the 

optimal concentration of KOH similar to the discharge energy of the flow battery. The 

results of this work described the role that HER contributed towards the performance 

of the integrated system of Zn-air flow battery and Zn electrolyzer. Overall, it was 

found that HER had a detrimental effect on the performance of the integrated system. 

To conclude, it can be seen that control of the operating conditions was found to be an 

effective way to diminish HER and extract optimal performance out of the integrated 

system. 

3.9 Nomenclature 

𝑎0  initial solid-solution interface area per unit volume, dm2/dm3 

𝑎𝑐  specific surface area of catalyst per unit volume, dm2/dm3 

𝑎𝑠  solid-solution interface area per unit volume, dm2/dm3 

𝐴zinc  active surface area of Zn electrode, dm2 

𝐴air  active surface area of air electrode, dm2 

𝐴sep  area of separator, dm2 

𝐶ref  reference state concentration, mol/dm3 

𝐶DL
zinc  double layer capacitance of Zn electrode, F/dm2 

𝐶DL
air  double layer capacitance of air electrode, F/dm2 

𝐶𝑘
𝑗
  concentration of specie k at electrode j, mol/cm3 

𝐷𝑘  diffusivity/ diffusion coefficient of specie k, dm2/s 

𝐸0,cell  Nernst potential/ standard electrode potential, V 

𝐸cell  cell voltage, V 

𝐸zinc  reversible potential of Zn electrode, V 

𝐸air  reversible potential of air electrode, V 
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𝐸H  reversible potential of hydrogen evolution reaction, V 

𝐹  Faraday constant, C/mol 

𝐹conv  convective volume flow, dm3/s 

𝐹𝑘,in  inlet molar flowrate of specie k, mol/s 

𝐹𝑘,out  outlet molar flowrate of specie k, mol/s 

𝐼  electrical current, A 

𝑖cell  current density, A/dm2 

𝑖0  exchange current density, A/dm2 

𝑖0
ref  reference exchange current density, A/dm2 

𝐽𝑘  molar transfer rate between electrodes, mol/s 

𝑗𝑘
conv  convective molar flow rate, mol/s 

𝑗𝑘
diff  diffusion molar flow rate, mol/s 

𝑗𝑘
mig

  migration molar flow rate, mol/s 

𝑘𝑠  rate constant of ZnO precipitation reaction, dm3/s 

𝑛𝑒  number of exchange electron involved in the reaction 

𝑁𝑘
𝑗
  moles of specie k at electrode j, mol 

𝑃ref  reference pressure, atm 

𝑃O2  partial pressure of oxygen, atm 

𝑟𝑖  rate of reaction i, mol/s 

𝑅  gas constant, J/mol ∙ K 

𝑅comp  resistivity of cell component, Ω ∙ dm 

𝑅ohmic  total ohmic resistance, Ω 

𝑆𝑉  space velocity, s-1 

𝑡  time, s 

𝑡𝑘  transference number of ion k 

𝑇  temperature, K 

𝑉electrolyte
𝑗

 volume of electrolyte at electrode j, dm3 

𝑉solid
zinc   volume of solid Zn electrode, dm3 

𝑉solid,𝑘  volume of solid specie k, dm3 

�̅�𝑘  specific molar volume of specie k, dm3/mol 

𝑋zinc  active surface fraction of Zn in solid phase 

𝑧𝑘
±  ion number of specie k 

Greek symbol 

𝛼  charge transfer coefficient 

𝛿air  thickness of air electrode, dm 

𝛿electrolyte thickness of electrolyte, dm 
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𝛿zinc  thickness of Zn electrode, dm 

𝛿active  thickness of active reaction zone, dm 

𝛿sep  thickness of separator, dm 

𝛿GDL  thickness of gas diffusion layer, dm 

𝛥𝐸ZH  potential difference between Zn and hydrogen electrode, V 

휀  porosity of Zn electrode 

휀0  initial porosity of Zn electrode 

휀sep  porosity of separator 

𝜂act
zinc  activation loss/ activation overpotential of Zn electrode, V 

𝜂act
air   activation loss/ activation overpotential of air electrode, V 

𝜂ionic
sep

  ionic separator loss, V 

𝜂ohmic  ohmic loss/ ohmic overpotential, V 

𝜎anode  total conductivity of anode, S/dm 

𝜎cathode total conductivity of cathode, S/dm 

𝜎𝑘  conductivity of specie k, S/dm 

𝜎electrolyte conductivity of electrolyte, S/dm 

𝜐𝑘,𝑖  stoichiometric coefficient of specie k in reaction i 
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Discharge Performance and Dynamic Behavior of Refuellable 

Zinc-Air Battery 
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4.2 Abstract 

Zinc-air batteries (ZABs) are considered a promising energy storage system. A 

model-based analysis is one of the effective approaches for the study of ZABs. This 

technique, however, requires reliable discharge data as regards parameter estimation 

and model validation. This work, therefore, provides the data required for the 

modeling and simulation of ZABs. Each set of data includes working time, cell 

voltage, current, capacity, power, energy, and temperature. The data can be divided 

into three categories: discharge profiles at different constant currents, dynamic 

behavior at different step changes of discharge current, and dynamic behavior at 

different random step changes of discharge current. Constant current discharge profile 

data focus on the evolution of voltage through time. The data of step changes 

emphasize the dynamic behavior of voltage responding to the change of discharge 

current. Besides, the data of random step changes are similar to the data of step 

https://doi.org/10.1038/s41597-019-0178-3
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changes, but the patterns of step changes are random. Such data support the modeling 

of a zinc-air battery for both theoretical and empirical approaches. 

4.3 Background & Summary 

Global warming and climate change become aggravated as a result of excessive 

consumption of fossil fuels. Thus, renewable energy technologies have been actively 

developed and implemented. Unfortunately, renewable energy sources exhibit 

inherent intermittent attributes. The innate, erratic nature of renewable energy causes 

operational difficulties i.e., an unexpected imbalance between energy demand and 

supply, and lowered power quality. However, the disadvantages of intermittency can 

be effectively mitigated using an energy storage system (Zhang, 2013, Chen et al., 

2019b). 

In recent years, metal-air batteries, as a promising energy storage system, have 

received widespread research interest. As regards the various types of metal-air 

batteries, zinc-air battery (ZAB) technology shows great potential and is near 

commercialization. 

ZAB exhibits high energy density up to 700 Wh/kg (Li et al., 2013). Zinc is a 

low-cost metal and is abundant (Chen et al., 2019a, Yang et al., 2019). Moreover, it is 

safe, non-toxic, and environmentally friendly. A zinc-air battery can be fabricated in 

various designs: namely, a primary cell (Guo, 2003, Arlt et al., 2014, Fu et al., 2016, 

Suren and Kheawhom, 2016), an electrically rechargeable cell (Appleby and Jacquier, 

1976, Amendola et al., 2013), and a mechanically rechargeable or refuellable cell 
(Clark et al., 2018, Hosseini et al., 2018a, Hosseini et al., 2018b, Oh et al., 2018). 

ZAB was commercialized only as a primary cell for lower current application such as 

in a hearing aid device. For other applications, however, this battery needs to be 

developed in a variety of facets. 

Model-based engineering is one of the effective approaches which can 

facilitate the development of ZAB. Modeling and simulation can be applied to 

investigate the phenomena in a battery, monitor its state, optimally operate or assist in 

designing battery structure (Bonnick and Dahn, 2012). The developed models need to 

be validated on a variety of real-world configurations. Therefore, reliable 

experimental data for such validation are necessary. For instance, Mao and White 

(1992) proposed a primary ZAB model which included precipitation of solid zinc 

oxide and potassium zincate. Their work used the experimental discharge data 

provided by MATSI, Inc. to verify the validity of their model. Deiss et al. (2002) 

conducted a discharge and cycle experiment and used the relevant data to verify their 

own proposed ZAB model. Furthermore, the experimental data was also used to 

verify the mathematical model proposed by Schröder and Krewer (2014). Recently, 
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Lao-atiman et al. (2019a) introduced a mathematical model of an integrated system of 

a zinc-air flow battery and zinc electrolyzer in order to investigate the effect of 

operating parameters on the efficiency of the system related to hydrogen evolution 

reaction. The validated data were obtained from the experiment using a homemade 

zinc-air flow battery and zinc electrolyzer. 

Knowledge of ZAB in the model-based engineering aspect is still in the early 

stages and can be improved considerably. In the aforementioned studies of different 

battery types, there are missing elements with respect to the ZAB operation, such as 

dynamic behavior analysis. For example, according to the literature, equivalent circuit 

models were used to estimate the dynamic behavior of batteries and developed 

thereby. The equivalent circuit model is an empirical model which can simplify the 

complexity of the electrochemical model. This type of model often needs low-order 

approximations to fit the model parameters (Docimo et al., 2014). Stroe et al. (2017) 

proposed a second order equivalent circuit model and used a current pulse technique 

to parameterize the dynamic model of a lithium-ion battery. A zinc-nickel battery was 

also investigated along with the equivalent circuit model (Li et al., 2014, Yao et al., 

2017). The dynamic model was also able to be used to estimate the state of charge of 

the battery (Tang et al., 2011, Akbar et al., 2015). The estimation of the state of 

charge of the battery is crucial for the application of all types of batteries including 

ZAB. Both the continuum model and the empirical model require reliable 

experimental data for validation and parameter estimation. 

The purpose of this work is to provide the experimental data for ZAB including 

discharge profiles at different constant discharge currents, dynamic behavior at 

different step changes of discharge current, and dynamic behavior at different random 

step changes of discharge current. All testing data were measured from the home-

made tubular ZAB. Discharge profile data were tested within a current density range 

of 100 mA to 1000 mA. Response data were tested applying various step currents. 

The data provided can be used to validate the mathematical model of ZAB or estimate 

the parameters for the empirical model. 

4.4 Methods 

4.4.1 Chemical and materials 

Nickel (Ni) foams (purity: 99.97%, pores per inch: 100 and thickness: 1 mm) were 

purchased from Qijing Trading Co., Ltd and were used as cathode current collect. 

Stainless steel mesh (30 mesh, SUS 304) was purchased from Alikafeii Trading Co., 

Ltd. and was used as anode current collector and cell chamber structure. Zinc pellets 

(20 mesh, 99.99% purity) were active material for the battery and were purchased 

from Sirikul Engineering Ltd., Part. Potassium hydroxide (KOH) pellets (99% purity) 
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purchased from CT Chemical Co., Ltd. was used for preparation of electrolyte. 

Chemical and materials for preparing cathode consisted of manganese dioxide 

(MnO2, self-synthesized), D-glucose (UNIVAR), acetylene black (AB-50, 

POLIMAXX, IRPC Public Co., Ltd.), carbon black (BP-2000, Cabot Corporation) 

and poly(tetrafluoro-ethylene) (PTFE powder, 1 μm, Sigma-Aldrich). Poly (styrene-

co-butadiene) was used as a binder. Ethanol and Toluene were used as a solvent. 

Whatman filter paper No. 4 and poly (vinyl acetate) (24 wt.%, TOA Paint Public Co., 

Ltd.) were used to prepare the separator. All chemicals were used as received without 

any further purification. 

The synthesis of MnO2 was modified from the method published by Pang et 

al. (2012). The aqueous solutions of potassium permanganate (KMnO4; prepared from 

KMnO4, UNIVAR) and manganese sulfate (MnSO4; prepared from MnSO4·H2O, 

QRec) was gently mixed at ambient temperature and pressure. The reaction product 

was collected by filtration and washed with ethanol. The solid residue was then dried 

in a vacuum oven at 60 °C and 50 mbar. 

 
Figure 4.1 Digital photographic images of a homemade zinc-air battery. (A) 

Fabricated tubular zinc-air battery, (B) stainless steel mesh cylinder as a supporting 

structure, (C) stainless-steel mesh tube (the anode current collector), (D) the air 

cathode, (E) the separator, and (F) zinc pellets used as the anode active material. 
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4.4.2 Battery fabrication and operation 

Homemade zinc-air batteries were designed and fabricated as a tubular cell, as shown 

in Fig. 4.1A. The digital photographic images of each cell component are shown in 

Fig. 4.1B-F. The cell structure (supporting structure) was made of stainless-steel mesh 

rolled into a cylindrical form (Fig. 4.1B). The cylinder was wrapped with a separator. 

Whatman filter paper (No.4) coated with 24 wt.% poly (vinyl acetate) solution was 

used as the separator (Fig. 4.1E). After that, the cell was covered with the air cathode 

on the outer layer. 

Table 4.1 Summary of cell components 

Components Material 

Anode Current 

Collector 

5 mm-diameter tube made of 30 mesh stainless-steel 

mesh 

Cathode current 

collector 

Nickel foam (1 mm thick) 

Separator Whatman filter paper (No.4) coated with 24 wt.% Poly 

(vinyl acetate) solution 

Anode active material 20 mesh zinc pellets packed inside current collector tube 

Cathode active material Oxygen in the atmospheric air 

Gas diffusion layer Mixture of 40 wt.% AB-50 / 40 wt.% 

Polytetrafluoroethylene / 20 wt.% Glucose 

Catalytic layer Mixture of 70 wt.% BP-2000 / 30 wt.% MnO2 (catalyst 

loading of 3 mg/cm2) 

Poly (styrene-co-butadiene) as binder by the amount of 5 

wt.% of dry-basis mixture 

Electrolyte 8 M Potassium hydroxide solution 

To prepare the air cathode, nickel foam was used as the cathode current 

collector and substrate for the gas diffusion layer (GDL) and ORR catalyst layer. The 

active area of the cathode was 29.83 cm2. The GDL mixture was composed of 40 

wt.% AB-50, 40 wt.% PTFE powder and 20 wt.% glucose. Ethanol was used as a 

solvent for the GDL mixture. This layer was coated on one-side of the Ni foam and 

then taken to the hot press for 15 min at 350 °C. After that, the catalyst layer was 

coated on the other side. The catalyst layer consisted of 70 wt.% BP-2000 carbon 

black and 30 wt.% manganese oxide. Then, poly (styrene-co-butadiene) was used as a 

binder, and 5 wt.% of dry-basis catalyst mixture was added. Toluene was used as a 

solvent for the catalyst mixture. Next, the coated cathode was annealed at 110 °C for 

15 min. After annealing, the electrode was pressed by a roll pressing machine until the 

electrode thickness equaled 1 mm. The finished cathode, as shown in Fig. 4.1D, had 
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catalyst loading of 3 mg/cm2. Finally, after the cathode was finished, it was taken to 

wrap around the cell by means of facing the catalyst side towards the separator. 

Before putting the anode inside, the cell was filled with 8 M KOH solution and held 

for 24 h in order to saturate the separator and be ready for use. 

The anode was placed in the center of the tubular cell. A 5 mm-diameter tube 

made of 30 mesh stainless-steel mesh was used as anode current collector. 6 g of 20 

mesh zinc pellets were packed inside the current collector tube as anode active 

material. 8 M KOH solution was used as the electrolyte and was poured into the anode 

chamber. A summary of cell components and parameters is shown in Tables 4.1 and 

4.2. The battery was fabricated, as shown in Fig. 4.2. 

Table 4.2 Summary of cell parameters 

Parameters Values 

KOH concentration 8 M 

Separator thickness 0.1 mm 

Cathode thickness 1 mm 

Cathode length 9.5 cm 

Cathode active surface area 29.83 cm2 

Catalyst loading 3 mg cm-2 

Amount of zinc 6 g 

Electrolyte volume 15 cm3 

Anode current collector diameter (stainless-steel mesh tube) 5 mm 

Anode current collector full length 20.5 cm 

Zinc pellets bed length (equivalent ot 6 g of zinc pellet) 13.5 cm 

Anode chamber diameter (stainless-steel mesh cylinder) 10 mm 

4.4.3 Measurement and data collection 

After battery fabrication, cell voltage and current were measured by a BA500 battery 

analyzer using BA500WIN software. The discharge current can be adjusted manually, 

and cell voltage can be measured at the selected current continuously. Data logging 

time can also be selected. The output files of the collecting data were.csv files. The 

data were rearranged, and the file type was changed into.xlsx. The data file contains 

various information, including working time, cell voltage, discharge current, 

discharge capacity, discharge power, discharge energy, and temperature. A discharge 

profile test was executed by discharging the battery at selected values of discharge 

current and measuring the evolution of cell voltage until the battery was exhausted. 

The measurement of discharge profile test was terminated when the discharge current 

was lower than the setpoint current. As for the step discharge test, the voltage was 

measured when the discharge current was step-changed. The random discharge test is 
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similar to the step discharge test except that the patterns of the step changes are more 

random in each test. Data logging time was 1 sec for the step and random discharge 

test and 5 sec for the discharge profile test. 

 
Figure 4.2 cell structure and cell dimension of a homemade zinc-air battery. 

Table 4.3. Metadata of discharge and response test  

Data Unit Description 

Total time S Total operating time 

Voltage V Measured voltage of the battery 

Current mA Measured current of the battery 

Result mAh Calculated capacity of the battery 

Power W Calculated power of the battery 

Energy Wh Calculated energy of the battery 

Temp °C Room temperature 

4.5 Data Records 

The data provided can be divided into three categories: discharge profiles at different 

constant discharge currents, dynamic behavior at different step changes of discharge 

current, and dynamic behavior at different random step changes of discharge current. 

Three dataset categories can be separately found in the DischargeProfiles.xlsx, 

RandomDischarge.xlsx, and StepDischarge.xlsx. These datasets are available at the 
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repositories (Kheawhom, 2019). In Table 4.3, metadata which provide the description 

for each data column are presented. 

4.6 Technical Validation 

In the experiment, data were collected from different batteries. Every time a new test 

was carried out, the anode and electrolyte were changed. Thereby, a deviation in the 

data set was apparent and affected battery capacity. It represents a usual phenomenon 

which should be accounted for in future large mass production. Besides, the deviation 

might also have affected the voltage, but this was less than the effect on the capacity. 

