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ABSTRACT 

As renewable energy production has become more popular in society, the need for large scale energy 

storage has increased. By storing energy from sources such as solar and wind power, energy can be 

produced when it is most feasible and dispatched when there is demand. Such infrastructure would 

significantly increase the viability of renewable energy technologies. Zinc-air batteries are a promising 

type of energy storage system which has the potential to solve the grid energy storage problem. A thermo-

electrochemical model was developed to provide an order-of-magnitude approximation of the performance 

of a novel zinc-air battery which has separate charge and discharge stacks coupled with a large fuel storage 

reservoir. This configuration enables independent scaling of system discharge output power, charge speed, 

and energy capacity. Because of this flexibility, the system could be tailored to various projects as needed 

where there may be more importance on some performance characteristics over others. The model was 

validated using a reference case where the results were evaluated. The capabilities of the model were 

discussed, including the advantages and disadvantages. The model performs well for order-of-magnitude 

level approximations of system performance, and opportunities to refine the model in the future were 

suggested. 
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1 INTRODUCTION 

This report outlines the work that was performed in the development of a thermo-electrochemical 

model of a novel zinc-air flow battery. The report will first discuss the motivation behind zinc-air battery 

research. Then, the typical characteristics and operation of zinc-air batteries will be discussed. Following 

that, a newly developed model will be detailed, and the performance of the model will be evaluated. 

1.1 BACKGROUND 

As renewable energy technologies become more prevalent in society, many new challenges are being 

identified. The variability of energy production from wind or solar powered devices is a large hurdle in the 

journey to large scale adoption of these technologies. For example, solar panels convert the sun’s radiation 

into electricity most effectively at solar noon, when the sun is shining directly on the panel. However, at 

night there is no solar radiation incident on solar panels and therefore no energy is produced. Even at times 

closer to sunrise and sunset, when the sun is low in the sky, the energy production is greatly diminished. 

Similarly, variation in wind speed causes the energy production of wind turbine farms to be very 

inconsistent. These variations in wind speed can be caused by season, geographical location, large- and 

small-scale weather patterns, and many other factors. 

Like the supply of renewable energy, the demand for energy is also variable. Demand for electricity 

can vary based on many factors such as the time of year, how much heating or air conditioning people use 

in their homes, and whether people are at home or in the office, to name a few. Naturally, the supply and 

demand cycles of energy production are never fully in unison, and this is especially true now that many 

sources of energy are weather dependent rather than coal or nuclear power which can be operated as 

needed. To alleviate this problem, there is now a clear need for large-scale energy storage so that energy 

can be produced and used at different times. 
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Many possible solutions to the energy storage challenge have been investigated [1]. Although there 

are several kinds of energy storage, the most popular area of research is in chemical storage, including 

batteries and fuel cells. For example, lithium-based batteries have relatively good power density and have 

been used extensively in phones and vehicles. However, lithium-based batteries such as lithium-ion are 

often too expensive for large scale grid energy storage [2].  

A promising new area of battery technology is metal-air batteries [3]. Metal-air batteries are 

advantageous in that oxygen from the air is used for the cathode of the battery, which means that the 

cathodic species does not need to be contained within the battery packaging and therefore the energy 

density is greatly increased [4]. One type of metal-air batteries about which researchers are very hopeful 

is the zinc-air battery. Zinc-air batteries are advantageous over other metal-air batteries because their 

primary anodic material is zinc, which is the 4th most abundant element in the earth’s crust and is widely 

available for low cost. Additionally, zinc-air batteries are inherently non-flammable which means that they 

are far safer than technologies such as Lithium-ion or Lithium-air batteries [1]. Zinc-air batteries have also 

been vetted through their widespread use in hearing aids, which further increases confidence in their 

technological viability. 

1.2 MOTIVATION 

Given the growing need for large-scale energy storage and the significant research and development 

effort required to implement such a new capability, there is still more room for improvement to achieve 

both technical and commercial success. The academic community, and several industrial partners, are 

working to improve zinc-air battery technology in the pursuit of solving our energy storage needs. Most 

research that has been done today has been on prototype or lab quality setups rather than full-scale systems. 

Therefore, the work outlined in this report is intended to support the academic and industrial communities 

in better understanding zinc-air systems at a system level.  
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1.3 OBJECTIVE 

The objective of this work was to develop a thermo-electrochemical model for a novel configuration 

of a secondary zinc-air battery that has not been investigated significantly in the academic community. By 

developing a model of a real-world configuration, the performance of an actual zinc-air system can be 

evaluated. The intention with this work is to provide a simplified model as a first step, which can then be 

later upgraded to become more sophisticated. As there are extremely few zinc-air batteries that have been 

deployed to date, this model will serve as a tool to help designers create new battery designs. 

This chapter introduced the topic that was researched and the model that was developed. The grid 

energy storage problem is a major hurdle in the adoption of renewable technologies, though there is 

significant research going on into many areas to solve this problem. Zinc-air batteries are a promising 

candidate for this application. Chapter 2 will introduce zinc-air flow batteries in more detail. 
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2 ZINC-AIR FLOW BATTERIES 

This chapter will describe characteristics of zinc-air batteries in general. 