For all data, the erroneous data point of voltage was removed and smoothed. It was 

noted that such incorrect data occurred at a lower current range or near the OCV 

range. Such errors caused the voltage values to be higher than the real values. The 

method used to remove the erroneous data is the interpolation between non-error 

points. 

 
Figure 4.3 Linear sweep voltammograms of the zinc plate (scanned from OCV to 

−0.5 V vs. Hg/HgO), and stainless-steel mesh (scanned from −1.5 V to −0.5 V vs. 

Hg/HgO) with a scan rate of 5 mV/s. 

To check the electrochemical compatibility of the materials used in the battery, 

the electrochemical characteristic was examined by linear sweep voltammetry (LSV). 

The LSV was performed by a potentiostat/galvanostat (AMETEK, VersaSTAT 3). 

Three electrodes configuration was used with platinum as the counter electrode and 

mercury/mercury oxide (Hg/HgO) as the reference electrode. The electrolyte used in 

all tests was 8 M KOH solution. The linear sweep voltammograms of the zinc plate 

and stainless-steel mesh are depicted in Fig. 4.3. The dimension of zinc plate was 

1 × 1 cm2. The test of the zinc plate scanned from the open circuit voltage (OCV) to 
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−0.5 V vs. Hg/HgO with a scan rate of 5 mV/s. The OCV of zinc plate was 1.44 V vs. 

Hg/HgO. As the potential scanning proceeded, the current positively increased, which 

is known as oxidation current. The oxidation of zinc increased until reaching the peak 

at −0.98 V vs. Hg/HgO. Scanning further caused decreasing in current due to the 

passivation of zinc surface, and the depletion of hydroxide ion at the surface of the 

electrode (Li et al., 2017a, Mainar et al., 2018, Stock et al., 2019). Because stainless-

steel mesh was used as the anode current collector, the electrochemical characteristic 

of stainless-steel mesh has to be checked in the same potential range as the zinc. The 

dimension of stainless-steel mesh was also 1 × 1 cm2. The stainless-steel mesh was 

scanned from −1.5 to −0.5 V vs. Hg/HgO with a scan rate of 5 mV/s. The small 

negative current was detected at the potential about −1.5 to −1.3 V vs. Hg/HgO. The 

negative current is the reduction reaction, which is contributed to a hydrogen 

evolution reaction. Nonetheless, the potential range of −1.2 to −0.5 V vs. Hg/HgO 

showed almost no current. It means that stainless-steel mesh was stable and did not 

oxidize in this potential window. The result showed that the zinc is compatible with 

stainless-steel mesh in the operation potential of the battery. At the OCV, the 

stainless-steel mesh conducted a small amount of hydrogen evolution, which can 

promote corrosion of zinc. However, it was observed that the hydrogen evolution 

current of stainless-steel mesh was minimal compared with the zinc oxidation current. 

Because nickel foam was used as the cathode current collector, the 

electrochemical characterization in the potential range of air cathode reaction must be 

checked. The LSV of nickel foam is presented in Fig. 4.4. As regards Fig. 4.4A, the 

1 × 1 cm2 nickel foam was scanned from 0 to −0.7 V vs. Hg/HgO with a scan rate of 

5 mV/s. Before the test, the electrolyte was purged with nitrogen gas for 30 min in 

order to reduce the effect of dissolved oxygen. Small oxidation current was noticed at 

the potential range of 0 to about −0.25 V vs. Hg/HgO. This oxidation current might 

come from the oxidation of nickel. At the potential range of −0.25 to −0.7 V vs. 

Hg/HgO, small reduction current was observed. The reduction current might come 

from the reduction of remain dissolved oxygen in the electrolyte and the nickel oxide 

on the nickel surface. To focus on the reduction reaction, nickel foam was scanned 

from OCV to −0.7 V vs. Hg/HgO, as shown in Fig. 4.4B. It was found that the order 

of magnitude of the current of nickel foam was very low. It can be inferred that the 

reduction of nickel metal slightly occurred in the test potential range. Therefore, the 

reaction of nickel metal does not interfere the oxygen reduction reaction of the air 

cathode. 
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Figure 4.4 Linear sweep voltammogram of the Ni foam with scan rate of 5 mV/s. (A) 

Scanned from 0 to −0.7 V vs. Hg/HgO, and (B) scanned from OCV to −0.7 V vs. 

Hg/HgO. 

4.7 Usage Notes 

The data provided herein has been useful in assisting model-based engineering for a 

zinc-air battery. Thus, the data can be employed to validate the result of the 

theoretical model or fit the parameters of the empirical model. It should be noted that 

this data was collected from the home-made battery, as shown in Fig. 4.1. For this 

type of cell structure, battery behavior, and phenomena might be unique. It is difficult 

to compare the data as mentioned above to the data as measured from the batteries 

having different structures. 

4.8 Code Availability 

The reported data were generated form experiments, and not relevant to any computer 

codes.
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Battery 

5.1 Preface 

First author: Woranunt Lao-atiman 

Advisor: Soorathep Kheawhom 

Affiliation: Department of Chemical Engineering, Faculty of Engineering, 

Chulalongkorn University, Bangkok 

Journal: Royal Society Open Science 

Published: 9 December 2020 

Volume:  7 

Issue:   12 

Citation: Lao-atiman Woranunt, Olaru Sorin, Diop Sette, Skogestad Sigurd, 

Arpornwichanop Amornchai, Cheacharoen Rongrong and Kheawhom 

Soorathep 2020 Linear parameter-varying model for a refuellable zinc–

air battery. R. Soc. open sci. 7: 201107. 

http://doi.org/10.1098/rsos.201107 

This paper is a part of dissertation publication for graduation and is already published 

in the journal ‘Royal Society Open Science’ on 9 December 2020. The experimental 

data used in this article are obtained from previously published data as described in 

chapter 4. This publication also includes supplementary material which has been 

uploaded to The Open Science Framework at https://osf.io/mnbpg/, and the DOI is 

10.17605/OSF.IO/MNBPG. The supplementary material can also be found in 

Appendix B of this thesis. 

5.2 Abstract 

Due to the increasing trend of using renewable energy, the development of an energy 

storage system (ESS) attracts great research interest. A zinc–air battery (ZAB) is a 

promising ESS due to its high capacity, low cost and high potential to support circular 

economy principles. However, despite ZABs' technological advancements, a generic 

dynamic model for a ZAB, which is a key component for effective battery 

management and monitoring, is still lacking. ZABs show nonlinear behaviour where 

the steady-state gain is strongly dependent on operating conditions. The present study 

aims to develop a dynamic model, being capable of predicting the nonlinear dynamic 

behaviour of a refuellable ZAB, using a linear parameter-varying (LPV) technique. 

The LPV model is constructed from a family of linear time-invariant models, where 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
75 

the discharge current level is used as a scheduling parameter. The developed LPV 

model is benchmarked against linear and nonlinear model counterparts. Herein, the 

LPV model performs remarkably well in capturing the nonlinear behaviour of a ZAB. 

It significantly outperforms the linear model. Overall, the LPV approach provides a 

systematic way to construct a robust dynamic model which well represents the 

nonlinear behaviour of a ZAB. 

Table 5.1 Nomenclature 

A State matrix in state space model 

B Input matrix in state space model 

BC Combined parameter between parameters B and C 

B/F Linear block in HW model 

B(z) Numerator polynomial function of linear block in HW model 

bnb Polynomial coefficient of B(z) 

C Output matrix in state space model 

CP Capacitance in RC loop, F 

D Feedthrough matrix in state space model 

E0,air Standard electrode potential of air electrode, 0.401 V vs SHE 

E0,cell Standard cell potential or theoretical OCV, V 

E0,zn Standard electrode potential of Zn electrode, -1.26 V vs SHE 

F Faraday constant, 96485.3329 A·s / mol 

F(z) Denominator polynomial function of linear block in HW model 

f Input nonlinear block 

fnf Polynomial coefficient of F(z) 

h Output nonlinear block 

Icell Discharge current, A 

k Discrete time, sec 

n Number of states = 1 

nb Order of B(z) polynomial 

ne Number of electron transfer in the reaction 

nf Order of F(z) polynomial 

nk Input delay of linear block in HW model 

p Scheduling parameter 

R Gas constant, 8.3145 J / mol·K 

RC Resistance in RC loop, Ω 

R0 Ohmic resistance, Ω 

T Temperature, K 

Ts Sampling time, s 

u Input vector of state space model and HW model 
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Table 5.1 (cont.) Nomenclature 

VOC Open circuit potential, V 

VRC Potential loss, V 

VRCR Potential drop across RC loop, V 

w Input of linear block in HW model 

X State vector in state space model 

x Output of linear block in HW model 

Y Output vector of state space model 

y Output of HW model 

z Delay operator in output-error model 

α Coefficient of two-term exponential function 

β Coefficient of two-term exponential function 

γ Coefficient of two-term exponential function 

δ Coefficient of two-term exponential function 

μ Coefficient of third-order polynomial function 

ξ Model parameter estimated from correlations 

5.3 Introduction 

Renewable energy has great potential to sustain global energy security. Nevertheless, 

renewable energy is very intermittent and highly erratic, resulting in fluctuation in 

energy production. An energy storage system (ESS) can stabilize such fluctuation and 

effectively support energy management and integration. Recently, ESS has become an 

immensely focused topic in energy research. An ESS can enhance the efficiency and 

stability of various energy systems (Zhang, 2013, Luo et al., 2015) 

Of the various types of ESS, zinc–air batteries (ZABs) prove to be the most 

promising, providing excellent specific capacity. ZAB technology has made 

substantial research progress and is approaching commercialization (Amunátegui et 

al., 2018, Hosseini et al., 2018a, Hosseini et al., 2018b). ZABs use the 

electrochemical reaction between zinc (Zn) and oxygen (O2) to store and release 

electricity. ZABs characteristically have high energy density but low power. It is 

reported that ZABs are able to deliver peak power density up to 430 mW cm−2 and 

energy density up to 837 W h kg−1 (Yan et al., 2018). These values have already 

exceeded the specific energy of commercialized lithium ion batteries (LIBs) many 

times. Moreover, Zn is abundant on Earth; therefore, its cost is quite low (Lao-atiman 

et al., 2017, Kao-ian et al., 2019, Khamsanga et al., 2019). In addition, Zn is safe, 

environmentally friendly and highly stable. Zinc oxide (ZnO), which is the discharge 

product, can be easily recycled. O2, supplied from atmospheric air, is also quasi-free 

and virtually unlimited. Thus, ZABs present great potential and feasibility in 

providing a decent ESS on a large scale. 
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Generally, a ZAB consists of two electrodes: a Zn electrode (negative 

electrode) and an air electrode (positive electrode). The most common electrolyte for 

a ZAB is an aqueous alkaline electrolyte such as potassium hydroxide (KOH) 

solution. As regards discharging, Zn serves as an electron donor at the negative 

electrode. Zn reacts with hydroxide ions (OH−) producing zincate ions (Zn(OH)4
2−) 

and electrons (e−). Zincate ions remain in the electrolyte and can precipitate to form 

ZnO. At the positive electrode, O2 from the ambient air acts as an electron acceptor. 

Oxygen reduction reaction (ORR) proceeds and provides OH− as the product. The 

overall reaction of a ZAB is the redox reaction of Zn and O2, thereby producing ZnO. 

The overall reactions that occur in the battery are described as follows (Lee et al., 

2011, Li and Dai, 2014): 

Negative Electrode:  Zn + 4OH
-
 ↔ Zn(OH)

4

2-
 + 2e-  

 Zn(OH)
4

2-
 ↔ ZnO + 2OH

-
+ H2O 

Positive Electrode:   
1

2
O2 + H2O + 2e- ↔ 2OH

-
 

Overall Reaction: Zn + 
1

2
O2 ↔ ZnO  

The theoretical open circuit voltage (OCV) is approximately 1.65 V (Lee et 

al., 2011), which can be calculated from the following equation: 

 E0,cell=(E0,air+
RT

𝑛𝑒F
ln
[O2]

0.5

[OH-]
2) -(E0,Zn+

RT

𝑛𝑒F
ln
[Zn(OH)4

2-]

[OH-]
4 ) (5.1) 

where E0,cell is the standard cell potential or theoretical OCV,  E0,air is the standard 

electrode potential of the air electrode (corresponding to ORR) which is 0.401 V vs 

standard hydrogen electrode (SHE), E0,Zn is the standard electrode potential of Zn 

electrode (corresponding to Zn oxidation reaction) which is -1.26 V vs SHE, R is gas 

constant, T is temperature, ne is the number of electron transfers in the reaction, F is 

faraday constant. This equation uses the concentration of the reactants to calculate the 

standard cell potential. 

However, the practical OCV obtained from laboratory prototypes is about 1.4 V 

(Wang et al., 2003, Zhu et al., 2011, Larsson et al., 2017). Charging can be done in a 

rechargeable ZAB by applying a potential higher than the theoretical OCV. When 

charging, the reactions proceed backwards and regenerate Zn and O2. 

The development of a ZAB encompasses many aspects (Lao-atiman et al., 

2019a, Poolnapol et al., 2020, Hosseini et al., 2019, Abbasi et al., 2019). In the past 

decade, the focus has been on improving the performance and stability of the battery 

such as development of ORR catalyst or battery electrolyte. It is noted that the 

performance of a ZAB has been improved by optimizing  battery parameters (Wang et 
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al., 2018). The development of battery operation i.e. pulse-current charging has also 

been investigated. Pulse-current charging is a technique developed to prevent the 

growth of dendritic zinc when charging the battery (Wang et al., 2014, Zhu et al., 

2016, Zhang et al., 2019b). While most research concentrates on the improvement of 

material and battery design, management and monitoring tools for a ZAB have 

received less attention and clearly represent an incomplete field of study. 

Management systems can improve the performance of batteries and protect batteries 

from inappropriate operations (Pop et al., 2008, Zelger et al., 2019). For instance, 

when ZABs are charged with excessive voltage, both the detrimental dendritic 

formation as well as hydrogen evolution reaction (HER) occur. Management systems 

require precise prediction of dynamic behavior and state of the battery, which is 

typically achieved via modeling. Some types of modeling have been used in ZAB 

researches. As such, theoretical continuum models have been carried out and used to 

examine phenomena occurring inside the battery (Wang et al., 2014, Stamm et al., 

2017, Schmitt et al., 2019).  

The dynamic behavior of a battery focuses on the discharge current and voltage 

of the battery, which is considered as being the input and output of the system. Thus, 

empirical modeling has regularly been preferred, due to its simplicity in computation. 

For example, an equivalent circuit model (ECM) is the most commonly used 

empirical model in the investigation of battery dynamics. An ECM describes the 

dynamic behavior of the battery via simple electrical elements that are comparable to 

the electrochemical characteristics of the battery (Krewer et al., 2018). This type of 

model has been used in various batteries, such as LIBs (Samadani et al., 2015, Pei et 

al., 2018, Madani et al., 2019), Zn-Ni batteries (Li et al., 2014, Yao et al., 2017) or 

lead-acid batteries (Jantharamin and Zhang, 2008). However, only a few works on a 

ZAB have utilized ECM to predict battery behavior (Şanal et al., 2015), although 

electrochemical impedance spectroscopy (EIS) has frequently been applied. For a 

more empirical approach, a state space model has been developed. This model is 

normally used with both state and parameter estimation algorithms (Krewer et al., 

2018). 

Although the dynamic behavior of a ZAB is strongly nonlinear, previous studies 

have centered on the development of empirical linear models. Nonlinear behavior can 

be realized by invoking first principles-based models or nonlinear empirical modeling 

techniques. However, it is acknowledged that nonlinear models are less flexible than 

comparable linear models and the mathematical tools are lacking for nonlinear 

systems. Alternatively, nonlinear behavior can be captured via an LPV model, which 

approximates a nonlinear system with high accuracy (Mohammadpour Velni and 

Scherer, 2012, Schoukens and Tóth, 2018). 
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LPV models have been applied in various systems, but only a few works have 

employed this technique in a battery system (Hu and Yurkovich, 2011, Hu and 

Yurkovich, 2012, Remmlinger et al., 2013). For instance, a subspace method has been 

introduced for the identification of an LPV battery model for LIBs, where state of 

charge (SOC) estimation was done using LPV techniques (Hu and Yurkovich, 2011, 

Hu and Yurkovich, 2012). Results indicated that this technique provides good and 

stable performance and is easy to tune compared with other algorithms. In another 

example, LPV modeling has been used to assist in monitoring the state of health 

(SOH) for a LIB cell (Remmlinger et al., 2013). This model combined with a 

nonlinear Kalman filter proved capable of online estimating SOC and SOH. The 

model was validated via measurement data and provided good validation results. 

Herein, an LPV model is developed to account for all nonlinearities within a 

ZAB directly. Nonlinear ZAB characteristics, therefore, are empirically exhibited in 

the form of change in parameters of the underlying LTI models, with respect to a 

reference condition. The LPV model is seen to combine the varying parameters into a 

single model. Besides, it proved capable of effectively predicting battery nonlinear 

behavior over a wide range of conditions. Furthermore, the LPV model adopted the 

linear characteristic of the LTI model. Hence, it possessed considerable robustness. 

This work proposes to use LPV models for predicting the input-output discharge 

behavior of a ZAB. Data employed in this scheme were obtained from an in-house 

refuellable ZAB (Lao-atiman et al., 2019b). The underlying linear models obtained at 

different conditions are then combined into a single LPV model, where the discharge 

current level is used as a scheduling parameter. As regards validation, the developed 

LPV model is used to predict various sets of response data. A nonlinear model was 

further implemented to compare results between the nonlinear and LPV model. 

5.4 Battery Description and experimental data 

Battery response data previously published by Lao-atiman et al.(Lao-atiman et al., 

2019b) have been implemented for parameter estimation and model validation. As 

shown in Fig. 5.1, such data were acquired from a tubular refuellable ZAB, designed 

in-house. The cylindrical structure of the cell was made of stainless-steel mesh. The 

active material for the anode was 6 g of 20 mesh Zn pellets packed into another 

stainless-steel mesh tube. The cathode current collector was comprised of nickel (Ni) 

foam coated with ORR catalyst (MnO2) and a gas diffusion layer. The cell contained 

8 M KOH aqueous solution as the electrolyte.  

After battery fabrication, both the discharge current and voltage of the battery 

were measured by BA500 battery analyzer (Battery Metric, Toronto, ON, Canada). 

Sampling time was 1 second. Then, the discharge current setpoint was set. 
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Subsequently, the battery was forced to discharge in accordance with the setpoint. 

Next, both the actual discharge current and voltage were measured and recorded along 

with the selected sampling time. The set of data used for model identification 

contained a time-series of discharge current (as input) and discharge voltage (as 

output). The discharge voltage was measured at the specified discharge current. Step 

response data, including the discharging current steps from 0 to 100 mA, 0 to 450 

mA, and 0 to 900 mA, were used to identify linear models. With respect to validation, 

response data with increased variability and complexity were examined. All data used 

in this work, including data names and descriptions, are summarized in Table 5.2. 

Graphical representation for each data set can be found in Figs. B1-B10 in the 

supplementary file. 

 
Figure 5.1 Schematic diagram of experimental ZAB. 

5.5 Methodology 

The LPV model is a collection of LTI state-space models whose parameters vary, as a 

function of scheduling parameters. In the case of a ZAB, discharge current is 

considered to be the scheduling variable, which is available for measurement. More 

importantly, the discharge current is the signal which directly enables modifications 

of a ZAB’s dynamic behavior to occur. 

In terms of methodology, this approach follows a classical operation mode: 

namely, a certain number of points in the scheduling space were selected. Thus, an 
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LTI model was constructed and assigned to each point, representing the dynamics in 

the local vicinity of that point. The dynamics at scheduling locations in between the 

specified grid points were acquired by interpolation of LTI models at neighboring 

points. 

In addition, a nonlinear model was constructed to benchmark the LPV model in 

terms of precision and complexity of the prediction. 

Table 5.2 Summary of experimental data used for identification and validation of 

models 

Data name Description Description 

0T100 Current step from 0 to 100 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 100STEP0-100-0 

100T0 Current step from 100 to 0 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 100STEP0-100-0 

0T450 Current step from 0 to 450 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 450STEP0-450-0 

450T0 Current step from 450 to 0 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 450STEP0-450-0 

0T900 Current step from 0 to 900 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 900STEP0-900-0 

900T0 Current step from 900 to 0 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 900STEP0-900-0 

400T500R 
Repeating current step between 

400 to 500 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 100STEP400-500 

500T1000R 
Repeating current step between 

500 to 1000 mA 

StepDischarge.xlsx (Lao-

atiman et al., 2019b) 

Sheet: 500STEP500-1000 

MULTI 
Multiple current step from 0 to 

100, 450 and 900 mA 

Supplementary.xlsxa 

Sheet: MULTI 

VARIOUS 
Various current step with 

random pattern 

Supplementary.xlsxa 

Sheet: VARIOUS 
aThe data are located in the supplementary file. 
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5.5.1 Linear state-space model 

The LPV model uses local LTI models: the choice being made here is to represent 

these models in a discrete domain, taking into account that available data is inherently 

obtained on a discrete timescale after sampling. Trajectories of a state vector (X) and 

output vector (Y) are commonly measured and tracked as they move through time. 

The LTI model, at each local operation point, is expressed as in Eqs. (5.2) and (5.3): 

 X(k+1) = AX(k) + Bu(k) (5.2) 

 Y(k) = CX(k) + Du(k) (5.3) 

where u is an input vector. As for a single-input, single-output case: 

 A ∈ ℝ𝑛×𝑛, B ∈ ℝ𝑛×1, C ∈ ℝ1×𝑛 and D ∈ ℝ 
A, B, C and D matrices are estimated from the experimental data (Y(k), u(k)) via least 

square regression. 

In this case, the input and output of the experimental data are discharge current 

and cell voltage, respectively. For convenience of computation, Y represents the 

deviation of cell voltage from the OCV (potential loss). Then, u represents the 

discharge current. This change of coordinate ensures that both Y and u is expressed in 

the absence of excitation and have a fixed point at 0, according to the LTI model, as 

shown in Eqs. (5.2) and (5.3). 

5.5.2 LPV model 

As regards the LPV model, system dynamics are represented as a linear state space 

model having parameters expressed in terms of functions of 𝑟 scheduling variables 

(Lovera et al., 2013). The case of a single-input, single-output system is denoted as 

follows: 

 𝐴:ℝ𝑟 → ℝ𝑛×𝑛, 𝐵: ℝ𝑟 → ℝ𝑛×1, 𝐶: ℝ𝑟 → ℝ1×𝑛 and 𝐷: ℝ𝑟 → ℝ 
The LPV model is a generalization of the LTI structure, building on the 

principles that dynamic properties vary with respect to the functioning conditions 

(represented by exogenous or internal signals) or parameters. Explicitly, model 

parameters are a function of the scheduling vector of parameters p which in turn is 

time-varying: 

 A = A(p(k)), B = B(p(k)), C = C(p(k)) and D = D(p(k)) (5.4) 

Accordingly, the state space model becomes: 

 X(k+1) = A(p(k))X(k) + B(p(k))u(k) (5.5) 

 Y(k) = C(p(k))X(k) + D(p(k))u(k) (5.6) 

For simplicity of notation, in time, the time dependence of the parameter will 

be dropped. With respect to ZAB modeling, given the fact that the experiments are 
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conducted at constant external temperature, it is therefore assumed that the parameters 

are concentrated in the discharge current.  

An important remark related to the particular single-input single-output form 

is that parametric dependence in both B and C has a certain degree of redundancy, as 

long as it relates to the input-output gain in Eqs. (5.2) and (5.3) and can lead to non-

unicity problems. To solve this issue and simplify Eqs. (5.5) and (5.6), the coefficients 

of the matrix C are assumed to be time-independent and considered constant through 

an appropriate change of coordinate leading to the form, as shown in Eqs. (5.7) and 

(5.8): 

 𝑋(k+1) = A(p)X(k) + B(p)u(k) (5.7) 

 Y(k) = CX(k) + D(p)u(k) (5.8) 

The state space model becomes more useful as the number of parameters are reduced. 

This form of model can also be interpreted as first-order resistor-capacitor (RC) 

model, as illustrated in Fig. 5.2. 

 
Figure 5.2 Electrical equivalent circuit diagram of potential loss of battery: first-

order RC model 

In the circuit, there is a resistor–capacitor (RC) loop (RC and CP) connected 

with another resistor (R0). In a comparison between the state space model and the 

equivalent circuit, it was found that the input, u, is equivalent to the discharge current 

(Icell). Output, Y, is equivalent to VRCR which is potential loss of battery. The state 

variable, X, can be interpreted as the potential drop across the RC loop (VRC). 

Parameter A is equivalent to -Ts/RCCP. Parameters B and D are Ts/CP and R0, 

respectively. Parameter C equals to 1 which agrees with the assumption previously 

made. The state space model can be rewritten as ECM, as follows: 

 𝑉𝑅𝐶(𝑘 + 1)  =  (1 −
𝑇𝑠

𝑅𝐶𝐶𝑃
)𝑉𝑅𝐶(𝑘)  + 

𝑇𝑠

𝐶𝑃
𝐼𝑐𝑒𝑙𝑙(𝑘) (5.9) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
84 

 𝑉𝑅𝐶𝑅(𝑘)  =  𝑉𝑅𝐶(𝑘) + 𝑅0𝐼𝑐𝑒𝑙𝑙(𝑘) (5.10) 

For physical interpretation, ECM is normally used for investigating battery 

behavior via EIS. Herein, the RC loop contributed to potential loss due to the 

electrochemical reactions: so-called activation overpotential. This overpotential is the 

potential required to drive the reactions viz. Zn oxidation and ORR for discharging 

the ZAB. Several researches have suggested that the overpotential strongly depends 

on the discharge current level and can be theoretically described by the Butler-Volmer 

approach (Schröder and Krewer, 2014, Stamm et al., 2017, Lao-atiman et al., 2019a). 

Next, R0 contributed to the potential loss to internal resistance: so-called ohmic 

overpotential. This loss increases proportionally with the current drawn from the 

battery. 

As regards battery modeling, scheduling parameters can be chosen from 

various parameters. In this work, input-output behavior depends on the level of 

discharge current. Therefore, the sets of parameters used for constructing the LPV 

model were obtained from the data having different discharge current conditions. 

As regards model parameters, the correlation between the model parameters 

(coefficients of the matrices in Eqs. (5.7) and (5.8)) and discharge current was 

estimated via such forms as quadratic polynomial or exponential function: 

Quadratic Polynomial:  ξ = μ
1
𝑝2+μ

2
 p +μ

3
 (5.11) 

Two-term Exponential: ξ= 𝛼𝑒𝛽𝑝 + 𝛾𝑒𝛿𝑝 (5.12) 

where ξ denotes the estimated parameter. μ1, μ2 and μ3 are the parameters acquired 

from the curve fitting. α, β, γ and δ are the coefficients of the exponential function 

obtained from the curve fitting. 

The parameters of the linear model from the previous section were used to 

build the correlations with respect to after-stepping current levels, as scheduling 

parameters. From the experimental data, the conditions of current levels used for 

constructing the correlations were 0, 100, 450, and 900 mA. The correlations of 

parameters A, B and C were estimated by a second-order polynomial function. For 

parameter C, a linear function was used. An exponential function was used to fit the 

correlation of parameter BC. Correlations for parameters of the LPV model are 

provided in Table B4 of the supplementary file. 

5.5.3 Nonlinear model 

The nonlinear model used for comparison in this work was Hammerstein-Wiener 

(HW) model. The HW model is a block-oriented model which contains nonlinear 

functions and a linear block separately (Wills et al., 2013, Shokrollahi et al., 2018). 

As shown in Fig. 5.3, the HW model is depicted as a series of three connected blocks. 
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Figure 5.3 Block diagram of Hammerstein-Wiener model 

The first and last blocks are nonlinear functions which transform the input and 

output signals, respectively. The second block located between the two nonlinear 

blocks is the linear block. The first nonlinear block is called “Hammerstein block” 

and is represented by function f, as shown in Eq. (5.13). This nonlinear block 

transforms the input signal before entering the linear block: 

 w(k) = f [u(k)] (5.13) 

where u(k) and w(k) are the input and output of nonlinear block f, respectively. 

The next block is the linear block and is denoted by B/F. The linear block is 

derived from an output-error (OE) model and transfers input w(k) to output x(k), as in 

Eq. (14): 

 𝑥(k) = (B/F)w(k-nk) (5.14) 

where nk is an input delay. B and F are polynomials in a linear output-error model 

with respect to the delay operator z-1 and defined, as follows in Eqs. (5.15) and 

(5.16): 

 B(z) = b1 + b2z-1 + … + bnb
z-nb+1 for B order = nb (5.15) 

 F(𝑧) = 1 + f1z-1 + … + fnf
z-nf  for F order = nf (5.16) 

The last nonlinear block h is called “Wiener block”. This block transforms the 

output signal of the linear block, as in Eq. (5.17): 

 y(k) = h[x(k)] (5.17) 

where y(k) is the output of the nonlinear block h and the output of HW model. 

The output of the HW model y(k) can be rewritten as a function of u(k), as in Eq. 

(5.18): 

 Y(k) = h[(B/F)f[u(k)]] (5.18) 

For this study, only the Hammerstein nonlinear block was used. The HW model, 

therefore, is reduced to Hammerstein model. 

In contrast with the linear model, the nonlinear models were identified from the 

data with multiple steps under varying conditions. In Table 5.3, model identification 

data for all developed models are tabulated. 
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Table 5.3 Summary of conditions for identification of the model used in this work 

Model 

name 

Model type 
Identification dataa Identifying condition 

SS0T100A Linear model 0T100A 

First-order model with 

feedthrough and 1 sec 

sampling time 

Number of states (n) = 1 

SS0T100B Linear model 0T100B 

SS0T100C Linear model 0T100C 

SS100T0A Linear model 100T0A 

SS100T0B Linear model 100T0B 

SS100T0C Linear model 100T0C 

SS0T450A Linear model 0T450A 

SS0T450B Linear model 0T450B 

SS0T450C Linear model 0T450C 

SS450T0A Linear model 450T0A 

SS450T0B Linear model 450T0B 

SS450T0C Linear model 450T0C 

SS0T900A Linear model 0T900A 

SS0T900B Linear model 0T900B 

SS0T900C Linear model 0T900C 

SS900T0A Linear model 900T0A 

SS900T0B Linear model 900T0B 

SS900T0C Linear model 900T0C 

LPV LPV model 

Linear models:  
SS0T100A, SS0T100B, 

SS0T100C, SS100T0A, 

SS100T0B, SS100T0C, 

SS0T450A, SS0T450B, 

SS0T450C, SS450T0A, 

SS450T0B, SS450T0C, 

SS0T900A, SS0T900B, 

SS0T900C, SS900T0A, 

SS900T0B, SS900T0C 

Curve fitting: 

A: second-order 

polynomial 

B: second-order 

polynomial 

C: second-order 

polynomial 

D: linear function 

BC: two-term exponential 

Nonlinear 
A 

Nonlinear 

HW model 
MULTI 

Input nonlinearity: third-

order polynomial 

Output nonlinearity: unit 

gain (absent) 

OE model order: nb = 2, nf 

= 1, nk = 0 

Nonlinear 

B 

Nonlinear 

HW model 
VARIOUS 

Input nonlinearity: third-

order polynomial 

Output nonlinearity: unit 

gain (absent) 

OE model order: nb = 2, nf 

= 1, nk = 0 
a The data location is tabulated in Table B1 in supplementary file. 
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5.6 Results and Discussion 

In Table B2 of the supplementary file, the LTI model parameters are shown. From 

these LTI models, the LPV model was developed. The correlations of the model 

parameters were constructed via curve fitting. The nonlinear models were identified 

from the multiple step and various step data (Lao-atiman et al., 2019b). A third-order 

polynomial function was selected for the Hammerstein block. The model order of the 

OE model was nb = 2, nf = 1 and nk = 0. In Table 5.3, the identifying conditions are 

summarized. In addition, parameter values estimated in this work are provided in 

Table B3 of the supplementary file. 

In the following sections, the graphical highlights of validation and 

comparison results are displayed. Full graphical results of the linear model and the 

LPV model are shown in Figs. B11 and B12 of the supplementary file, respectively. 

In Table B5 of the supplementary file, the fit percentage values of the prediction 

results are tabulated. 

5.6.1 Linear state-space model 

The linear models were identified as first-order state space models. The number of 

states (n) was 1. Model parameters were estimated using one set of experimental data. 

To validate the models, different sets of experimental data were applied. In Fig. 5.4, 

validation results for the linear models are shown. Fig. 5.4a shows the validation 

results with the same conditions (current steps) as used in the estimation (0 to 100 

mA). Results demonstrate that the models were able to accurately predict individual 

response data.  

Fig. 5.4b highlights the results when the models were validated at different 

conditions (different current steps). It was found that the models could predict 

accurately only the data used to identify the models’ parameters. The models poorly 

estimated other data. The gain of the models significantly deviated. Results suggested 

that the linear model was only accurate locally. 

Fig. 5.4c provides an example by displaying a comparison between model 

predictions and measured data in the context of multiple step current discharges. 

Results clarified the dependency between gain and current level. Thus, from the 

results shown, the linear models were able to accurately predict the responses if the 

current level corresponded with the models. Nevertheless, most of the battery data 

contain more than one current level. Consequently, the linear model cannot be applied 

in most cases. In this situation, the LPV model proved to offer the level of flexibility 

necessary for adapting to the LTI responses. 
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Figure 5.4 Comparison of response between measured data (blue lines) and predicted 

data from linear models: a) Matching conditions with current step from 0 to 100 mA 

b) Different conditions with current step from 0 to 100 mA and c) Multiple current 

steps from 0 to 100, 450 and 900 mA 

5.6.2 LPV model 

As previously stated, the LPV model was developed from linear state space models. 

Consequently, the models with different current level conditions were combined into 

one model. For this model, the conditions of current level included: 0 mA, 100 mA, 

450 mA and 900 mA. Each condition, with respect to the final current level, provided 

a different set of model parameters. For instance, the state space model estimated 

from the current step of 0 to 100 mA provided the values of model parameters at the 

100 mA current level. At each current level, three data sets of the same condition 

were used. For validation, the LPV model was then used to predict the various 

response data. 

As shown in Fig. 5.5, correlations between model parameters and current 

levels were fitted in accordance with Eqs. (5.5) and (5.6). In Figs. 5.5a and 5.5b, the 

correlation of model parameters A and D was able to be fitted using a second-order 

polynomial function as well as a linear function, respectively. Parameters A and D 

showed consistent trends with respect to current levels. However, parameters B and C 

were found to be inconsistent in their trends. Moreover, the values of B and C 
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contained both positive and negative values which can cause discrepancy in 

prediction. To address this issue, C was fixed at C=1, whilst B and C were multiplied 

together, resulting in the parameter BC which proved to be more consistent, as 

described in Eqs. (5.7) and (5.8). Accordingly, the LPV model becomes: 

 𝑋(k+1) = A(p)X(k) + BC(p)u(k) (5.19) 

 Y(k) = X(k) + D(p)u(k) (5.20) 

 
Figure 5.5 Correlations of state space model parameters as functions of current 

levels: a) Parameter A b) Parameter D and c) Parameter BC 

The trend of parameter BC exhibited good consistency and was able to be 

fitted via a two-term exponential function, as shown in Fig. 5.5c. For physical 

interpretation, Eqs. (5.19) and (5.20) are equivalent to the ECM as expressed in Eqs. 

(5.9) and (5.10). Parameter D was expressed as a linear function having a small slope. 

This indicated that the discharge current level had little effect on R0. Parameters A 

and BC were fitted with a polynomial and exponential function, respectively. As the 

RC loop represented the activation loss, these correlations agreed with the nonlinear 

trend of the activation loss. 