2.1 OVERVIEW 

Zinc-air batteries operate by creating a redox (reduction-oxidation) reaction with zinc metal as the 

anodic material and oxygen gas from air as the cathodic material. At the cathode, the following reduction 

half-reaction proceeds as follows [5]: 

 1

2
𝑂2 + 𝐻2𝑂 + 2𝑒− → 2𝑂𝐻−,  𝐸0 = 0.401 𝑉 (2.1) 

and at the zinc anode, the oxidation half-reaction [5] is given as: 

 𝑍𝑛 + 4𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2− + 2𝑒−,  𝐸0 = −1.199 𝑉 (2.2) 

As zinc and hydroxyl ions react to form zincate ions (𝑍𝑛(𝑂𝐻)4
2−), eventually zincate reaches a 

saturation limit where it then further oxidizes to zinc oxide, which is the reaction found in most literature 

[5]. However, in this case zincate will be considered the final product and it will be assumed that the zincate 

saturation limit is never reached. Therefore, the overall reaction is as follows: 

 1

2
𝑂2 + 2𝑂𝐻− + 𝐻2𝑂 + 𝑍𝑛 → 𝑍𝑛(𝑂𝐻)4

2−,  𝐸0 = 1.600 𝑉 (2.3) 

The anode and cathode are typically separated by an electrolyte, which in this case is potassium 

hydroxide [6]. As shown, electrons are released at the anode which are then collected by a current collector 

and delivered to a load. The electrons then continue along the circuit back to the cathode where they react 

with oxygen and water to create hydroxyl ions. 
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An example primary zinc-air battery can be seen below in Figure 2.1. Primary batteries are batteries 

which cannot be recharged once depleted, whereas secondary batteries are batteries which can be recharged 

once depleted [4]. Zinc-air batteries throughout research typically have slurry-type electrolytes, where the 

anodic species (in this case zinc) is distributed throughout an electrolyte (most often potassium hydroxide) 

in particulate form [3]. On the cathode side, an air electrode facilitates intake of oxygen gas from the air. 

Between the zinc-electrolyte slurry and the air electrode is a separator which is responsible for allowing 

oxygen to pass into the slurry while preventing evaporation of water or diffusion of particles in the slurry 

out of the cell. On both the anode and cathode ends of the cell, current collectors transfer electrons in and 

out of the cell as the reaction proceeds [4]. 

 

Figure 2.1: Simplified representation of a zinc-air battery cell 
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2.2 AREAS OF RESEARCH 

The type of zinc-air battery being investigated for large-scale grid energy storage differs from that 

of the zinc-air battery used for hearing aids. Firstly, primary batteries are used for hearing aids [4]. For 

full-scale grid energy storage, rechargeability is a key requirement. Therefore, much of the research going 

on today in zinc-air batteries is in developing secondary zinc-air batteries. 

As research into reusability has progressed, a few issues have dominated during the development of 

secondary zinc-air batteries. Firstly, as zinc forms zincate (and zinc oxide in most literature), the zincate 

builds up on the anode of the cell which causes passivation of the anode [4]. Another issue is the formation 

of dendrites which can pierce separators and cause the cell to short circuit [4]. When recharging the cell, 

zinc may not necessarily be evolved at the same place where it oxidized to zincate or zinc oxide, which 

causes shape change of the anode [4]. For these and several other reasons, flow battery configurations have 

dominated research. A typical flow battery will consist of a flowing electrolyte which assists in transporting 

waste material (in this case zincate) away from the cell in order to minimize the problems described above. 

An example zinc-air flow battery can be seen below in Figure 2.2. As shown, a reservoir of zinc-electrolyte 

slurry material is included, which is often used to increase the capacity of the cell without increasing the 

cell and therefore the electrode size. This is advantageous because it allows independent scaling of cell 

capacity and power. 
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Figure 2.2: Simplified representation of a zinc-air flow battery cell with storage tank 

2.3 TYPICAL BATTERY PERFORMANCE 

Flow batteries, like other batteries, have discharge and charge curves as shown in Figure 2.3 [5]. 

 

Figure 2.3: Typical cell polarization curve 
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The cell potential increases with increasing SOC (state of charge) and decreases with decreasing 

SOC. At low SOC, losses are primarily due to the activation overpotential of the cell. At high SOC, there 

are significant mass transport losses. In between these are primarily ohmic losses. These losses cause the 

cell potential to increase while charging and decrease while discharging. These losses also cause the 

efficiency of the cell to decrease, where efficiency is measured as the ratio of energy extracted from the 

cell while discharging to the energy delivered to the cell to charge it. 

This chapter introduced zinc-air flow batteries and how they work. The overall reaction for the flow 

battery was described where the end-product was zincate. Chapter 3 will introduce the thermo-

electrochemical model that was developed to simulate zinc-air flow battery systems. 
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3 THERMO-ELECTROCHEMICAL MODEL 

This chapter will describe the model that was developed, including the configuration of the battery, 

the thermal components of the model, and the electrochemical components of the model. 

3.1 CONFIGURATION 

The configuration that was used for the model contains independent charging and discharging stacks 

connected via a storage tank as shown below in Figure 3.1. As shown, material is transported from one 

container to another, where oxygen is taken from the air into the discharge stack in order to proceed with 

the zinc-air redox reaction. In the charge stack, the redox reaction works in reverse which produces waste 

oxygen gas that is then exhausted to the atmosphere. Charging and discharging do not occur 

simultaneously, although material is circulated throughout all cells in order to maintain approximately 

equal concentrations everywhere. 

 

Figure 3.1: Simplified zinc-air battery configuration 

This configuration is novel in that it deviates from the typical configuration where there would be 

one stack in which both charging and discharging would occur. By having separate stacks, the rate at which 

the system is discharged can be optimized separately from the rate at which the system is charged. By 

having each stack designed for a single purpose, higher efficiencies can be achieved by designing each cell 

for a single operating condition rather than two. With the addition of the separate fuel storage tank as in 
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other designs, the system is also capable of scaling the energy capacity independently from the discharge 

or charge power. This design is therefore extremely customizable for projects where there may be varying 

requirements, such as higher importance placed on fast charging, high capacity, etc. 

3.2 MASS BALANCE 

Assumptions for the mass transfer throughout the system include: 

• Oxygen enters and exits the system only as is needed to participate in the chemical reaction. 

Therefore, there is never oxygen considered in the bulk electrolyte. 

• Potassium hydroxide (electrolyte) is represented as hydroxyl ions and the potassium ions are 

ignored. 

• Perfect, instantaneous mixing exists in each tank. 

• A constant volume flow rate entering each of the stacks is assumed. 

Starting with the discharge stack, a mixture of zinc, zincate, water, and potassium hydroxide enters 

the cell via the fuel storage tank and oxygen enters the cell from the air intake. The electrochemical reaction 

converts zinc, water, oxygen, and potassium hydroxide into zincate, which is then pumped out of the cell 

back to the fuel storage tank.  

 

Figure 3.2: Discharge stack mass flows 
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The rate at which the products are created via the redox reaction is determined by Faraday’s Law of 

Electrolysis, as shown in equation (3.1), where �̇�𝑟𝑒𝑎𝑐 is the rate at which the products are created in mol/s, 

𝐼 is the cell current in amperes, 𝑛𝑒 is the number of electrons transferred per reaction (in this case 2), and 

𝐹 is Faraday’s constant, which is equal to 96485
𝐶

𝑚𝑜𝑙
. 

 �̇�𝑟𝑒𝑎𝑐 =
𝐼

𝑛𝑒𝐹
 (3.1) 

The mass balance for the discharge stack can therefore be described as: 

 
𝑑𝑚𝑖

𝑑𝑡
= ∑ �̇�𝑖

𝑖𝑛

− ∑ �̇�𝑖

𝑜𝑢𝑡

+ (
𝑑𝑚𝑖

𝑑𝑡
)

𝑟𝑒𝑎𝑐
 (3.2) 

where 𝑚𝑖 is the mass of species 𝑖, �̇�𝑖,𝑟𝑒𝑎𝑐 is the mass equivalent of Faraday’s Law of Electrolysis, and 𝑡 

is the timestep. This can be expressed in terms of molar flows as: 

 
𝑑𝑛𝑖

𝑑𝑡
= ∑ �̇�𝑖

𝑖𝑛

− ∑ �̇�𝑖

𝑜𝑢𝑡

+ (
𝑑𝑛𝑖

𝑑𝑡
)

𝑟𝑒𝑎𝑐
 (3.3) 

The same procedure is followed for the charge stack, where the mass flows are shown in Figure 3.3. 

 

Figure 3.3: Charge stack mass flows 
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The fuel storage tank does not contain any electrochemical reactions, but it does contain mass flows 

to and from both the charge and discharge stacks as shown below in Figure 3.4. 

 

Figure 3.4: Fuel storage tank mass flows 

The mass balance equation is therefore: 

 
𝑑𝑚𝑖

𝑑𝑡
= ∑ �̇�𝑖

𝑖𝑛

− ∑ �̇�𝑖

𝑜𝑢𝑡

 (3.4) 

which in terms of molar flows is expressed as: 

 
𝑑𝑛𝑖

𝑑𝑡
= ∑ �̇�𝑖

𝑖𝑛

− ∑ �̇�𝑖

𝑜𝑢𝑡

 (3.5) 

In all containers, it is assumed that flow enters and exits each container at the same time as the 

reaction occurs for each time step. This implies that flow exiting each container will have concentrations 

equal to the concentrations of the bulk before the electrochemical reaction has occurred at each timestep. 

The effects of the electrochemical reaction will therefore affect concentrations of flows at each subsequent 

timestep, but not at the timestep at which the reaction occurs. 

Given that material is transported in and out of the containers via pumps, a volume flow rate is 

defined for the material entering the system. The volume exiting each cell is then calculated such that mass 

of the discharge and charge cells is conserved. Due to the variation in densities of each species, this results 

in a corresponding volume and concentration change of both the discharge and charge tanks, which then 
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causes a subsequent change in volume and concentration of the storage tank. The mass conservation of the 

stacks is governed by: 

 ∑ �̇�𝑠𝑡𝑎𝑐𝑘

𝑖𝑛

− ∑ �̇�𝑠𝑡𝑎𝑐𝑘

𝑜𝑢𝑡

+ ∑ �̇�𝑠𝑡𝑎𝑐𝑘

𝑟𝑒𝑎𝑐

= 0 (3.6) 

which implies that as mass enters or exits the system (oxygen intake or exhaust), the total mass of the 

system will change. 

3.3 THERMAL MODEL 

Several assumptions were made in the development of the thermal model, including: 

• Piping between containers are perfectly insulated (no heat gain or loss) 

• Material is transferred from one container to another instantaneously 

• No pumps are considered 

• Conduction through container housings is ignored 

• Heat loss through containers is assumed as natural convection with the air 

• A housing for the complete system was not included and ambient temperature was assumed 

to be 298.15 K 

• The intake oxygen was assumed to enter the system at 10 °C above ambient temperature 

(assumed air passes through scrubber to remove carbon dioxide which would slightly preheat 

the intake flow) 

The heat flow of the discharge stack is shown below in Figure 3.5.  
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Figure 3.5: Discharge stack heat flows 

As shown, heat in the form of enthalpy is transferred into and out of the stack along with the mass 

flows discussed previously. In addition, there is heat removed from the stack by natural convection, as per 

the following equation: 

 �̇�𝑜𝑢𝑡 = 𝑈𝐴(𝑇 − 𝑇∞) (3.7) 

Where 𝑈 is the convective heat transfer coefficient, 𝐴 is the surface area exposed to the convective 

flow, 𝑇 is the temperature of the stack, and 𝑇∞ is the temperature of the environment. The shape of each 

container was assumed to be a cube, and the cooling area was assumed to be equal to the sum of 4 sides of 

the cube. 