As regards validation, the developed LPV model was used to predict the same 

response data as used previously in section 5.1. A comparison of the fit percentage 

between various model predictions is shown in Fig. 5.6. As for the single step 
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responses (0T100A and 0T900A), results demonstrated good agreement between 

measured data and predicted data. Compared with the linear model, however, the LPV 

model proved to be slightly less accurate due to the error in correlation fitting. Yet, 

the LPV model performed much better globally because the models used for 

constructing this LPV model were estimated from data measured directly. In addition 

to the LPV model, two nonlinear models, nonlinear A and nonlinear B (Table 5.3), 

were identified and compared for response prediction. Results showed that the LPV 

model performed better than the nonlinear models in this case. The nonlinear models, 

identified from the data, were seen to have high complexity. Thereby, the models 

were found to be less robust (especially nonlinear model B). 

 
Figure 5.6 Comparison of fit percentage of model prediction between various models 

and data. Fit % indicates how well the model prediction fits the estimation data and 

expressed as: 100 (1-
‖y-ŷ‖

‖y-mean(y)‖
). 

As regards multiple step responses (MULTI), prediction results of the multiple 

step responses are displayed in Fig. 5.7a. Results highlighted the benefit of the LPV 

model revealing that the LPV model was able to predict multiple step responses with 

acceptable agreement. In comparison with the linear model, the LPV model 

confirmed improvement in prediction. In addition, when the current level changed, the 
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LPV model was able to predict cell voltage more accurately than the linear model. 

The gain of the LPV model prediction was able to adapt to current level change. The 

LPV model proved to be comparable with that of the nonlinear model identified from 

the matching data (nonlinear A). However, the nonlinear model identified from the 

other condition (nonlinear B) indicated less accurate prediction. 

For validation purposes, the LPV model was tested further, using the different 

sets of data that had not been used for estimation of the coefficients in the underlying 

LTI models. The measured data with the repeating step currents: 400 to 500 mA 

(400T500R) and 500 to 1000 mA (500T1000R) were used for validation. A 

comparison of the fit percentages found that all the proposed models including the 

LPV model and nonlinear models were less accurate than the other data sets in 

predicting the responses. As shown in Fig. S12, the response comparison revealed two 

limitations of the LPV model: the effect of SOC and the input range of the underlying 

LTI models. 

  

Figure 5.7. Comparison of response between measured data (dark blue lines), 

predicted data from linear model (red line), LPV model (green line) and nonlinear 

models: a) Multiple current steps from 0 to 100, 450 and 900 mA and b) Various 

current steps 

Regarding the effect of SOC, the error of prediction increased as time passed 

because cell voltage is also a function of SOC (Larsson et al., 2017). As the battery 

discharged over time, cell voltage dropped because of the decrease in SOC. However, 

in this model, the effect of SOC on cell voltage was not considered. Another 

limitation shown is regarding the input range of the underlying LTI model. For 

instance, the upper bound of the current level of the underlying LTI models was 900 

mA. For the current level higher than 900 mA, the correlation of the model 

parameters was found to be incorrect; less accurate values were obtained from 

extrapolation. Thus, this indicated that the LPV model was not precise in predicting 

conditions which are out of the input range of the underlying LTI models. 
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In Fig. 5.7b, prediction results of the various step responses (VARIOUS) are 

displayed, verifying the models against more complicated data. Limitation of the 

model appeared the same as in a previous test where cell voltage is dependent on 

SOC. Nonetheless, the LPV model exhibited superior performance when compared 

with the linear model and its performance was comparable to that of the nonlinear 

model. This result revealed the feasibility of using the LPV model. The LPV approach 

sets out to prove its significance as a modelling tool for the nonlinear behaviour of a 

ZAB. Herein, the discharge current level is demonstrated as the effective scheduling 

parameter for predicting the nonlinear behaviour of a ZAB. For some large-scale 

refuellable ZABs, the influence of SOC is less concerned. Hence, the management 

system having only discharge current scheduling might be viable over a wide range of 

operations. To improve the LPV model, the model may have to be developed further 

by including other scheduling parameters such as SOC or temperature. Moreover, it 

might be feasible to study the LPV model in a rechargeable ZAB, as the charging 

process of this battery also adopts the nonlinear characteristic. 

5.7 Conclusion 

In this work, an LPV model was developed to predict the nonlinear dynamic behavior 

of a ZAB. LTI models were used as the basis to construct the LPV model. The 

experimental data acquired from an in-house designed tubular refuellable ZAB were 

used for identification purposes and validation. By comparing model accuracy based 

on normalized root mean square error, results showed that the linear model, identified 

at each local point, was able to predict the behavior of a ZAB but only at the local 

vicinity of that point. However, it was unable to capture the nonlinear behavior of the 

ZAB where the gain intensely varied with the discharge current levels. In contrast, the 

LPV model could well predict battery response. Further, the LPV model was found to 

be more robust than two other nonlinear models. The LPV model sets out to prove its 

worth as a dynamic modeling approach for a ZAB. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 

Charge-discharge Behavior Prediction and State of Charge 

estimation for a Tri-electrode Zinc-air Flow Battery Using Linear 

Parameter-varying Model integrated with Extended Kalman 

Filter 

6.1 Preface 

This manuscript is an unpublished paper, but it is prepared to publish soon. This paper 

is the last part of this dissertation which is battery state estimation. 

6.2 Abstract 

This work intended to use the linear parameter varying (LPV) model to predict the 

dynamic behavior of tri-electrode zinc-air flow battery (ZAFB) and to estimate the 

state of charge (SOC) of the battery by integrating with an extended Kalman filter 

(EKF). The battery response data used to identify the model was measured from the 

laboratory-made tri-electrode ZAFB. The used data included charge and discharge 

step response at various current levels and SOC. The LPV model was established 

from multiple linear time-invariant (LTI) models with battery current and SOC as 

scheduling parameters. The prediction result of the LPV model is comparable with the 

linear model for the local accuracy; however, the LPV model outperformed the linear 

model in the case of global accuracy. The effect of different currents and SOC can be 

predicted by the developed LPV model. Then, the SOC estimation of ZAFB was 

investigated by the integration between the developed models and EKF. It was 

observed that the response data of ZAFB possesses an exceptionally flat profile 

related to SOC change. The dynamic differentiation only occurred at nearly depleted 

SOC. For this reason, the estimation of SOC converges to the true value when the 

SOC is near depletion. The performance of estimation also depends on the initial 

guess SOC values and the tuning parameters of EKF. By appropriate tuning, the SOC 

estimation performance of the LPV model combined with EKF is acceptably good. 

This result revealed the SOC estimation capability of the LPV model integrated with 

EKF and the feasibility to use it in the BMS. 

6.3 Introduction 

The energy storage system (ESS) is currently in the research spotlight as it can 

support the application of renewable energy. Renewable energy such as solar and 

wind energy has a discontinuous characteristic which contributes to inconsistency in 
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power generation. ESS is a key technology to neutralize this issue as it can make the 

system more stable. Zinc-air battery (ZAB) has great potential as ESS for renewable 

energy due to its high energy density and low cost (Mainar et al., 2018). 

           In recent years, the technologies related to ZAB have been progressively 

developed in various aspects. The most concentrated aspect is material development 

in order to improve the performance and stability of ZAB. For instance, the 

development of ORR catalyst and air cathode is the main focused topic for tackling 

the power and stability issues (Alfaruqi et al., 2015, Li et al., 2016, Wu et al., 2019). 

A zinc electrode has been developed to improve the cyclability of ZAB (Kim et al., 

2015a, Kim et al., 2015b, Zhu et al., 2016). Battery design and operation have also 

been received a lot of attention in the past decade (Pei et al., 2014b, Larsson et al., 

2017, Wang et al., 2018). For example, flow electrolyte configuration has been 

applied with ZAB in order to solve various problems and improve the stability and 

performance associated with the zinc electrode (Wang et al., 2015a, Dundálek et al., 

2017). Tri-electrode configuration is another design developed to avoid the issues 

related to charging with air electrodes (Hong et al., 2016). However, management and 

monitoring systems are still underdeveloped. A battery management system (BMS) is 

widely investigated in battery research as it can improve the safety and operability of 

the battery (Pop et al., 2008). 

Modeling is one of the research topics involving the development of BMS. 

Battery modeling can be done in various approaches. For example, the simulation 

using a theoretical continuum model has been conducted to analyze the phenomena 

occurring inside the battery (Mao and White, 1992, Deiss et al., 2002, Schröder and 

Krewer, 2014, Wang et al., 2014). The empirical model has also been studied for 

using in BMS in various types of battery because this type of model is suitable for 

online prediction due to its speed and simplicity in the calculation. In recent times, a 

linear parameter-varying model was proposed to predict the discharge behavior of 

ZAB (Lao-atiman et al., 2020). It was found that the nonlinear behavior based on the 

discharge current level of ZAB can be addressed using the proposed technique. One 

important feature of BMS which must be established is battery state estimation 

especially SOC estimation (Chang, 2013). As regards SOC estimation, the empirical 

model has also been used with various adaptive filters such as state observer (Hu and 

Yurkovich, 2012) or Kalman filter-based estimator (Cai et al., 2017, Wei et al., 2018, 

Wassiliadis et al., 2018). Nevertheless, studies of empirical models and SOC 

estimation are still deficient in ZAB research. 

           This work aims to develop the LPV model and use it to predict the dynamic 

behavior of tri-electrode zinc-air flow battery (ZAFB). Furthermore, the developed 

model is integrated with the extended Kalman filter (EKF) state estimator to estimate 
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the SOC of the battery. The battery data used for dynamic identification and 

validation were measured from the laboratory-made tri-electrode ZAFB. Linear state-

space models identified from different conditions were used to create an LPV model 

which has discharge current level and SOC as scheduling parameters. After that, the 

LPV model was tested for validity using battery data from different experimental 

batches. Then, the developed model was combined with EKF and examined for the 

ability of SOC estimation. Various scenarios of battery data were compared. 

6.4 Description of Tri-electrode ZAFB and experimental data 

ZAB is an energy storage device that can store and release energy via an 

electrochemical reaction. Commonly, a ZAB is comprised of 2 electrodes: zinc 

electrode (negative) and air electrode (positive). However, the tri-electrode 

configuration was employed in this work therefore there is one more electrode which 

is the charging electrode (positive when charging). Potassium hydroxide (KOH) 

solution with zinc oxide (ZnO) is the most common electrolyte. When the battery 

discharges, the zinc electrode is connected to the air electrode. Zinc oxidation occurs 

at the zinc electrode generating electrons and zincate ions as products. When the 

electrolyte becomes saturated with zincate ions, the ion converts to ZnO. The 

electrons generated at the zinc electrode transfer to the air electrode and the oxygen 

reduction reaction (ORR) occurs. When the battery charges, the zinc electrode is 

connected to the charging electrode. The reduction of zincate ions occurs at the zinc 

electrode instead. At the charging electrode, the oxygen evolution reaction (OER) 

takes place. The reactions that occurred are summarized as followed:Zinc Electrode: 

  Zn + 4OH
-
 ↔ Zn(OH)

4

2-
 + 2e-  

 Zn(OH)
4

2-
 ↔ ZnO + 2OH

-
+ H2O 

Air Electrode:   
1

2
O2 + H2O + 2e- → 2OH

-
 (Discharge) 

Charging Electrode:   2OH
- →

1

2
O2 + H2O + 2e- (Charge) 

Overall Reaction: Zn + 
1

2
O2 ↔ ZnO 

 For the overall reaction, zinc reacts with oxygen and forms ZnO while 

discharging. While charging, the reverse reaction proceeds. The theoretical cell 

potential of ZAB is 1.65 V. Nonetheless, the practical values of open circuit voltage 

(OCV) are different from the theoretical value. When the battery discharges, the OCV 

is about 1.4 V. When the battery charges, the OCV is about 1.7 V. 

 The laboratory made ZAB in this work was designed as a tubular cylinder cell, 

as shown in Fig. 6.1. This cell configuration was a tri-electrode flow battery that has 

three electrodes including air cathode, zinc anode and charging electrode. The 
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cylinder support structure was made of poly vinyl chloride (PVC). The cell is 

circulated with an electrolyte which is an 8 M potassium hydroxide solution with 0.5 

M ZnO. The anode active material is Zn electroplated on the current collector which 

is nickel (Ni) foam. Cathode active material is oxygen in the air. The ORR occurred at 

the cathode current collector which is Ni foam coated with catalytic layer and gas 

diffusion layer. For the charging process, the charging electrode was made of Ni 

foam. 

 
Figure 6.1 Schematic diagram of laboratory-made Tri-electrode ZAFB 

 To obtain the experimental data, cell voltage and current were measured by 

battery testing equipment (NEWARE, CT-4008-5V20mA, Neware Technology Ltd., 

Shenzhen, China). All experiment was conducted at ambient temperature. The 

circulation rate of electrolyte was maintained at 100 ml/min by a peristaltic pump. 

The sampling time was 1 s. 

 The used data are battery response data with current as input and voltage as 

output. For the dynamic identification, the pattern of the used profile was charge / 

discharge for 50 mAh alternating with rest for 5 min. The procedure was repeated 

until the voltage cutoff of 0.5 V was met for discharging or the capacity reached 500 

mAh for charging. The applied current values were 500, 1000, 1500 and 2000 mA. 
For example, the data named DSOC500A has contained discharge steps with a current 

of 500 mA for 50 mAh alternating with rest for 5 min. As regards model validation, 

the pattern was more random and was separated between charge and discharge. The 

data names and descriptions are summarized in table 6.1. More details of the data 

used can be found in supplementary data in Appendix C. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
97 

Table 6.1 list of names and descriptions of data used in this work 

Data name Description 

DSOC500A Discharge step of 500 mA alternating with rest step 

DSOC1000A Discharge step of 1000 mA alternating with rest step 

DSOC1500A Discharge step of 1500 mA alternating with rest step 

DSOC2000A Discharge step of 2000 mA alternating with rest step 

MULTI A Discharge step of multiple current alternating with rest step 

MULTI B Discharge step of multiple current alternating with rest step 

CSOC500A Charge step of 500 mA alternating with rest step 

CSOC1000A Charge step of 1000 mA alternating with rest step 

CSOC1500A Charge step of 1500 mA alternating with rest step 

CSOC2000A Charge step of 2000 mA alternating with rest step 

CMULTI Charge step of multiple current alternating with rest step 

COMBINE Multiple charge-discharge cycle data 

6.5 Methodology 

In this section, the LPV model and identification procedure are described. In addition, 

the EKF state estimator is also explained. Regarding the procedure, linear state space 

models were identified using data with different current levels and SOC. After that, 

the parameter correlations of the LPV model were created from the set of model 

parameters identified at different current levels and SOC. As a result, the parameter 

correlations were functions of the current level and SOC which were scheduling 

parameters. Then, the LPV model was validated with measured data from a different 

experimental batch. Subsequently, the LPV model was used with EKF to test for state 

estimation. Several scenarios of tuning parameter set and assessed data were 

compared. 

6.5.1 LPV Model 

LPV model is a time-variant model of which parameters are varied as function of 

scheduling parameters (p). Herein, LPV model was constructed from a set of state 

space model. The model was expressed in discrete from as followed: 

 𝑋(𝑘 + 1) =  𝐴(𝑝(𝑘))𝑋(𝑘)  +  𝐵(𝑝(𝑘))𝑢(𝑘) (6.1) 

 𝑌(𝑘)  =  𝐶(𝑝(𝑘))𝑋(𝑘)  +  𝐷(𝑝(𝑘))𝑢(𝑘) (6.2) 

Where u, X and Y are input vector, state vector and output vector, respectively. A, B, C 

and D are state matrix, input matrix, output matrix and feed through matrix, 

respectively. 

 Herein, this model contains 3 states including VRC1, VRC2 and SOC. VRC1 and 

VRC2 represent the overpotential of the zinc electrode and counter electrode (air or 
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charging), respectively. SOC represents the state of charge of the battery. SOC is 

included as a state because the model is used with a state estimator to estimate SOC in 

the next part. To make the LPV model more practical, the model was interpreted with 

an equivalent circuit second-order RC model, as illustrated in Fig.6.2. From the 

interpretation, the LPV model can be written as followed: 

 ⌈

𝑉𝑅𝐶1(𝑘 + 1)
𝑉𝑅𝐶2(𝑘 + 1)
𝑆𝑂𝐶(𝑘 + 1)

⌉ = [
𝐴1 0 0
0 𝐴2 0
0 0 1

] [

𝑉𝑅𝐶1(𝑘)
𝑉𝑅𝐶2(𝑘)
𝑆𝑂𝐶(𝑘)

] + [

𝐵1
𝐵2
∆𝑡

3600∙𝐶𝑛

] 𝐼𝑐𝑒𝑙𝑙(𝑘) (6.3) 

 𝑉𝑐𝑒𝑙𝑙(𝑘) = 𝑉𝑜𝑐 + [1 1 0] [

𝑉𝑅𝐶1(𝑘)
𝑉𝑅𝐶2(𝑘)
𝑆𝑂𝐶(𝑘)

] + 𝐷 ∙ 𝐼𝑐𝑒𝑙𝑙(𝑘) (6.4) 

Where A1, A2, B1, B2 and D are state space parameters. Vcell, VOC and Icell are cell 

voltage, open circuit voltage and cell current, respectively. Δt and Cn are sampling 

time and nominal capacity, respectively. 