The overall energy balance of the system is derived starting with the 1st law of thermodynamics: 

 
𝑑𝐸

𝑑𝑡
= �̇� − �̇� + ∑ �̇�𝑖ℎ𝑖

𝑖𝑛

− ∑ �̇�𝑖ℎ𝑖

𝑜𝑢𝑡

 (3.8) 
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where 
𝑑𝐸

𝑑𝑡
 is the rate of change of energy in the system, �̇� is the rate of heat transfer, �̇� is the rate of work 

done by the system, and ∑ �̇�𝑖ℎ𝑖  is the sum of enthalpy entering and exiting the system for each mass flow 

of species 𝑖. It should be noted that the “system” in this case refers to a single container, specifically the 

charge or discharge stacks. 

The 2nd law of thermodynamics is applied in this case as follows: 

 
𝑑𝑆

𝑑𝑡
=

�̇�𝑖𝑛

𝑇
+ ∑ �̇�𝑠

𝑖𝑛

− ∑ �̇�𝑠

𝑜𝑢𝑡

+ Σ̇ (3.9) 

where 
𝑑𝑆

𝑑𝑡
 is the rate of change of entropy of the system, �̇�𝑖𝑛 is the rate of heat entering the system, ∑ �̇�𝑠 is 

the sum of entropy entering and exiting the system resulting from the molar flows described earlier, and Σ̇ 

is the rate of entropy generation. Rearranging yields: 

 𝑇Σ̇ = 𝑇
𝑑𝑆

𝑑𝑡
− �̇�𝑖𝑛 − 𝑇 ∑ �̇�𝑠

𝑖𝑛

+ 𝑇 ∑ �̇�𝑠

𝑜𝑢𝑡

 (3.10) 

where in the steady state, reversible case: 

 �̇�𝑖𝑛,𝑟𝑒𝑣 = −𝑇 ∑ �̇�𝑠

𝑖𝑛

= 𝑇Δ�̇� (3.11) 

The steady state, irreversible case yields: 

 Σ̇ = −
�̇�𝑖𝑛

𝑇
− ∑ �̇�𝑠

𝑖𝑛

= −
�̇�𝑖𝑛

𝑇
+ Δ�̇� (3.12) 

By combining the 1st and 2nd laws: 

 �̇� = �̇�𝑟𝑒𝑣 − 𝑇Σ̇ (3.13) 
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where the work loss can be expressed using the difference between the reversible and actual cell potential: 

 𝑇Σ = (𝐸𝑟𝑒𝑣 − 𝐸)𝐼 (3.14) 

The internal heat generation can be derived as follows: 

 (𝐸𝑟𝑒𝑣 − 𝐸)𝐼 = 𝜂𝐼 = −𝑄𝑖𝑛 + 𝑇Δ�̇� (3.15) 

where 𝜂 is the potential loss of the cell. The rate of entropy generation can be expressed using Faraday’s 

Law of Electrolysis as: 

 Δ�̇� = Δ𝑠 ∗
𝐼

𝑛𝐹
 (3.16) 

where Δ𝑠 is the net standard entropy of the reaction, which for the zinc-air system is: 

 Δ𝑠 = 𝑠°[𝑍𝑛(𝑂𝐻)4
2−] − 𝑠°[𝑍𝑛] − 1

2⁄ 𝑠°[𝑂2] − 𝑠°[𝐻2𝑂] (3.17) 

The rate of generated heat is therefore: 

 �̇�𝑔𝑒𝑛 = −�̇�𝑖𝑛 = 𝜂𝐼 − 𝑇Δ𝑆 ∗
𝐼

𝑛𝐹
 (3.18) 

The rate of change of energy in the system can then be approximated using the specific heat capacity, 

mass, and temperature change of the system: 

 𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
= �̇�𝑔𝑒𝑛 − �̇�𝑜𝑢𝑡 + ∑ �̇�𝑖ℎ𝑖

𝑖𝑛

− ∑ �̇�𝑖ℎ𝑖

𝑜𝑢𝑡

 (3.19) 

where 𝑚 is the mass of the system and 𝑐𝑝 is the specific heat capacity of the system. The enthalpy flows 

can also be expressed using specific heats as well. 
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 ∑ �̇�𝑖ℎ𝑖

𝑖𝑛

− ∑ �̇�𝑖ℎ𝑖

𝑜𝑢𝑡

= ∑ �̇�𝑖𝑐𝑝,𝑖

𝑖𝑛

(𝑇𝑖𝑛 − 𝑇) − ∑ �̇�𝑖𝑐𝑝,𝑖

𝑜𝑢𝑡

(𝑇𝑜𝑢𝑡 − 𝑇) (3.20) 

Finally, by assuming that the temperature of the outflows from each stack is the same as the stack 

temperature, the last term drops to zero and the result is: 

 𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
= �̇�𝑔𝑒𝑛 − �̇�𝑜𝑢𝑡 + ∑ �̇�𝑖𝑐𝑝,𝑖

𝑖𝑛

(𝑇𝑖𝑛 − 𝑇) (3.21) 

The same procedure applies for the charge stack, where the heat flows of the system are shown in 

Figure 3.6.  