 The calculation of SOC in Eq. 6.3 is based on the coulomb counting (CC) 

method. Including of VOC in Eq. 6.4 make the model able to calculate cell voltage, 

Vcell. Icell and SOC were also selected as scheduling parameters therefore A1, A2, B1, B2 

and D were functions of Icell and SOC: 

 𝐴1(𝑆𝑂𝐶, 𝐼), 𝐴2(𝑆𝑂𝐶, 𝐼), 𝐵1(𝑆𝑂𝐶, 𝐼), 𝐵2(𝑆𝑂𝐶, 𝐼) and 𝐷(𝑆𝑂𝐶, 𝐼) 
 However, there are some arbitrary assumptions that have been made in order 

to adapt the model with the scenarios of battery data. Firstly, for discharging, when 

SOC decreased, Zn at the electrode is depleted. Therefore, VRC1 is affected and VRC2 is 

not affected by SOC change. This makes A2 and B2 become functions of only the 

current level for discharging. The next assumption is that the SOC effect on the 

overpotential is less significant for both electrodes when the battery is charged. This 

assumption makes B1 and B2 become functions of the current level for charging. The 

last assumption made is that the internal resistance of the system does is independent 

of current (Larsson et al., 2017, Zhong et al., 2021). As interpreted from Fig. 6.2, D is 

equivalent to R0 which is related to ohmic resistance. Thus, D is assumed to be a 

function of only SOC for both discharging and charging. 

For discharging: 𝐴2(𝐼), 𝐵2(𝐼) and 𝐷(𝑆𝑂𝐶) 

For charging: 𝐵1(𝐼), 𝐵2(𝐼) and 𝐷(𝑆𝑂𝐶) 
Regarding varying model parameters, the correlations between model 

parameters and scheduling parameters were constructed from the identified model 

parameters. For instance, the model parameters identified from the discharge step data 

with a discharge current of 1000 mA and starting SOC of 0.5 had their scheduling 

current level and SOC as 1 A and 0.5, respectively. After the correlations were 
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created, the LPV model was validated with the various dataset including the data 

obtained from a different batch of the experiment. 

 
Figure 6.2 Electrical equivalent circuit diagram of battery: second-order RC model 

For comparison purpose, the linear state space model was introduced. The 

expression of the linear model is same as Eqs. (6.3) and (6.4) but the model 

parameters are not varied with scheduling parameters. The details of model 

parameters of linear model can be found in supplementary data in Appendix C. 

6.5.2 Extended Kalman filter (EKF) 

Kalman filter (KF) is a model-based state estimation algorithm that can estimate the 

inner states of any dynamic system (Murnane and Ghazel). Typically, KF is capable 

of state estimation for linear systems only. EKF is the extension of KF designed to 

estimate the state of the nonlinear system (Julier and Uhlmann, 2004). 

 Regarding this work, EKF is used with the LPV model developed for ZAFB. 

For simplicity, the battery model can be written as: 

 𝑋𝑘+1 = 𝑓(𝑋𝑘, 𝑢𝑘) + 𝑞𝑘
𝑋 (6.5) 

 𝑌𝑘 = 𝑔(𝑋𝑘 , 𝑢𝑘) + 𝑟𝑘
𝑋 (6.6) 

Where 𝑓(𝑋𝑘, 𝑢𝑘)and 𝑔(𝑋𝑘, 𝑢𝑘) are nonlinear function which is equivalent to Eqs. 

(6.3) and (6.4) of LPV model, respectively. 𝑞𝑘
𝑋 and 𝑟𝑘

𝑋 are stochastic noise. 

 The algorithm of EKF is shown in Fig.6.3 and described in following 

equations: 

Prediction 

Estimated state prediction: �̂�𝑘+1
− = 𝑓(�̂�𝑘

+, 𝑢𝑘) (6.7) 

Estimated covariance prediction:𝑃𝑘+1
− = �̂�𝑘𝑃𝑘

+�̂�𝑘
𝑇 + 𝑄𝑋 (6.8) 

Output estimation: �̂�𝑘 =  𝑔(�̂�𝑘+1
− , 𝑢𝑘) (6.9) 

Correction 
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Optimal Kalman gain: 𝐾𝑘 = 𝑃𝑘+1
− �̂�𝑘

𝑇(�̂�𝑘𝑃𝑘+1
− �̂�𝑘

𝑇 + 𝑅𝑋)−1 (6.10) 

State update: �̂�𝑘+1
+ = �̂�𝑘+1

− + 𝐾𝑘(𝑌𝑘 − �̂�𝑘) (6.11) 

Estimated covariance update: 𝑃𝑘+1
+ = (1 − 𝐾𝑘�̂�𝑘)𝑃𝑘+1

−  (6.12) 

Where variables with superscript + mean that variables are corrected and variables 

with superscript – means that variables are predicted. �̂�𝑘 and �̂�𝑘 represent estimated 

state and output, respectively. P is estimated covariance. Q and R are covariances of 

process noise and measurement noise, respectively. �̂�𝑘 and �̂�𝑘 are Jacobian matrices 

of state and output functions, respectively, which can be defined as: 

 �̂�𝑘 =
𝜕𝑓(�̂�𝑘

+,𝑢𝑘)

𝜕�̂�𝑘
+  (6.13) 

 �̂�𝑘 =
𝜕𝑔(�̂�𝑘+1

− ,𝑢𝑘)

𝜕�̂�𝑘+1
−  (6.14) 

 Herein, there are 3 tuning parameters of EKF including initial P, Q and R. R is 

fixed at 5×10-3 as obtained from equipment accuracy. P is specified for confidence in 

values of initial states. Q is specified for confidence in the model. Both P and Q are 

diagonal matrices containing 3×3 elements which the number of diagonal entries 

equal to the number of states. 

 
Figure 6.3 Schematic scheme of an EKF algorithm. 

 Various scenarios were set to test the performance of the estimator. LPV 

model and linear model were compared. Some tuning parameters are varied. Guess of 

initial SOC was also studied. Comparison between right guess and wrong guess of 

initial SOC was conducted. 
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6.6 Results and Discussion 

In this section, there are 2 sub-sections including the LPV modeling and SOC 

estimation. For the first sub-section, the result of LPV model creation is shown. The 

correlations of model parameters are included for both charging and discharging. The 

validation results of the LPV model are also contained. For the second sub-sections, 

the result of SOC estimation using the developed model integrated with EKF is 

displayed. 

6.6.1 LPV modeling of Tri-electrode ZAFB 

As mentioned previously, the LPV model for Tri-electrode ZAFB was developed 

from the state space model as a based linear time-invariant (LTI) model. The state 

space parameters of the identified model were fitted to make the correlation with the 

scheduling parameters. From Eqs. (6.3) and (6.4), there were 5 parameters which have 

to be made the correlations: A1, A2, B1, B2 and D. There were 2 scheduling parameters 

including current level and SOC hence the fitted correlations were surface functions. 

Nevertheless, there are some model parameters that are functions of only one 

scheduling parameter according to the assumption made in the previous section. 

Additionally, VOC has also varied with SOC therefore the correlation of VOC was also 

made. The list of the function used to fit the correlations for both discharging and 

charging are tabulated in table 6.2. The graphical correlations of LPV model 

parameters are illustrated in Figs. 6.4 and 6.5. The correlations of VOC for discharging 

and charging are shown in Fig. 6.6. 

Table 6.2 Function used to fit the model parameter correlations 

Fitting function parameter 

Discharging 

𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶) + 𝛾(𝐼𝑐𝑒𝑙𝑙)) + 𝛿𝑒𝑥𝑝(휀(𝐼𝑐𝑒𝑙𝑙) + 𝜃(𝑆𝑂𝐶)) + 𝜗 A1 

𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶) + 𝛾(𝐼𝑐𝑒𝑙𝑙)) + 𝛿𝑒𝑥𝑝(휀(𝐼𝑐𝑒𝑙𝑙) + 𝜃(𝑆𝑂𝐶)) B1 

𝛼𝑒𝑥𝑝(𝛽(𝐼𝑐𝑒𝑙𝑙)) + 𝛾𝑒𝑥𝑝(𝛿(𝐼𝑐𝑒𝑙𝑙)) A2, B2 

𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) D 

Charging  

𝜇 00 + 𝜇 10(𝑆𝑂𝐶)  + 𝜇 01(𝐼𝑐𝑒𝑙𝑙)  +  𝜇 11(𝑆𝑂𝐶)(𝐼𝑐𝑒𝑙𝑙)  

+  𝜇 02(𝐼𝑐𝑒𝑙𝑙)
2 

A1, A2 

𝛼𝑒𝑥𝑝(𝛽(𝐼𝑐𝑒𝑙𝑙)) + 𝛾𝑒𝑥𝑝(𝛿(𝐼𝑐𝑒𝑙𝑙)) B1, B2 

𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) D 

Open Circuit Voltage 

𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) VOC 
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Figure 6.4 Correlations of parameters of LPV model for discharging 

 
Figure 6.5 Correlations of parameters of LPV model for charging 
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Figure 6.6 Correlations between VOC and SOC for (A) discharging and (B) charging  

Regarding validation of the LPV model, the model was tested by predicting 

various response data. The testing data included the same data used to identify the 

based LTI model and the data obtained from a different batch of the experiment. The 

fit percentages of the prediction of the LPV model and linear model are shown in Fig. 

6.7. The result revealed that the LPV model was more accurate than the linear model 

in most cases for both discharging and charging.  The main reason was that the effect 

of SOC change was implemented in the LPV model. This made the LPV model more 

accurate than the linear model in a wider range of SOC. For further validation, the 

model was tested with data obtained from a different batch of the experiment 

including the data named MULTI A and MULTI B for discharging and CMULTI for 

charging. From Fig. 6.7, it was observed that the fit percentage of LPV model 

prediction was acceptably high although the data were obtained from a different batch 

of the experiment. The Graphical prediction results for data MULTI A and CMULTI 

are displayed in Fig. 6.8. From Fig. 6.8A, for data MULTI A, prediction errors were 

still observed at some current level. The highest error was occurred at discharging 

near the battery depletion zone. Besides, the LPV model acceptably performed in 

predicting the response at the resting zone. As regards data CMULTI, a high error 

occurred at the beginning range of the predicted response. The error might come from 

the mismatch between the Voc correlation of the model and the resting voltage of this 

data. Totally, the LPV model was adequately accurate as it was able to address the 

effect of different current and SOC changes. This showed the potential of the LPV 

model to use in SOC estimation with a model-based state estimation algorithm. 
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Figure 6.7 Comparison of fit percentage of model prediction between various models 

and data for (A) discharging and (B) charging.  

Fit % expressed as: 100 × (1-
𝑚𝑒𝑎𝑛|y-ŷ|

𝑚𝑒𝑎𝑛|y-mean(y)|
). 

 
Figure 6.8 Comparison of response between measured data, predicted data from LPV 

model and linear model: (A) multiple discharge current steps and (B) multiple charge 

current steps. 
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6.6.2 SOC estimation 

Regarding SOC estimation of Tri-electrode ZAFB, the developed model was 

integrated with the EKF state estimator. Several scenarios were conducted in order to 

test the performance of the developed SOC estimator. Some tuning parameters and 

the correctness of the initial guess were considered. 

Table 6.3 Reference values of tuning parameters for EKF 

Tuning 

parameter 

Description Value 

P Initial state 

estimate 

covariance 

[
𝑃1 0 0
0 𝑃2 0
0 0 𝑃3

] = [
10−6 0 0
0 10−6 0
0 0 10−6

] 

Q Process noise 

covariance [
𝑄1 0 0
0 𝑄2 0
0 0 𝑄3

] = [
10−6 0 0
0 10−6 0
0 0 10−6

] 

R Measurement 

noise covariance 

5 × 10−3 

6.6.2.1 Parameter tuning 

As described in the EKF sub-section, there were 3 tuning parameters including P, Q 

and R. R was fixed at 5×10-3 according to the accuracy of testing equipment. P and Q 

were left to be tuned. P relates with confidence in initial state values while Q relates 

with confidence in the used model. High confidence in the initial state and model, 

which means low P and Q, was selected as a reference scenario. Hence, every element 

of P and Q were equal to 1×10-6 as reference values for tuning parameters. The 

reference values were tabulated in Table 6.3. Two models used with EKF including 

the LPV model and linear model with VOC change were also compared. 

The reference scenario is depicted in Fig. 6.9. The data used in this scenario 

was MULTI A. In Fig 6.9A, some errors were still observed in the estimated cell 

voltage of the reference scenario since the estimator was tuned to trust the model. 

Nevertheless, the estimated result was closer to the measured data compared to the 

prediction using the models without EKF, as observed from Fig. 6.8A. As regards 

SOC estimation, the SOC values estimated by the estimators were approximate to the 

values from the CC method, as shown in Fig. 6.9B. The CC method is commonly 

used as a standard method for comparison of SOC estimation; however, this method 

does not consider the effect of SOC loss such as the low charging efficiency of the 

battery. Therefore, the CC tends to be erroneous as time pass. Some differences 

between the CC method and the proposed estimator occurred. For the LPV model, a 

high difference between the estimated value and CC value was observed in the middle 
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of the response. Nonetheless, the estimated value converged to the CC value at the 

end of the response near-zero value because the estimator detected the depletion of 

the battery from the voltage data. On the other hand, the linear model with VOC change 

estimated a little different value from the LPV model because VOC is the only 

parameter related to SOC for the linear model. The linear model estimator showed a 

higher difference than the LPV model at the end of the response. 

 
Figure 6.9 Comparison of the reference scenario between response of measure data 

(MULTI A) and response predicted from the proposed algorithm: (A) cell voltage and 

(B) SOC 

 
Figure 6.10 Comparison of normalized mean absolute error of estimation between 

various tuning parameters scenario using data MULTI A: (A) cell voltage and (B) 

SOC. 
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 To study parameter tuning, some tuning parameters were adjusted and 

compared. The result was compared by normalized mean absolute error, as shown in 

Fig. 6.10. Changing confidence in the model for VRC1 was tested by tuning 

covariances Q1 and Q3. At first, Q1 was changed from 1×10-6 to 1×10-3 and 1×10-9. 

The result showed that increasing Q1 increased the accuracy of cell voltage prediction 

while the error in SOC estimation was slightly affected. On the contrary, decreasing 

Q1 further from 1×10-6 provided only an insignificant effect on the error of both cell 

voltage and SOC because Q1 of 1×10-6 was already a high confidence value. Another 

scenario tested was adjusting confidence in the model for SOC therefore Q3 was 

changed from 1×10-6 to 1×10-3 and 1×10-9. Increasing Q3 made the error in SOC 

estimation greatly increased but the error in voltage estimation is reduced. 

Conversely, reducing Q3 made estimated SOC values approach the CC values. 

However, the error in cell voltage estimation was also increased as if the EKF did not 

involve. Increasing the confidence in the model for SOC made the estimation result 

approach the prediction result of the model without EKF. 

 
Figure 6.11 Comparison of SOC estimation between different initial covariance P3 for 

correct initial guess scenario using data MULTI A. 

6.6.2.2 Initial SOC guess 

The next test was the correctness of the initial SOC guess. The scenarios were 

conducted by adjusting the initial guess values into the wrong values and observing 

the performance of estimation. The confidence in the initial SOC value can be tuned 

by adjusting the initial covariance P3. At first, tuning of P3 was examined with the 

correct initial guess scenario using data MULTI A, as shown in Fig. 6.11. The result 

showed that increasing P3 from 1×10-6 to 1×10-3 provided an insignificant difference 
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in the estimation but adjusting P to a high enough value (1×10-1) made the estimation 
become false. Nonetheless, SOC estimation in every case compared in Fig. 6.11 

converged to the same values near the end of the response as the estimation algorithm 

was able to detect the depletion of the battery. 

 

 
Figure 6.12 Comparison of SOC estimation between different initial covariance P3 for 

incorrect initial SOC guess scenario using data MULTI A: (A) guess initial SOC of 

0.8 true initial SOC of 1 (B) guess initial SOC of 1 true initial SOC of 0.8064. 

To test the performance of SOC estimation of the proposed estimator, 

incorrect initial guess scenarios were conducted. The data MULTI A was used in this 

test for discharging, as displayed in Fig. 6.12. Fig. 6.12A showed the SOC estimation 
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result with initial guess SOC of 0.8 while the true SOC was 1. Covariance P3 was also 

varied in the scenario test. It was found that the estimated SOC was converged to the 

CC value only at the battery depletion zone. In other zones, the estimator could not 

estimate the expected SOC value even though P3 was varied from 1×10-6 to 1×10-1. 

The same result occurred in another scenario, as shown in Fig. 6.12B. 6.12B showed 

the SOC estimation result with initial guess SOC of 1 while the true SOC was 0.8064. 

The proposed estimator could only track the expected SOC value when SOC reached 

0. The reason was that ZAB has extremely flat voltage behavior (Lan et al., 2006, 

Hosseini et al., 2018b), especially ZAFB. Therefore, the estimator was unable to 

distinguish the difference in the voltage response except only when SOC approached 

0. The battery depletion zone is the only zone that the differentiation of voltage 

dynamic was obvious for ZAFB. 

 
Figure 6.13 Comparison of SOC estimation between different initial covariance P3 for 

incorrect initial SOC guess scenario using data CMULTI: (A) guess initial SOC of 0.2 

true initial SOC of 0 (B) guess initial SOC of 0.1 true initial SOC of 0.3011. 
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As regards charging, the data CMULTI was used, as presented in Fig. 6.13. 

Fig. 6.13A shows the SOC estimation result with initial guess SOC of 0.2 while the 

true SOC was 0. The result was different from the previous discharge scenario as the 

estimator was able to track the true SOC value from the beginning of the response 

with P3 of 1×10-1. On the contrary, the convergence to the true SOC did not happen 

for another case which was the initial guess SOC of 0.1 as the true SOC was 0.3011, 

as illustrated in Fig. 6.13B. The former scenario in Fig. 6.13A contained the point that 

SOC was 0 therefore the estimated SOC converged to the CC value at the beginning, 

as shown in the small figure of Fig. 6.13A. On the other hand, the latter scenario in 

Fig. 6.13B did not include the zero SOC thus the estimator was unable to estimate 

true SOC value at any point of the response. 

6.6.2.3 Charge-discharge combined model and continuous scenario 

 According to the incorrect initial guess test, the SOC value was able to be 

estimated correctly only if the depleted SOC was included in the battery operation. In 

order to investigate SOC estimation for the multi-cycle operation, a multi-cycle 

scenario was proceeded by connecting the sequential charge-discharge cycle into one 

multi-cycle data. Then, the multi-cycle scenario was used to test for SOC estimation. 