 

Figure 3.6: Charge stack heat flows 

The fuel storage tank is, in comparison, very simple as it is assumed that there are no entropy terms 

and the flows perfectly mix without any electrochemical activity. The heat flows of the system are shown 

below in Figure 3.7.  
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Figure 3.7: Storage tank heat flows 

The overall energy balance for the storage tank is therefore:  

 𝑚𝑐𝑝

𝑑𝑇

𝑑𝑡
= −�̇�𝑜𝑢𝑡 + ∑ �̇�𝑖𝑐𝑝,𝑖

𝑖𝑛

(𝑇𝑖𝑛 − 𝑇) (3.22) 

3.4 ELECTROCHEMICAL MODEL 

The electrochemical model was designed as a zero-dimensional model, where spatial variations are 

neglected. Other assumptions of the model include: 

• Mass transport effects such as diffusion and particle interactions are ignored. 

• The concentrations of species at the electrodes, including reactants and products, are assumed 

to be equal to the concentration of the bulk material in the cell. 

• The exchange current densities are assumed to be constant. 

• Concentration overpotential is neglected as it typically occurs outside of the range of 

operation. 

• Constant current operation 
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The state of charge of the system was calculated as follows: 

 𝑆𝑂𝐶 = (
𝑛𝑍𝑛

𝑛𝑍𝑛 + 𝑛𝑍𝑖𝑛𝑐𝑎𝑡𝑒
)

𝑠𝑡𝑜𝑟𝑎𝑔𝑒

 (3.23) 

where the ratio of moles of each species in the storage tank was assumed to be equivalent to that of the 

entire system. The cell power input/output is described as: 

 𝑃 = 𝐼𝐸𝑐𝑒𝑙𝑙 (3.24) 

where 𝑃 is power and 𝐸𝑐𝑒𝑙𝑙 is the cell potential including losses, given by: 

 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
𝑟𝑒𝑣 − 𝜂𝑂ℎ𝑚𝑖𝑐 − 𝜂𝑎𝑐𝑡

𝑍𝑖𝑛𝑐 − 𝜂𝑎𝑐𝑡
𝑎𝑖𝑟 (3.25) 

where 𝐸𝑐𝑒𝑙𝑙
𝑟𝑒𝑣 is the reversible cell potential, 𝜂𝑂ℎ𝑚𝑖𝑐 is the ohmic potential loss, 𝜂𝑎𝑐𝑡

𝑍𝑖𝑛𝑐 is the activation loss at 

the zinc electrode, and 𝜂𝑎𝑐𝑡
𝑎𝑖𝑟  is the activation loss at the air electrode. The reversible cell potential uses the 

Nernst equation as follows [5]:  

 𝐸𝑐𝑒𝑙𝑙
𝑟𝑒𝑣 = 𝜙𝑎𝑖𝑟 − 𝜙𝑍𝑖𝑛𝑐 (3.26) 

 𝜙𝑎𝑖𝑟 = 𝐸0
𝑎𝑖𝑟 +

𝑅𝑇

𝑛𝑒𝐹
ln (

(𝑃𝑂2
𝑃𝑟𝑒𝑓⁄ )

0.5

(𝐶𝑂𝐻−
𝑎𝑖𝑟 𝐶𝑟𝑒𝑓⁄ )

2) (3.27) 

 𝜙𝑍𝑖𝑛𝑐 = 𝐸0
𝑍𝑖𝑛𝑐 +

𝑅𝑇

𝑛𝑒𝐹
ln (

(𝐶𝑍𝑛(𝑂𝐻)4
2−

𝑍𝑖𝑛𝑐 𝐶𝑟𝑒𝑓⁄ )

(𝐶𝑂𝐻−
𝑍𝑖𝑛𝑐 𝐶𝑟𝑒𝑓⁄ )

4 ) (3.28) 

where 𝐸0 is the standard cell potential, 𝑅 is the universal gas constant equal to 8.314
𝐽

𝑚𝑜𝑙𝐾
, 𝐶𝑖 is the 

concentration of species 𝑖, 𝑃𝑖 is the partial pressure of species 𝑖, 𝑃𝑟𝑒𝑓 is the reference state pressure of 1 

bar, and 𝐶𝑟𝑒𝑓 is the reference state concentration of 1 M. The standard cell potential in this case is given 

by [5]: 
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 𝐸0 = 𝐸0,𝑎𝑖𝑟 − 𝐸0,𝑧𝑖𝑛𝑐 = (0.401 𝑉) − (−1.199 𝑉) = 1.6 𝑉 (3.29) 

The ohmic loss is given by: 

 𝑛𝑜ℎ𝑚𝑖𝑐 =
𝐼

𝐴

𝐿

𝜅
 (3.30) 

where 𝐼 is the cell current, 𝐴 is the cell cross-sectional area parallel to the electrodes, 𝐿 is the height of the 

cell, and 𝜅 is the electrolyte conductivity, which is calculated using the empirical relation [7] for 45 wt. % 

potassium hydroxide as follows: 

 

𝜅(𝑇) = 𝐶1𝑇3 + 𝐶2𝑇2 + 𝐶3𝑇 + 𝐶4 

𝐶1 = −1.78 ∗ 10−7 

𝐶2 = 7.04 ∗ 10−5 

𝐶3 = 0.005973 

𝐶4 = 0.270575 

(3.31) 

where the relation uses 𝑇 in °𝐶 and 𝜅 is calculated in 𝑆/𝑐𝑚. The activation overpotentials are determined 

using the Butler-Volmer equation, given by: 

 𝑖 = 𝑖0 ∙ {exp [
𝛼𝑛𝑒𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡] − exp [−

(1 − 𝛼)𝑛𝑒𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡]} (3.32) 

where 𝑖 is the current density, 𝛼 is the charge transfer coefficient which was set to 0.5 for both the zinc and 

air electrodes [5], 𝑖0 is the exchange current density, and 𝜂𝑎𝑐𝑡 is the activation overpotential.  