Because the multi-cycle data included both charge and discharge processes, the LPV 

model used with EKF had to include both charge and discharge mode. Accordingly, 

the charge-discharge combined LPV model was proposed as followed: 

 ⌈

𝑉𝑅𝐶1(𝑘 + 1)
𝑉𝑅𝐶2(𝑘 + 1)
𝑉𝑅𝐶3(𝑘 + 1)
𝑆𝑂𝐶(𝑘 + 1)

⌉ = [

𝐴1 0 0
0 𝐴2 0
0
0

0
0

𝐴3
0

   

0
0
0
1

] [

𝑉𝑅𝐶1(𝑘)
𝑉𝑅𝐶2(𝑘)
𝑉𝑅𝐶3(𝑘)
𝑆𝑂𝐶(𝑘)

] +

[
 
 
 
 

𝐵1
𝐵2
𝐵3
∆𝑡

3600∙𝐶𝑁
∙ 휀]
 
 
 
 

𝐼𝑐𝑒𝑙𝑙(𝑘) (6.15) 

 𝑉𝑐𝑒𝑙𝑙(𝑘) = 𝑉𝑜𝑐 + [1 𝐶2 𝐶3   0] [

𝑉𝑅𝐶1(𝑘)
𝑉𝑅𝐶2(𝑘)
𝑉𝑅𝐶3(𝑘)
𝑆𝑂𝐶(𝑘)

] + 𝐷 ∙ 𝐼𝑐𝑒𝑙𝑙(𝑘) (6.16) 

The combined LPV model was almost similar to the Eqs. (6.3) and (6.4); 

however, the new model was extended to 4 states which include one more VRC. For 

Eq. (6.15), VRC1, VRC2 and VRC3 represent the overpotential of zinc electrode, air 

electrode and charging electrode, respectively. With the new LPV model, the 

overpotential of the air electrode and charging electrode can be computed separately. 

Regarding model parameters including A1, A2, A3, B1, B2, B3, D and VOC, the current 

direction is also involved as another scheduling parameter used for switching between 

charge and discharge. ε is the efficiency factor which indicated the inequality SOC 

changing rate between charge and discharge. Parameters C2 and C3 act as switching 

functions for the output matrix: 
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For discharging: 휀 = 1, 𝐶2 = 1, 𝐶3 = 0 

For charging: 휀 = 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 , 𝐶2 = 0, 𝐶3 = 1 

Where charging efficiency depends on each battery. For the following test, charging 

efficiency was equal to 0.772. The efficiency factor was also implemented in the 

linear model. 

 The test of the multi-cycle scenario was proceeded using reference tuning 

parameters, as specified in Table 6.4, and correct initial guess, as depicted in Fig. 

6.14. It was found that the combined LPV model with EKF was able to estimate cell 

voltage and SOC accurately. Some errors occurred during the discharge cycle. On the 

other hand, the linear model with VOC change was very inaccurate for estimating cell 

voltage but the estimated SOC from the linear model with VOC change was very 

similar to the value from the CC method. 

Table 6.4 Reference values of tuning parameters for combined model estimator 

Tuning 

parameter 

Description Value 

P Initial state 

estimate 

covariance 

[

𝑃1 0 0
0 𝑃2 0
0
0

0
0

𝑃3
0

   

0
0
0
𝑃4

] = [

10−6 0 0
0 10−6 0
0
0

0
0

10−6

0

   

0
0
0
10−6

] 

Q Process noise 

covariance [

𝑄1 0 0
0 𝑄2 0
0
0

0
0

𝑄3
0

   

0
0
0
𝑄4

] = [

10−6 0 0
0 10−6 0
0
0

0
0

10−6

0

   

0
0
0
10−6

] 

R Measurement 

noise covariance 

5 × 10−3 

 
Figure 6.14 Comparison of the multi-cycle scenario between response of measure 

data (COMBINE) and response predicted from the proposed algorithm: (A) cell 

voltage and (B) SOC 

 The incorrect initial guess scenario was conducted with the data COMBINE, 

as illustrated in Fig. 6.15. The covariance for initial SOC was also varied. The case of 
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guess initial SOC of 0.2 with the true initial SOC of 0 is shown in Fig. 6.15A. The 

result revealed that the LPV model with EKF estimator was able to track the true SOC 

value after the first charging cycle (starting of discharge cycle). Increasing P4 did not 

provide significant improvement for the SOC estimation. At P4 of 1×10-1, the 

estimated value oscillated at the starting point but did not converge to the true value. 

On the contrary, the linear model with EKF was unable to estimate the true value at 

any point because the mismatch between the implemented data and the linear model 

was exceedingly high, as shown in Fig. 6.14A. When the error of cell voltage 

prediction was too large, the EKF was unable to estimate the appropriate value of 

SOC. For another example, the guess initial SOC value was 0.5 while the true value 

was 0 (Fig. 6.15B). The same result was obtained as the true SOC was able to be 

tracked by the LPV model with EKF estimator after the first discharge cycle. The 

higher error in the initial guess value made the SOC tracking slightly slower. The 

result of the linear model with EKF was also the same as it could not track the true 

SOC. 

 
Figure 6.15 Comparison of SOC estimation between different initial covariance P for 

incorrect initial SOC guess scenario using data COMBINE: (A) guess initial SOC of 

0.2 true initial SOC of 0 (B) guess initial SOC of 0.5 true initial SOC of 0. 
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 The accuracy of SOC estimation of LPV model using with EKF was able to be 

improved further by adjusting covariance Q4 which is the confidence in the model for 

SOC, as exhibited in Fig. 6.16. From Fig. 6.16, adjusting Q4 to 1×10-9 (P4 =1×10-6) 

made the estimator unable to track SOC (green line in Fig. 6.16). However, the SOC 

estimation became highly accurate after tuning of P4 to 1×10-3. Using Q4 of 1×10-9 

and P4 of 1×10-3 (high confidence in SOC model / lower confidence in initial SOC) 

contributed to the higher accuracy at discharge cycle than the reference values. This 

result indicated that the LPV model using EKF with the appropriate tuning parameters 

possesses great potential as a SOC estimator for a tri-electrode ZAFB. Furthermore, it 

shows the feasibility to use the proposed technique with other types of batteries. 

 
 

Figure 6.16 Comparison of SOC estimation between different covariance Q4 and 

initial covariance P for incorrect initial SOC guess scenario using data COMBINE: 

guess initial SOC of 0.5 true initial SOC of 0. 

6.7 Conclusion 

The LPV model for a tri-electrode ZAFB was proposed and applied with EKF in 

order to estimate the SOC of the battery. The parameters of the LTI model at various 

current and SOC values were used to construct the correlations for the LPV model. 

The experimental data used for dynamic identification and validation were obtained 

from the laboratory-made tri-electrode ZAFB. From the validation result, the LPV 

model was able to predict the behavior of ZAFB and the LPV model was more 

accurate than the linear model based on the comparison using normalized mean 

absolute error. The proposed LPV model was also able to handle the effect of SOC 

change as the SOC was one of the scheduling parameters of the model. Subsequently, 
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the LPV model was implemented with the EKF algorithm for using as a SOC 

estimator.  The proposed estimator was able to track the true SOC value only if the 

depleted SOC was reached. Consequently, the LPV model integrated with EKF was 

capable of SOC tracking in the scenario which contained multiple charge-discharge 

cycles. It should be noted that the developed algorithm was applicable only in the 

current range of the data used to construct the LPV model. The estimation might be 

inaccurate when the current input was out of range. The overall result showed that the 

LPV model integrated with EKF is verified to be a promising SOC estimator for a tri-

electrode ZAFB. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 7 

Conclusion 

7.1 Conclusions 

This research aims to investigate the modeling of zinc-air battery (ZAB) using 

theoretical and empirical approach. This work can be divided into 3 parts: model-

based analysis of zinc-air flow battery (ZAFB), investigation of the dynamic behavior 

of the battery, and state of charge (SOC) estimation. 

           The first part is the model-based analysis of ZAFB. The theoretical 

mathematical model was developed to analyze the integrated system of ZAFB and 

zinc electrolyzer. Hydrogen evolution reaction (HER) was also implemented in the 

developed model therefore the current efficiency was able to be calculated. There 

were 3 studied parameters including electrolyte flowrate, potassium hydroxide (KOH) 

concentration, and zincate ion initial concentration. Regarding the result of the flow 

battery, it was found that KOH concentration played an important role in the 

performance of the battery as increasing KOH concentration promoted HER and 

decreased the current efficiency. Nevertheless, 6-7 M of KOH concentration was 

found to be optimal concentration. Zincate ion acted as an HER prohibitor since 

increasing zincate ion concentration lowered the reversible potential difference 

between the reaction of zinc (Zn) electrode and HER. For the result of zinc 

electrolyzer, zincate ion initial concentration and electrolyte flowrate had a significant 

influence on the performance of the electrolyzer as increasing zincate ion initial 

concentration and electrolyte flowrate substantially increased the current efficiency. 

KOH concentration did not provide a direct effect on the electrolyzer performance but 

affected the saturation limit of zincate ions. As regards the integrated system, the 

result showed that zinc electrolyzer predominated the current efficiency of the 

integrated system. Thus, increasing zincate ion initial concentration and electrolyte 

flowrate also provided an advantageous effect on the performance of the integrated 

system. Though, the energy efficiency of the integrated system was dominated by the 

discharging instead. Hence, the optimal concentration of KOH provided the maximum 

energy efficiency of the integrated system as well as the ZAFB. Totally, this result 

indicated the effect of HER on the performance of the integrated system of ZAFB and 

zinc electrolyzer and suggested that optimal performance can be obtained by control 

the operating condition. 

           For the second part, the dynamic behavior of the ZAB was investigated using 

the empirical model. The empirical model used in this study included the linear state-

space model, the linear parameter-varying (LPV) model, and Hammerstein-Weiner 
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(HW) model. The state-space model is represented as the linear time-invariant (LTI) 

model. LPV model was constructed using the parameter sets of LTI model as the 

based model parameters and selecting discharge current level as scheduling 

parameter. HW model was representative of the nonlinear model which was included 

for comparison reasons. The data used for identification and validation were obtained 

from a homemade ZAB designed as a tubular refuellable cell. The result showed that 

ZAB possessed the nonlinear behavior in discharge current level. The LTI model was 

accurate only at the local discharge current level while it was unable to accurately 

predict the battery response at other current levels. On the contrary, this nonlinear 

behavior was able to be captured by the LPV model because the effect of different 

current levels was implemented in the LPV model. The prediction accuracy of the 

LPV model was comparable with the nonlinear HW model. Nonetheless, it was 

observed that the LPV model occupied more robustness than the nonlinear model. 

The LPV model developed in this part possessed limitations regarding the effect of 

SOC and range of input current. Therefore, the model was applicable in the current 

range included in the based data and in the high SOC range that the dynamics of the 

battery did not change much. Overall, this result pointed out that the LPV model is a 

favorable dynamic model for the prediction of ZAB behavior. 
           Regarding the third part, SOC estimation of ZAB was investigated using the 

LPV model integrated with the extended Kalman filter (EKF) algorithm. LPV model 

was constructed with the same technique used in the previous part. The data used for 

this study was acquired from a laboratory-made ZAFB. The battery configuration was 

a tri-electrode cell with flowing electrolyte. The correlations of model parameters 

were created using the current level and SOC as scheduling parameters. For the model 

validation result, the LPV model provides acceptable validity and was able to capture 

the effect of SOC change for both charge and discharge. Then, the SOC estimator was 

established by integrating the developed model with EKF algorithm and was used to 

estimate and track the SOC of ZAFB. The test of SOC estimation was conducted by 

applying various scenarios. The studied scenario included the varying tuning 

parameters and the correctness of the initial SOC guess. The result showed that the 

proposed estimator was able to track the true SOC value only when the SOC reached 

0 because the voltage dynamic of ZAFB was highly different at this zone. 

Subsequently, the LPV model was modified to be capable of predicting both charge 

and discharge mode. The estimator used the modified LPV model was able to track 

the SOC in the scenario that contained multiple charge-discharge cycles. However, 

the applicable current range of the model and the estimator depended on the current 

boundary of the based data. Utilizing the model and the estimator out of the 

applicable range led to a fault in estimation. Finally, the SOC estimator integrating 
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between LPV model and EKF is proved to be viable in SOC estimation for a tri-

electrode ZAFB. 

7.2 Limitation of this research 

For the first part of the research, HER was the main phenomenon that affected the 

current efficiency of the battery system. In fact, there are other phenomena that can be 

affected the efficiency of the ZAB such as zinc morphology change. This makes the 

research scope limits to the only effect of HER on the current efficiency. Another 

limitation of the model of this part is the model dimension which was zero-

dimensional. This assumption simplified the model and made it easy to study the 

battery operation. However, this assumption also limited the scope of this study. 

           Regarding the second part, the range of data is the limitation for this part. This 

limitation makes the developed LPV model only viable on the range of the data. 

Prediction of the battery response at the condition that out of correlation bounds was 

very inaccurate. Another limitation of this part is that the effect of SOC did not 

include. However, this limitation was already fixed in the last part of the research. 

           As regards the SOC estimation part, the main limitation is the behavior of the 

ZAB itself. ZAB possesses a very flat voltage profile, especially the flow battery. The 

estimator used in this study tracked the SOC using the change in voltage dynamic. If 

the dynamic profile is very flat, the estimator cannot track the true SOC value. The 

true SOC can only be tracked at the near-zero SOC. 

7.3 Recommendations and further studies 

The modeling of ZAB was studied using theoretical and empirical approach.  

1. For theoretical approach, the developed model can be further included some 

other parameters such as temperature. Some phenomena should also consider 

such as Zn morphology change. 

2. Zero dimension limits the scope of research. Develop the higher dimension 

model can expand the scope of study further. 

3. The developed model should apply with more testing scenario or other 

application such as the multiple cell scenario or the renewable energy storage 

scenario. 

4. As regards empirical approach, the LPV model can be further include some 

other scheduling parameter such as temperature. 
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5. Besides state space model, LPV modeling can be applied in other LTI model 

such as equivalent circuit model. 

6. LPV modeling technique can be implemented in other type of battery. 

7. For the SOC estimation, the other type of model can also be tried using the 

proposed algorithm. 

8. Besides EKF, the other type of model-based state estimation algorithm such as 

state observer or unscented Kalman filter can also be tried. 

9. Besides SOC, other states of battery should also be tried and studied with the 

proposed estimation technique. 
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Appendix A 

Supplementary Material 

Model-based Analysis of an Integrated Zinc-Air Flow Battery/ Zinc 

Electrolyzer System 

Table A1 Designed parameters and operating conditions. 

Parameter Value Unit Source 

𝑎0 1.4×104 dm2/dm3 Jung et al. (2016) 

𝑎𝑐 1×105 dm2/dm3 Mao and White (1992) 

𝐴zinc 0.3 dm2 Given 

𝐴air 0.3 dm2 Given 

𝐴𝑠𝑒𝑝 0.3 dm2 Given 

𝐶DL
zinc 0.02 F/dm2 Dirkse et al. (1968) 

𝐶DL
air 1.4 F/dm2 Bockris and Otagawa 

(1984) 

𝐶O2,atm 0.008452 mol/dm2 calculated 

𝐷Zn(OH)42−,elec 8.55×10-9 dm2/s Krejčí et al. (1993) 

𝐷OH−,elec 𝑓(𝐶𝐾𝑂𝐻) dm2/s Schröder et al. (2016) 

𝐷H2O,elec 5.26×10-7 dm2/s Newman and Thomas 

(2004) 

𝐷K+,elec 1.2×10-7 dm2/s Sunu and Bennion 

(1980) 

𝐷O2,Air 2.3×10-3 dm2/s Bird et al. (2002) 

𝐸0
zinc -1.199 V Harris (2010) 

𝐸0
air 0.401 V Song and Zhang (2008) 

𝐸0
H -0.828 V Harris (2010) 

F 96,485 C/mol Dean and Lange (1999) 

𝑖0
air,ref

 1.5×10-8 A∙dm-2 Mao and White (1992) 

𝑘𝑠 0.25 dm3∙s-1 Schröder and Krewer 

(2014) 

𝑛𝑒 2 Dimensionless Given 

𝑃O2 0.2095 atm Given 

𝑅 8.314 J/mol∙K Dean and Lange (1999) 

𝑇 298.15 K Given 

�̅�Zn 9.15×10-3 dm3/mol Sunu and Bennion 

(1980) 

�̅�ZnO 1.45×10-2 dm3/mol Sunu and Bennion 

(1980) 

�̅�K+ 3.6×10-3 dm3/mol Marcus (2009) 

�̅�OH− 7.89×10-3 dm3/mol Mathias (2004) 
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Table A1(cont.) Designed parameters and operating conditions. 

Parameter Value Unit Source 

�̅�Zn(OH)42−  1.86×10-2 dm3/mol Schröder and Krewer 

(2014) 

�̅�H2O 1.78×10-2 dm3/mol Kimble and White 

(1991) 

𝑧K+
±

 +1 dimensionless Given 

𝑧OH−
±  -1 dimensionless Given 

𝑧
Zn(OH)4

2−
±

 -2 dimensionless Given 

𝛼zinc 0.5 dimensionless Assumed 

𝛼air 0.5 dimensionless Assumed 

𝛼H 0.48 dimensionless Lee (1971) 

𝛿Sep 2×10-3 dm Given 

𝛿anode 0.0615 dm Given 

𝛿zinc 0.0115 dm Given 

𝛿GDL 1.3×10-2 dm Given 

휀0 0.649 dimensionless Jung et al. (2016) 

휀sep 0.5 dimensionless Given 

𝜎Zn 2×106 S/dm Sunu and Bennion 

(1980) 

𝜎ZnO 1×10-9 S/dm Sunu and Bennion 

(1980) 

𝜎Carbon 2×105 S/dm Pierson (1993) 

𝜎electrolyte 𝑓(𝐶𝐾𝑂𝐻) S/dm calculated 

𝜎Cathode 5×103 S/dm Given 

𝑣Zn,1 -1 dimensionless Given 

𝑣OH−,1 -4 dimensionless Given 

𝑣Zn(OH)42−,1 +1 dimensionless Given 

𝑣Zn(OH)42−,2 -1 dimensionless Given 

𝑣OH−,2 +2 dimensionless Given 

𝑣ZnO,2 +1 dimensionless Given 

𝑣H2O,2 +1 dimensionless Given 

𝑣O2,3 -0.5 dimensionless Given 

𝑣H2O,3 -1 dimensionless Given 

𝑣OH−,2 +2 dimensionless Given 
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Table A2 Initial conditions at t = 0 s used in the simulation. 