 

3.5 ALGORITHM 

The system starts fully charged at the maximum SOC defined in the user input of the model. Using 

the user input data, the size of the system is automatically calculated. The process flow diagram of the 

entire model can be seen below in Figure 3.8. The system then begins the discharge cycle. Once complete, 
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the system temperatures are reset, and the system is fully charged. Once the full discharge and charge 

cycles have completed, the energy inputs and outputs of the system are calculated to determine the overall 

power efficiency. Only one full discharge and charge cycle are performed. 

 

Figure 3.8: Model process flow diagram 

The process flow diagram for the discharge cycle is shown below in Figure 3.9. First, the 

thermodynamically relevant material properties of each species and each tank are calculated. 

The charge tank temperature is iteratively solved by making an initial guess, performing the thermal 

and mass balance, checking whether the newly calculated temperature is within a tolerance limit of the 

guessed temperature, and iteratively updating the guessed temperature until it is converged. Material is 

circulated through the charge stack during the discharge cycle in order to distribute equal concentrations 

of material throughout the system. 

The discharge tank follows the same procedure as the charge tank during discharge, with the 

exception that the cell potential and potential losses are also active and solved iteratively with the thermal 

balance.  
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The storage tank follows the same procedure as the charge tank while discharging, with the difference 

being that material is circulated between both storage tank and both the charge and discharge stacks.  

 

Figure 3.9: Discharge cycle process flow diagram 
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The charge cycle process flow is the same as the discharge cycle process flow, except that the 

electrochemical model is added for the charge stack and removed from the discharge stack, and that the 

while loop condition becomes 𝑤ℎ𝑖𝑙𝑒(𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑚𝑎𝑥). 

This chapter covered the thermo-electrochemical model that was developed for simulating the 

specific zinc-air system configuration. The assumptions of the model were outlined, where the objective 

of the model was to create an order-of-magnitude accurate representation of such a flow battery system. 

The following chapter will discuss the validation that was performed on the model. 
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4 MODEL VALIDATION 

This chapter will describe results of the model and the validation procedure that was performed. 

4.1 VALIDATION APPROACH 

Given the novelty of this system’s configuration, there were no experimental data from real-world 

systems with which to compare the theoretical results of this model to. Similarly, nearly all known zinc-

air flow battery systems that exist in research create zinc oxide as an end-product rather than zincate. The 

uniqueness of the chemistry and configuration of this system therefore mandated that the model be 

validated simply by reviewing the results of the model and analysing the behaviour of the model under 

certain conditions. Therefore, a reference case was created as a benchmark to evaluate the model 

performance with system parameters that would be expected in a typical flow battery system. 

4.2 REFERENCE CASE INPUT PARAMETERS AND SYSTEM SIZE 

The model was validated by simulating a reference case with input values near what would be 

expected for a typical zinc-air system. Each parameter was evaluated to determine whether it behaved as 

expected. The reference case was given inputs as shown below in Table 4.1. 
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Table 4.1: Reference case input parameters 

Symbol Value Units Description 

𝐸𝑟𝑎𝑡𝑒𝑑 150 kWh Rated capacity 

𝐹𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 20 % Flow rate into stack as a percentage of stack volume 

𝐻𝑐𝑒𝑙𝑙,𝐾𝑂𝐻  1.0 mm Electrolyte thickness within cell 

𝑖 2000 A/m2 Current density 

𝑁𝑠𝑒𝑟𝑖𝑒𝑠 24 - Number of cells in series 

𝑃𝑟𝑎𝑡𝑒𝑑 20 kW Rated power 

𝑆𝑂𝐶𝑚𝑖𝑛/𝑆𝑂𝐶𝑚𝑎𝑥 10/95 % Min./Max. SOC 

𝑇0 20 °C Initial system temperature 

𝑇∞ 20 °C Ambient temperature 

𝑇𝑖𝑛𝑡𝑎𝑘𝑒 30 °C Oxygen intake temperature 

𝑈𝑛𝑎𝑡𝑢𝑟𝑎𝑙 5 W/m2K Overall convection coefficient (natural convection) 

𝑉𝑐ℎ𝑎𝑟𝑔𝑒,0 0.01 m3 Charge tank volume 

𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,0 0.01 m3 Discharge tank volume 

𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒,0 1.00 m3 Storage tank volume 

𝑋𝐾𝑂𝐻,0 0.45 wt. % Initial KOH concentration 

 

With the initial conditions described above, the resulting system size was determined as shown in 

Table 4.2. The discharge and charge stack sizes were equal in this case. 
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Table 4.2: Reference case system parameters 

Symbol Value Units Description 

𝐴𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 0.011 m2 Charge cell area 

𝐴𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 4.0 m3 Storage tank cooling area 

𝐴𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 0.011 m2 Discharge cell area 

𝐶𝐻2𝑂,0 46.608 mol/L Initial H2O concentration 

𝐶𝑂𝐻,0 17.004 mol/L Initial KOH concentration 

𝐶𝑍𝑖𝑛𝑐𝑎𝑡𝑒,0 0.108 mol/L Initial zincate concentration 

𝐶𝑍𝑛,0 2.058 mol/L Initial zinc concentration 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 520.8 A Charge stack current 

𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 520.83 A Discharge stack current 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 21.701 A Charge cell current 

𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 21.701 A Discharge cell current 

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 6.503 hours Estimated charge time 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 6.503 hours Estimated discharge time 

 

4.3 REFERENCE CASE RESULTS 

The SOC of the system over time can be seen below in Figure 4.1. As shown, the system discharged 

and immediately afterwards charged to full capacity. The linear change in SOC was expected given the 

constant current draw and rate of reaction. 
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Figure 4.1: Reference case SOC vs. time 

Given the overall reaction described in equation (2.3), it is clear to see in Figure 4.2 that the amount 

of each species changes linearly in proportion to the overall reaction. During discharge, the reactants (H2O, 

Zn, and OH-) all decreased in quantity, while the number of products (zincate) increased. Once discharged, 

the quantities of each species returned linearly back to the fully charged state as the system is charged.  

 

Figure 4.2: Reference case moles vs. time 
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The conservation of mass for the discharge and charge tanks can be seen clearly in Figure 4.3, where 

the charge and discharge tanks maintain total masses of 0.022 tonnes, or 22 kg. This small value relative 

to the storage tank and total mass is explained by the small volume of the stacks defined in the user input. 

The variation in mass of the storage tank was caused by the addition and removal of oxygen into and out 

of the system.  

 

Figure 4.3: Reference case system masses 

The system temperatures can be seen below in Figure 4.4. Beginning with the discharge cycle, the 

system temperatures rise as the reaction proceeds. The charge stack temperature followed the storage tank 

temperature quite closely during the discharge cycle as there was no electrochemical activity in the charge 

stack. The discharge stack experienced higher temperatures than the storage tank due to the thermal losses 

resulting from the electrochemical discharge in the discharge stack. These trends were then maintained 

throughout discharge.  

At the beginning of the charge cycle, the temperatures were manually reset in order to simulate that 

the system had time to reach its default non-operating temperatures. Once the charge cycle began, the same 

trend as in the discharge cycle was observed, except that for this case the discharge stack temperature 
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matched the storage tank temperature, and the charge stack temperature maintained a higher value. The 

temperature of the charge stack during the charge cycle was slightly less than the temperature of the 

discharge stack during the discharge cycle because entropy was created during the discharge cycle and 

absorbed during the charge cycle. 

 

Figure 4.4: Reference case system temperatures 

The natural convective cooling can be seen below in Figure 4.5. As shown, the cooling power follows 

the same trend as the system temperatures, where higher temperatures yield larger cooling rates. Note that 

the charge and discharge curves overlap. 

 

Figure 4.5: Reference case natural convection 
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The thermal losses from the charge stack while charging and from the discharge stack while 

discharging can be seen below in Figure 4.6 and Figure 4.7, respectively. As shown, the activation 

overpotential losses were by far the largest in magnitude, while the ohmic and entropic losses were 

relatively small (shown by themselves on the right). The changes in magnitude of each curve was due to 

the temperature changes in the system. Note that the entropic loss was negative for the charge cycle and 

positive for the discharge cycle. 

  

Figure 4.6: Reference case charge stack thermal losses 

 

Figure 4.7: Reference case discharge stack thermal losses 
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The reversible cell potential for charge and discharge can be seen in Figure 4.8. The reversible cell 

potential is that which comes from the Nernst equation before any losses have been applied. As shown, the 

potential centers around the standard potential of 1.6 V. 

 

Figure 4.8: Reference case reversible cell potential vs. time 

The cell potential with losses included can be seen in Figure 4.9. As shown, there were two main 

differences between the cell potential and the reversible cell potential. Firstly, the discharge curve was 

shifted down and the charge curve was shifted up due to the overpotentials. The shape of the curves 

changed slightly as a result of the changing overpotentials caused by the varying temperatures. The same 

cell potential is also plotted against SOC as in a typical polarization diagram. 
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Figure 4.9: Reference case cell potential vs. time/SOC 

 

The overpotentials for the charge and discharge stacks can be seen in Figure 4.10. As shown, the 

activation overpotentials were by far the largest component of the overpotential losses. With increasing 

temperature, the activation overpotentials increased, but the ohmic overpotential decreased due to the 

increase in conductivity with temperature. 

  

Figure 4.10: Reference case cell overpotentials (charge/discharge) 

 

The electrolyte conductivity can be seen in Figure 4.11, which followed a near-linear trend when 

plotted against temperature for the operating temperature range.  
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Figure 4.11: Reference case electrolyte conductivity 

 

The resulting energy and efficiency performance of the system can be seen below in Table 4.3. 

Table 4.3: Reference case energy and efficiency results 

Symbol Value Units Description 

𝐸𝑖𝑛 202.33 kWh Energy input to system 

𝐸𝑜𝑢𝑡 120.25 kWh Energy output from system 

𝑃𝑖𝑛,𝑎𝑣𝑔 25.12 kW Average input power 

𝑃𝑜𝑢𝑡,𝑎𝑣𝑔 14.93 kW Average output power 

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 8.05 hours Total charge time 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 8.05 hours Total discharge time 

𝜂𝑃𝑜𝑤𝑒𝑟 59.44 % Power efficiency 

 

4.4 ISOTHERMAL OPERATION RESULTS 

To confirm the behaviour of the electrochemical model, the temperature was forced to be constant 

by making the natural convection coefficient very large, which would force any increase in temperature 
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above ambient to be immediately cooled back to ambient temperature. The cell potentials can be seen 

below in Figure 4.12, where very similar results were obtained as in the reference case.  

  

Figure 4.12: Isothermal case cell potential 

 

The overpotentials can be seen below in Figure 4.13. In this case, the overpotentials remained 

constant because of the constant temperature. Similarly, the thermal losses also remained constant, shown 

below in Figure 4.14. 