Parameter Value Unit 

𝐶Zn(OH)42−,0 0.2, 0.4, 0.6, 0.8, 1.0 for all j mol/dm3 

𝐶Zn(OH)42−,b,0 𝐶Zn(OH)42−,0 for electrolyzer mol/dm3 

𝐶Zn(OH)42−,s,0 𝐶Zn(OH)42−,0for electrolyzer mol/dm3 

𝐶KOH,0 2, 4, 6, 8, 10 for all j mol/dm3 

𝐶OH−,0 𝐶KOH,0 − 2𝐶Zn(OH)42−,0 for all j mol/dm3 

𝐶H2O,0 54.37, 52.75, 50.73, 48.51, 46.15 for all j mol/dm3 

𝐶O2,s,0 0.008452 mol/dm3 

𝐶K+,0 𝐶KOH,0 mol/dm3 

𝑁Zn,0 0.1538 for zinc electrode 

0 for electrolyzer 

mol 

𝑁ZnO,0 0 mol 

𝑉solid,0
zinc  𝑁Zn,0 ∙ �̅�Zn + 𝑁ZnO,0 ∙ �̅�ZnO dm3 

𝑉electrolyte,0
zinc  𝛿anode ∙ 𝐴zinc − 𝑉solid,0

zinc  dm3 

𝑉electrolyte,0
air  0.001075 dm3 

𝜂act
zinc 0 V 

𝜂act
air  0 V 

A1   Additional calculations 

a. Diffusivity of Hydroxide Ion in Electrolyte 

The diffusivity of hydroxide ion in KOH solution electrolyte (dm2/s) is calculated 

with an empirical expression fitted by Schröder (2016). 

 𝐷𝑂𝐻−,𝐾𝑂𝐻 =
𝑘𝐵∙𝑇

6𝜋𝜇𝐾𝑂𝐻𝑅𝑖𝑜𝑛
× 102 (A.1) 

 𝜇𝐾𝑂𝐻 = 0.799533504 ∙ exp (0.155921614 ∙ 𝑐𝑂𝐻−) × 10
−3 (A.2) 

Where kB is the Boltzmann constant, which is equal to 1.3806 × 10-23 m2/kg∙s2∙K, 

μKOH is dynamic viscosity of KOH solution, Rion is Stoke radius of hydroxide ion, 

which is equal to 4.642 × 1011 m. 

b. Ionic Conductivity of Electrolyte 

The ionic conductivity of the electrolyte (S/dm) is determined by the correlation of 

KOH concentration and temperature (See and White, 1997). 
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𝜎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 = (𝐾9 ∙ 𝑇 + 𝐾10 ∙ 𝑇
2 + 𝐾11 ∙ 𝐶𝐾𝑂𝐻 + 𝐾12 ∙ 𝐶𝐾𝑂𝐻

2 + 𝐾13 ∙ 𝑇 ∙ 𝐶𝐾𝑂𝐻 + 𝐾14 ∙
𝐶𝐾𝑂𝐻

𝑇
+ 𝐾15 ∙ 𝐶𝐾𝑂𝐻

3 + 𝐾16 ∙ 𝑇
2 ∙ 𝐶𝐾𝑂𝐻

2 ) × 10 (A.3) 

Where  K9= -0.00342000614  S / cm K 

K10= 1.19699771×10-5  S / cm K2 

K11= -1.17298091  S L / cm mol 

K12= -0.00516794041  S L / cm2 mol2 

K13= 0.00328292638   S L / cm K mol 

K14= 119.604837  S L K / cm mol 

K15= 0.000624311676  S L3 / cm mol3 

K16= -1.88320099 × 10-7  S L2 / cm mol2 K2 

c. Saturation limit concentration of zincate ion 

The saturation limit concentration of zincate ion (mol/dm3) or ZnO solubility is 

calculated by the correlation fitted from the experiment data of Dyson, Schreier et al. 

(1968). The correlation expresses as: 

𝐶𝑍𝑛(𝑂𝐻)42−
𝑠𝑎𝑡 = 0.007239 ∙ 𝐶𝐾𝑂𝐻

2 + 0.056151 ∙ 𝐶𝐾𝑂𝐻 − 0.03267 (A.4) 

A2   Validity of Assumption 

Temperature variations are negligible: an isothermal operation at 298.15K is 

assumed. The isothermal assumption is valid in the zinc-air flow batteries because the 

generated heat from the reaction of the battery is relatively small. Moreover, the 

flowing electrolyte also enhances the cooling of the batteries. 

           This assumption is invalid if the generated heat from the reaction is too high, 

and the cooling rate is inadequate. In many types of batteries, charge or discharge at a 

very high current density can generate a high amount of heat and make the 

temperature rise. However, the heat generation depends on the nature of battery types. 

Zero-dimensional space: This assumption is valid in the system that the electrode 

reaction rates are relatively slower than the mass transfer rate. In other words, the 

assumption is favorable at the sufficiently low current densities. For the zinc-air flow 

battery, this system includes flow electrolyte which enhances the mass transfer rate 

therefore this assumption is preferable at the high electrolyte flowrate. The 

assumption is also valid for the adequately small dimension system because the effect 

of concentration gradient is relatively insignificant in the small system. 

 This assumption might be invalid if the current densities and electrolyte 

flowrate are not appropriate. High current density and low electrolyte flowrate can 

cause the concentration gradient to occur. 
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The example works that used this assumption are: 

Schröder and Krewer (2014) developed a zero-dimensional zinc-air battery model to 

investigate the effect of air-composition on cell performance. The system of this work 

was a zinc-air button cell with sufficiently small electrode thickness (0.13 dm for zinc 

electrode, 0.01 dm for air electrode). The maximum studied current density was 2.5 

A/dm2. 

Dundálek et al. (2017) proposed a zero-dimensional model of zinc electrodeposition 

with flowing electrolyte. The system of this work was a zinc electrodeposition 

electrode with an active area of 2.25 cm2. The electrolyte was flowing at 0.04 m/s. 

The maximum studied current density was about 300 mA/cm2. 

Negligible distance between the cells: This assumption is justified at a high 

electrolyte flowrate. At low electrolyte flowrate, this assumption might be invalid 

because the electrolyte takes a longer time to transfer between the cells. 

Constant physical properties, electrode areas and thickness: Because the 

temperature was assumed to be constant, most physical properties were also constant. 

The electrode area and thickness were also assumed to be constant. This assumption is 

valid for the system that the temperature and pressure of the system do not change 

much. 

For the electrode area and thickness, these parameters were assumed to be 

constant over the whole operation. In fact, the electrode area and thickness are 

constant except that of the zinc electrode. The area and thickness of the zinc electrode 

actually change when the operation proceeds. To simplify the simulation, these 

parameters were assumed to be constant. This assumption is valid for the system that 

the area and thickness of zinc electrode are small because small electrode area and 

thickness provide an insignificant effect on the battery. Vice versa, constant electrode 

area and thickness might be invalid for the cell with high electrode area and thickness 

since the change in area and thickness provide a high effect on the battery. 

The capacitive effects are negligible: a quasi-electroneutrality condition is assumed. 

The capacitive effects of batteries usually occurred when the batteries immediately 

switch from charge to discharge or rest. The charge and discharge process occurred in 

separated cells for the integrated system studied in this work therefore the capacitive 

effects are absent.  
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A3   Additional validation information 

Table A3 Validation of the ZAFB model (from Fig. 3.3A and 3.3B) 
Current 

density 

(mA/cm2) 

Cell voltage (V) Cathode loss (V) Anode loss (V) 

Meas

ured 

Calcu

lated 

Abs 

Error 

Meas

ured 

Calcu

lated 

Abs 

Error 

Meas

ured 

Calcu

lated 

Abs 

Error 

0.03 1.363 1.387 0.024 0.240 0.277 0.037 0.016 0.017 0.001 

15.92 1.164 1.164 0.000 0.394 0.443 0.049 0.071 0.071 0.000 

31.85 1.048 1.054 0.006 0.458 0.496 0.038 0.125 0.126 0.001 

47.77 0.944 0.950 0.006 0.510 0.542 0.032 0.175 0.180 0.005 

63.69 0.848 0.850 0.002 0.556 0.585 0.029 0.227 0.235 0.008 

79.62 0.745 0.757 0.012 0.606 0.624 0.018 0.280 0.286 0.006 

95.54 0.654 0.658 0.004 0.647 0.665 0.019 0.329 0.340 0.011 

111.46 0.565 0.560 0.005 0.684 0.706 0.023 0.380 0.393 0.013 

127.38 0.480 0.461 0.019 0.720 0.748 0.028 0.430 0.447 0.017 

132.16 0.460 0.430 0.030 0.724 0.761 0.037 0.442 0.461 0.019 

MAE1 0.0108 0.0311 0.0080 

NMAE2 0.0438 0.1139 0.0138 

1 MAE expressed as: mean|y-ŷ| 

2 NMAE expressed as: 
mean|y-ŷ|

mean|y-mean(y)|
 

Table A4 Validation of the zinc electrolyzer model (from Fig. 3.3C and 3.3D) 
Current 

density 

(mA/cm2) 

Cell voltage (V) Cathode loss (V) Anode loss (V) 

Meas

ured 

Calcu

lated 

Abs 

Error 

Meas

ured 

Calcu

lated 

Abs 

Error 

Meas

ured 

Calcu

lated 

Abs 

Error 

0 1.796 1.711 0.085 0.000 0.000 0.000 0.048 0.000 0.048 

6.67 2.076 2.122 0.046 -0.015 0.008 0.023 0.353 0.394 0.041 

13.33 2.137 2.160 0.023 0.015 0.014 0.001 0.396 0.417 0.021 

20 2.186 2.197 0.011 0.017 0.022 0.005 0.431 0.436 0.006 

26.67 2.227 2.226 0.001 0.024 0.028 0.004 0.450 0.450 0.001 

33.33 2.262 2.258 0.004 0.019 0.036 0.017 0.472 0.465 0.007 

40 2.297 2.288 0.009 0.043 0.043 0.000 0.489 0.478 0.011 

46.67 2.328 2.318 0.010 0.049 0.051 0.001 0.503 0.491 0.012 

53.33 2.359 2.352 0.007 0.056 0.059 0.003 0.517 0.505 0.012 

60 2.387 2.372 0.015 0.064 0.065 0.001 0.531 0.513 0.018 

66.67 2.413 2.401 0.012 0.071 0.072 0.002 0.543 0.524 0.018 

73.33 2.441 2.425 0.016 0.091 0.079 0.012 0.552 0.534 0.019 

80 2.468 2.453 0.015 0.084 0.086 0.002 0.564 0.545 0.020 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
138 

Table A4 (cont.) Validation of the zinc electrolyzer model (from Fig. 3.3C and 3.3D) 
Current 

density 

(mA/cm2) 

Cell voltage (V) Cathode loss (V) Anode loss (V) 

Meas

ured 

Calcu

lated 

Abs 

Error 

Meas

ured 

Calcu

lated 

Abs 

Error 

Meas

ured 

Calcu

lated 

Abs 

Error 

86.67 2.494 2.477 0.017 0.091 0.093 0.002 0.572 0.554 0.018 

93.33 2.521 2.505 0.016 0.101 0.100 0.001 0.583 0.564 0.018 

100 2.546 2.533 0.013 0.109 0.108 0.001 0.591 0.575 0.017 

106.67 2.569 2.556 0.013 0.116 0.114 0.002 0.599 0.583 0.016 

113.33 2.593 2.584 0.009 0.121 0.122 0.001 0.605 0.594 0.011 

120 2.639 2.611 0.028 0.129 0.129 0.000 0.614 0.604 0.010 

126.67 2.669 2.634 0.035 0.135 0.136 0.001 0.614 0.612 0.002 

133.33 2.668 2.661 0.007 0.144 0.143 0.001 0.620 0.622 0.002 

MAE1 0.0187 0.0038 0.0155 

NMAE2 0.1092 0.0935 0.1784 

1 MAE expressed as: mean|y-ŷ| 

2 NMAE expressed as: 
mean|y-ŷ|

mean|y-mean(y)|
 

Tables A3 and A4 display the validation information related to Fig. 3.3. These tables 

provide the measured values, calculated values, and absolute errors for the cell 

voltage and both electrode losses. In addition, mean absolute error (MAE) and 

normalized mean absolute error (NMAE) are also calculated and displayed. 

           As regards the ZAFB, the highest error in validation occurred in cathode (air 

electrode) loss as shown in table A3 and Fig. 3.3B. This error might come from the 

ohmic loss which has been added to the activation overpotential in order to compare 

between measured and calculated data. The calculated data of the losses shown in 

tables A3 and A4 were calculated from the activation overpotential of that electrode 

and half of the total ohmic loss. The reason for including half of the ohmic loss was 

that the ohmic loss cannot be measured as separated values. The electrode potentials 

can only be measured and there are some parts of the ohmic loss involved. Therefore, 

it was assumed that half of the ohmic loss contributed to the overpotential of cathode 

and anode, separately. The error might come from this arbitrary adding. Moreover, 

another reason was the dynamic differentiation of air cathode. When zinc-air battery 

discharges, some phenomena were happening inside the cathode such as electrolyte 

flooding. Nevertheless, these phenomena were not included in the model. 

           Regarding the zinc electrolyzer, the largest error in validation came from anode 

(charging electrode) loss as shown in table A4 and Fig. 3.3D. This error might come 

from the same reason about the ohmic loss. Another reason for this error was the 

oxygen bubble growth at the charging electrode. At the charging electrode, oxygen is 

generated when the electrolyzer operates. However, the oxygen bubble growth was 
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not included in the electrolyzer model. Oxygen bubbles can disturb the kinetics of the 

electrode therefore the measured anode overpotential deviates from the simulation 

values. 

A4   Additional results 

The additional example results are the simulation result of the dynamic 

behavior of the integrated system with initial KOH and zincate ion concentrations of 8 

and 0.2 M, respectively. Fig. A1 shows the comparison between the result at a space 

velocity (SV) of 0.01 and 10 s-1. These results are related to the results shown in 

Fig.3.10. The SV case of 0.01 s-1 (low flowrate) represents the condition that 

saturation of zincate ions occurred. Vice versa, the SV case of 10 s-1 (high flowrate) 

represents the non-saturated case. 

           As regards cell voltage, the comparison is shown in Fig. A1A. The cell 

voltages did not differ much between both cases. The low flowrate case provided 

slightly lower ZAFB voltage and higher electrolyzer voltage than the high flowrate 

resulting in lower energy efficiency. Regarding the current efficiency of the integrated 

system, both cases are very different. The high flowrate case provided very high 

current efficiency while the low flowrate case provided much lower efficiency. 

As the current efficiency of the integrated system was dominated by the zinc 

electrolyzer, the first thing to consider is the zincate ion concentration. The zincate 

ion concentration was the major factor affecting the performance of the zinc 

electrolyzer. From Fig. A1D, it was clearly observed that the saturation of zincate ion 

occurred at the low flowrate case. In the beginning, the zincate ion concentration was 

increasing but it stopped increasing after reaching the saturation limit. Meanwhile, the 

high flowrate case was able to maintain the concentration of zincate ions at 0.2 M. 

Furthermore, the surface concentration of zincate ion of the low flowrate case also 

reached 0 whilst it remained at the high flowrate case. The zero-surface concentration 

of zincate ion means that the mass transfer limit of zincate ion occurred. Therefore, 

the efficiency was relatively low when the mass transfer limit of zincate ion was 

reached, as observed in Figs. A1E and A1F. From the current efficiency of the 

electrolyzer at low flowrate case in Fig. A1E (thick red line), the efficiency starts with 

a sudden drop, Then, it gradually increases until it reaches the steady plain. On the 

other hand, the efficiency of the electrolyzer at the high flowrate case also decreased 

but it still maintained at higher efficiency. 

Regarding the amount of zinc (Fig. A1B), it was observed that the zinc 

consumption rates of ZAFB were similar between both flowrates. However, the zinc 

regeneration rates were different. The regeneration rate of the higher flowrate case 

was higher than the low flowrate case due to the lower HER. For the hydroxide 
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concentration (Fig. A1C), the high flowrate case was able to maintain. At the low 

flowrate, the hydroxide concentration gradually decreased until the saturation of 

zincate ion occurred. After the saturation of zincate ion, the hydroxide ion 

concentration remained steady because the zinc oxide precipitation reaction 

proceeded. 

 

 
Figure A1 Example of dynamic behavior of ZAFB/ ZE integrated system with initial 

KOH and zincate ion concentration of 8 and 0.2 M, respectively: (A) cell voltage, (B) 

moles of Zn, (C) hydroxide ion concentration, (D) zincate ion concentration, (E) 

instant current efficiency and (F) HER current density  
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 The next example is the comparison between initial KOH concentrations of 4 

and 8 M as shown in Fig. A2. The initial zincate concentration and SV were fixed at 

0.2 M and 0.01 s-1. This example showed the effect of KOH concentration on the 

saturation limit of zincate ion which significantly affected the efficiency of the 

system. Fig. A2A showed that the mass transfer limit of zincate ions occurred in both 

4 M and 8 M KOH cases, but the 4 M KOH case provided a lower zincate saturation 

limit. Therefore, the mass transfer rate of zincate ion for the 4 M KOH case was also 

lower than the 8M KOH case resulting in lower current efficiency as shown in Fig. 

A2B. 

 
Figure A2 Example of dynamic behavior of ZAFB/ ZE integrated system with initial 

zincate ion concentration and space velocity of 0.2 M and 0.01 s-1, respectively: (A) 

zincate ion concentration and (B) instant current efficiency  

 Another interesting example is the inflection that occurred in the current 

efficiency curve as shown in Fig. A3 (also shown in Fig. 3.10A and 3.10C). In this 

inflection region, the higher flowrate provided lower current efficiency. To investigate 

this inflection, the comparison of the dynamic behaviors of the integrated system 

between the SV of 0.1 and 0.5 s-1 is shown in Fig. A4. The initial KOH and zincate 

concentrations were fixed at 8 and 0.2 M, respectively. It was found that the higher 

flowrate case was able to maintain the zincate concentration near the initial 

concentration while the concentration of the lower flowrate case was increasing. 

Therefore, the driving force of the zincate ion transfer rate for the lower flowrate case 

was higher than the higher flowrate case resulting in higher current efficiency. 

However, this effect only occurred in the inflection region. Increasing flowrate 

beyond this region led to an increase in current efficiency because higher flowrate 

also promoted the zincate ion transfer rate. 
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Figure A3 Inflection occurred in the current efficiency curve of ZAFB/ ZE integrated 

system 

 
Figure A4 Example of dynamic behavior of ZAFB/ ZE integrated system with initial 

KOH and zincate ion concentration of 8 and 0.2 M, respectively: (A) zincate ion 

concentration and (B) instant current efficiency  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B 

Supplementary Material 

Linear Parameter-varying Model for a Refuellable Zinc-air 

Battery 

Table B1 The location of the data used in this work. 

Data name 
Data location 

Data file1,2 Sheet [time] 

0T100A StepDischarge.xlsx 100STEP0-100-0 [1 s – 302 s] 

0T100B StepDischarge.xlsx 100STEP0-100-0 [585 s – 911 s] 

0T100C StepDischarge.xlsx 100STEP0-100-0 [1185 s – 1502 s] 

100T0A StepDischarge.xlsx 100STEP0-100-0 [291 s – 598 s] 

100T0B StepDischarge.xlsx 100STEP0-100-0 [903 s – 1195 s] 

100T0C StepDischarge.xlsx 100STEP0-100-0 [1491 s – 1801 s] 

0T450A StepDischarge.xlsx 450STEP0-450-0 [1 s - 303 s] 

0T450B StepDischarge.xlsx 450STEP0-450-0 [588 s - 899 s] 

0T450C StepDischarge.xlsx 450STEP0-450-0 [1181 s – 1499 s] 

450T0A StepDischarge.xlsx 450STEP0-450-0 [292 s – 598 s] 

450T0B StepDischarge.xlsx 450STEP0-450-0 [890 s – 1197 s] 

450T0C StepDischarge.xlsx 450STEP0-450-0 [1491 s – 1801 s] 

0T900A StepDischarge.xlsx 900STEP0-900-0 [1 s - 313 s] 

0T900B StepDischarge.xlsx 900STEP0-900-0 [590 s - 901 s] 

0T900C StepDischarge.xlsx 900STEP0-900-0 [1180 s – 1502 s] 

900T0A StepDischarge.xlsx 900STEP0-900-0 [301 s – 601 s] 

900T0B StepDischarge.xlsx 900STEP0-900-0 [889 s – 1193 s] 

900T0C StepDischarge.xlsx 900STEP0-900-0 [1491 s – 1813 s] 

400T500R StepDischarge.xlsx 100STEP400-500 

500T1000R StepDischarge.xlsx 500STEP500-1000-500 

MULTI Suplementary.xlsx MULTI 

VARIOUS Suplementary.xlsx VARIOUS 
1’StepDischarge.xlsx’ is located in previous published paper (Lao-atiman et al., 2019b). 
2’Supplementary.xlsx’ is located in supplementary file. 
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Table B2 Parameter values of linear state space models 

Model 

name 

Identification 

data 

A B C D Fit % 1 

SS0T100A 0T100A 0.8880 0.6476 0.3350 0.1288 97.0686 

SS0T100B 0T100B 0.8757 -0.5743 -0.3608 0.4943 98.2905 

SS0T100C 0T100C 0.8771 -0.5085 -0.4326 0.4338 98.1266 

SS100T0A 100T0A 0.9503 -0.1232 -0.6526 0.4654 97.6896 

SS100T0B 100T0B 0.9567 0.0971 0.7602 0.4655 97.6354 

SS100T0C 100T0C 0.9583 0.0950 0.7492 0.5061 97.6246 

SS0T450A 0T450A 0.6433 -0.5052 -0.3498 0.5296 97.1758 

SS0T450B 0T450B 0.7362 0.2783 0.5663 0.4717 98.9290 

SS0T450C 0T450C 0.7421 0.2121 0.8703 0.3710 98.6913 

SS450T0A 450T0A 0.9132 -0.0505 -1.1848 0.3504 98.2935 

SS450T0B 450T0B 0.9349 -0.0357 -1.2178 0.4012 98.2564 

SS450T0C 450T0C 0.9421 -0.0313 -1.2382 0.4172 98.3725 

SS0T900A 0T900A 0.7885 -0.1840 -0.1394 0.6378 97.5129 

SS0T900B 0T900B 0.6926 0.1188 0.9817 0.3954 98.5239 

SS0T900C 0T900C 0.7572 0.0947 0.9458 0.4209 98.0704 

SS900T0A 900T0A 0.9251 -0.0220 -1.2967 0.3702 98.4046 

SS900T0B 900T0B 0.9426 -0.0166 -1.4480 0.3545 98.2246 

SS900T0C 900T0C 0.9208 0.0258 1.4074 0.3190 98.1882 
1 Fit % indicates how well the model prediction fits the estimation data and expressed as:  

100 (1 −
‖y−ŷ‖

‖y−mean(y)‖
). 

Table B3 Parameter values of nonlinear Hammerstein-Wiener model 

Model name nonlinear A nonlinear B 

Identification data MULTI VARIOUS 

P1 
1 0.8617 1.9557 

P2 
1 -1.4124 -2.8723 

P3 
1 0.9046 1.6107 

P4 
1 0.0180 0.0170 

b0 
2 1.0000 1.0000 

b1 
2 -0.5570 -0.9522 

f1 
3 -0.7979 -0.9659 

Fit % 4 91.9066 91.1311 
1 3rd degree polynomial: w = 𝜇1𝑢

3  +  𝜇2𝑢
2  +  𝜇3𝑢 + 𝜇4 

2 𝐵(𝑧)  =  𝑏0  +  𝑏1𝑧
−1 for 𝑛𝑏  =  2 

3 𝐹(𝑧) = 1 + 𝑓1𝑧
−1 for 𝑛𝑓  =  1

 

4 Fit % indicates how well the model prediction fits the estimation data and expressed as: 

 100 (1 −
‖y−ŷ‖

‖y−mean(y)‖
) 
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Table B4 Correlations for parameters of LPV model 

Parameter Fitting correlation Correlation Parameters 

A 2nd degree polynomial1 μ1 = 0.6464, μ 2 = -0.7996, μ 3 = 0.9411 

B 2nd degree polynomial μ 1 = 0.1975, μ 2 = -0.1226, μ 3 = -0.0308 

C 2nd degree polynomial μ 1 = -1.535, μ 2 = 2.533, μ 3 = -0.4454 

D Linear function2 μ 1 = 0.1049, μ 2 = 0.3931 

BC Two-term exponential3 
α = 0.3992, β = -1.824, γ = -0.3485, δ = -

10.84 
1 2nd degree Polynomial: ξ = 𝜇1p

2 + 𝜇2p + 𝜇3 
2 Linear function: ξ = 𝜇1p + 𝜇2

 

3 Two-term Exponential: ξ= αexp(βp) + γexp(δp)  

 

Table B5 Fit % values1 of model predictions relating to Figure 5.4, 5.6 and 5.7 

Model 

name 

Validation data 

0T100A 0T900A 400T500R 500T1000R MULTI VARIOUS 

SS0T100A 97.0686 -434.8147 -1343.1925 -656.3209 -107.5684 -8.0848 

SS0T450A -97.7554 -29.5903 19.5515 -73.4169 49.7958 48.6385 

SS0T900A -157.3168 97.5129 -344.9635 37.0096 66.1462 21.0252 

LPV 86.2316 85.8450 49.6094 65.3644 89.7656 86.8607 

Nonlinear A 60.9576 85.9172 50.5309 56.9882 91.9066 87.4859 

Nonlinear B 68.5313 53.6687 41.6458 -22.4831 82.3515 91.1311 

1 Fit % indicates how well the model prediction fits the estimation data and expressed as: 100 (1 −

‖y−ŷ‖

‖y−mean(y)‖
). 
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Figure B1 Response signals for data 0T100 including (a,c,e) current and (b,d,f) 

potential loss vs time. 
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Figure B2 Response signals for data 0T450 including (a,c,e) current and (b,d,f) 

potential loss vs time. 
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Figure B3 Response signals for data 0T900 including (a,c,e) current and (b,d,f) 

potential loss vs time. 
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Figure B4 Response signals for data 100T0 including (a,c,e) current and (b,d,f) 

potential loss vs time. 
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Figure B5 Response signals for data 450T0 including (a,c,e) current and (b,d,f) 

potential loss vs time. 
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Figure B6 Response signals for data 900T0 including (a,c,e) current and (b,d,f) 

potential loss vs time. 
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Figure B7 Response signals for data 400T500R including (a) current and (b) 

potential loss vs time. 

  
Figure B8 Response signals for data 500T1000R including (a) current and (b) 

potential loss vs time. 

  
Figure B9 Response signals for data MULTI including (a) current and (b) potential 

loss vs time. 
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Figure B10 Response signals for data VARIOUS including (a) current and (b) 

potential loss vs time. 
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Figure B11 Full graphical comparison of response between measured data (blue 

lines) and predicted data from linear models: a) Matching conditions with current 

step from 0 to 100 mA b) Matching condition with current step from 100 to 0 mA c) 

Different conditions with current step from 0 to 100 mA d) Different conditions with 

current step of 0 to 900 mA e) Repeating current steps between 500 to 1000 mA and f) 

Multiple current steps from 0 to 100, 450 and 900 mA 
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Figure B12 Full graphical comparison of response between measured data (dark blue 

lines), predicted data from linear model (red line), LPV model (green line) and 

nonlinear models: a) Current step from 0 to 100 mA b) Current step from 0 to 900 mA 

c) Repeating current steps between 400 to 500 mA d) Repeating current steps between 

500 to 1000 mA e) Multiple current steps from 0 to 100, 450 and 900 mA and f) 

Various current steps



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix C 

Supplementary Material 

Charge-discharge Behavior Prediction and State of Charge estimation 

for a Tri-electrode Zinc-air Flow Battery Using Linear Parameter-

varying Model integrated with Extended Kalman Filter 

Table C1 Correlations for parameters of LPV model 

Parameter Fitting function 

Discharging 

A1 𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶) + 𝛾(𝐼𝑐𝑒𝑙𝑙)) + 𝛿𝑒𝑥𝑝(휀(𝐼𝑐𝑒𝑙𝑙) + 𝜃(𝑆𝑂𝐶)) + 𝜗 

𝛼 = 0.03873, 𝛽 = −1.854, 𝛾 = −0.5982 

𝛿 = 0.1319, 휀 = 1.095, 𝜃 = 0.2778 

𝜗 = 0.8183 

B1 𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶) + 𝛾(𝐼𝑐𝑒𝑙𝑙)) + 𝛿𝑒𝑥𝑝(휀(𝐼𝑐𝑒𝑙𝑙) + 𝜃(𝑆𝑂𝐶)) 
𝛼 = 0.0624, 𝛽 = −26.26, 𝛾 = 1.102 

𝛿 = 0.001431, 휀 = −0.6444, 𝜃 = −0.4513 

A2 𝛼𝑒𝑥𝑝(𝛽(𝐼𝑐𝑒𝑙𝑙)) + 𝛾𝑒𝑥𝑝(𝛿(𝐼𝑐𝑒𝑙𝑙)) 
𝛼 = 4.83 × 10−6, 𝛽 = −4.653, 𝛾 = 0.9325 

𝛿 = 0.3472 

B2 𝛼𝑒𝑥𝑝(𝛽(𝐼𝑐𝑒𝑙𝑙)) + 𝛾𝑒𝑥𝑝(𝛿(𝐼𝑐𝑒𝑙𝑙)) 
𝛼 = −0.00661, 𝛽 = 3.909, 𝛾 = 0.03438 

𝛿 = 0.07753 

D 𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) 
𝛼 = 0.1299, 𝛽 = −17.77, 𝛾 = 0.1807 

𝛿 = −0.1291 

Charging 

A1 𝜇 00 + 𝜇 10(𝑆𝑂𝐶) + 𝜇 01(𝐼𝑐𝑒𝑙𝑙)  +  𝜇 11(𝑆𝑂𝐶)(𝐼𝑐𝑒𝑙𝑙)  
+  𝜇 02(𝐼𝑐𝑒𝑙𝑙)

2 

𝜇 00 = 0.9923, 𝜇 10 = −0.004831, 𝜇 01 = −0.7823 

𝜇 11 = 0.00005453, 𝜇 02 = 0.2045 

A2 𝜇 00 + 𝜇 10(𝑆𝑂𝐶) + 𝜇 01(𝐼𝑐𝑒𝑙𝑙)  +  𝜇 11(𝑆𝑂𝐶)(𝐼𝑐𝑒𝑙𝑙)  
+  𝜇 02(𝐼𝑐𝑒𝑙𝑙)

2 

𝜇 00 = 0.8253, 𝜇 10 = −0.01581, 𝜇 01 = −0.4495 

𝜇 11 =,−0.003726 𝜇 02 = 0.07275 

B1 𝛼𝑒𝑥𝑝(𝛽(𝐼𝑐𝑒𝑙𝑙)) + 𝛾𝑒𝑥𝑝(𝛿(𝐼𝑐𝑒𝑙𝑙)) 
𝛼 = −0.06068, 𝛽 = −45.89, 𝛾 = 0.06152 

𝛿 = −0.1717 

B2 𝛼𝑒𝑥𝑝(𝛽(𝐼𝑐𝑒𝑙𝑙)) + 𝛾𝑒𝑥𝑝(𝛿(𝐼𝑐𝑒𝑙𝑙)) 
𝛼 = 0.07348, 𝛽 = −0.399, 𝛾 = −0.05921 

𝛿 = −3.857 

D 𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) 
𝛼 = −0.05686, 𝛽 = 0.3054, 𝛾 = 0.2165 

𝛿 = 0.03037 
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Table C1(cont.) Correlations for parameters of LPV model 

Open Circuit Voltage 

VOC for discharging 𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) 
𝛼 = 1.408, 𝛽 = 0.002382, 𝛾 = −0.07385 

𝛿 = −11.61 

VOC for charging 𝛼𝑒𝑥𝑝(𝛽(𝑆𝑂𝐶)) + 𝛾𝑒𝑥𝑝(𝛿(𝑆𝑂𝐶)) 
𝛼 = 1.76, 𝛽 = 0.003801, 𝛾 = −0.1316 

𝛿 = −166.1 

Table C2 Fit % values1 of model predictions according to Figure 6.7 

Data 

Model 

LPV model Linear model 
Linear model with 

VOC change 

DSOC500A 77.97405 54.67767 65.09042 

DSOC1000A 91.03447 80.3221 86.39993 

DSOC1500A 89.18662 76.0557 81.60357 

DSOC2000A 85.9723 82.01639 87.83946 

MULTI A 82.49611 75.0625 78.32731 

MULTI B 80.76646 76.59794 79.03247 

CSOC500A 87.6937 77.6334 77.5214 

CSOC1000A 94.1808 82.8187 84.1944 

CSOC1500A 93.9524 85.9717 87.2975 

CSOC2000A 93.8951 81.3498 83.8108 

CMULTI 85.60399 68.97507 69.40758 

1 Fit % expressed as: 100 × (1-
mean|y-ŷ|

mean|y-mean(y)|
). 

Table C3 Normalized mean absolute error1 of SOC estimation according to Figure 

6.10 

A1   Scenario LPV model + EKF 

Linear model with 

VOC change + 

EKF 

Vcell 

Reference 0.097695 0.142609 

Q1=10-3 0.017365 0.051288 

Q1=10-9 0.104607 0.143402 

Q3=10-3 0.03252 0.036535 

Q3=10-9 0.167661 0.20773 

SOC 

Reference 0.172974 0.151931 

Q1=10-3 0.067335 0.088736 

Q1=10-9 0.174968 0.152761 

Q3=10-3 1.18968 1.299708 

Q3=10-9 0.015208 0.005044 
1 NMAE expressed as: 

mean|y-ŷ|

mean|y-mean(y)|
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Figure C1 Response signals for data DSOC500A including (A) current and  

(B) cell voltage vs time. 

  
Figure C2 Response signals for data DSOC1000A including (A) current and  

(B) cell voltage vs time. 

  
Figure C3 Response signals for data DSOC1500A including (A) current and  

(B) cell voltage vs time. 
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Figure C4 Response signals for data DSOC2000A including (A) current and  

(B) cell voltage vs time. 

  
Figure C5 Response signals for data MULTI A including (A) current and  

(B) cell voltage vs time. 

  
Figure C6 Response signals for data MULTI B including (A) current and  

(B) cell voltage vs time. 
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Figure C7 Response signals for data CSOC500A including (A) current and  

(B) cell voltage vs time. 

  
Figure C8 Response signals for data CSOC1000A including (A) current and  

(B) cell voltage vs time. 

 
Figure C9 Response signals for data CSOC1500A including (A) current and  

(B) cell voltage vs time. 
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Figure C10 Response signals for data CSOC2000A including (A) current and  

(B) cell voltage vs time. 

 
Figure C11 Response signals for data CMULTI including (A) current and  

(B) cell voltage vs time. 
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