  

Figure 4.13: Isothermal case cell overpotentials 
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Figure 4.14: Isothermal case stack thermal losses 

The natural convective cooling which counteracted the thermal losses to maintain constant 

temperature can be seen below in Figure 4.15. 

 

Figure 4.15: Isothermal case natural convection 

 

Lastly, the energy and efficiency results are given in Table 4.4. The performance parameters of the 

system changed by a very small amount, in keeping with the small changes in cell potential. 
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Table 4.4: Isothermal case energy and efficiency results 

Symbol Value Units Description 

𝐸𝑖𝑛 201.59 kWh Energy input to system 

𝐸𝑜𝑢𝑡 120.99 kWh Energy output from system 

𝑃𝑖𝑛,𝑎𝑣𝑔 25.03 kW Average input power 

𝑃𝑜𝑢𝑡,𝑎𝑣𝑔 15.02 kW Average output power 

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 8.05 hours Total charge time 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 8.05 hours Total discharge time 

𝜂𝑃𝑜𝑤𝑒𝑟 60.02 % Power efficiency 

 

4.5 DISCUSSION OF VALIDATION RESULTS 

The mass balance and thermal balance of the model performed as expected given the model input 

parameters. The flows of material were seen to change as expected. The system temperatures varied as 

expected and mass was conserved throughout the system, with constant mass observed in the charge and 

discharge stacks.  

To validate the electrochemical model, the results were compared with similar results from Lao-

atiman et al [5]. The electrochemical model resembled the results of Lao-atiman et al. as expected, though 

the reversible cell voltage did not vary with SOC as it should have. The Nernst equation used the 

concentration of zincate and zinc as the reductant and oxidant, respectively. This was an approximation 

that was made in place of using water, hydroxyl, and zinc as the oxidants because the latter approach 

resulted in reversible cell potentials that were too high, centering around approximately 1.8 V rather than 

1.6 V. The activation overpotentials were of approximately the expected magnitude, but they were likely 

quite inaccurate as the exchange current density was fixed at one value. Multiple expressions for activation 
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overpotential were investigated, but most expressions relied on detailed knowledge of the mass transport 

behaviour within the cell, which this model ignored. In the case of both activation overpotentials, the 

formulas found for exchange current density that were obtained from literature were found to yield 

unreasonable values. Therefore, the exchange current densities were set as fixed using values taken from 

literature of an appropriate order of magnitude. In the case of the zinc activation overpotential, even the 

exchange current density values that were found also varied by multiple orders of magnitude, so a value 

that yielded approximately reasonable results was chosen from the literature [6]. 

Overall, the model was found to perform well for an order-of-magnitude level of accuracy. In the 

absence of mass transport modelling for the electrochemical model, the activation overpotentials of the 

system were likely quite inaccurate though they produced results of the expected order of magnitude. The 

system efficiency is likely overestimated as other effects such as pump losses were not included. 

This chapter detailed the validation of the model against a reference case and an isothermal case 

where the simulation outputs were compared with [5] where possible. The following chapter will discuss 

two case studies that were completed to gain insight into the performance of the zinc-air flow battery in 

the novel configuration.  
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5 CASE STUDIES 

The following section outlines two different case studies to evaluate the thermal response of the 

system to changes in rated power and flow rate. 

5.1 CASE I: POWER RESPONSE 

To evaluate the response of the system to differences in rated power, the performance was simulated 

for rated powers from 10 to 30 kW and the thermal and electrical responses were observed. The system 

parameters were kept the same as in the reference case, with rated power being the only parameter which 

was changed. However, the rated power greatly affects the cell size and current (ideal voltage of 1.6 V 

assumed when calculating system size). The resulting system parameters that differed due to the change in 

rated power can be seen below in Table 5.1. 

Table 5.1: Case I system parameters 

Power 10 15 20 25 30 kW 

𝐴𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 0.005 0.008 0.011 0.014 0.016 m2 

𝐴𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 0.005 0.008 0.011 0.014 0.016 m2 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 260.42 390.63 520.83 651.04 781.25 A 

𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 260.42 390.63 520.83 651.04 781.25 A 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 10.851 16.276 21.701 27.127 32.552 A 

𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑐𝑒𝑙𝑙 10.851 16.276 21.701 27.127 32.552 A 

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 13.005 8.670 6.503 5.202 4.335 hours 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 13.005 8.670 6.503 5.202 4.335 hours 

 

The temperature development of the storage tank with varying rated power can be seen below in 

Figure 5.1 for the charge and discharge cycles. As shown, the temperature increased in the storage tank 
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more quickly as the power increased. Similarly, the total time required to discharge decreased with 

increasing power. Similar trends were observed for both charge and discharge.  

  

Figure 5.1: Case I storage tank temperatures 

 

The maximum temperatures throughout the simulation can be seen below in Figure 5.2. As shown, 

the maximum temperature observed in the system increased with increasing rated power. The discharge 

stack maintained a higher temperature than the storage tank because entropy increased the system 

temperature during the discharge reaction. The charge stack temperatures were quite close to the storage 

tank temperatures because the entropy was consumed in the charge reaction, thus slightly lowering the 

temperature (the charge stack temperature is shown in the plot as overlapping with the storage tank 

temperature). The difference between the storage tank and discharge stack temperatures increased with 

increasing power because the volume of the stacks was constant at 0.01 m3 for all rated powers while the 

current and therefore generated heat increased.  



   

40 
 

 

Figure 5.2: Case I maximum temperatures 

 

The overpotentials of the system at various rated powers are shown below in Figure 5.3. For both the 

activation overpotentials, higher power yielded higher overpotential losses. The opposite trend was 

observed for the ohmic overpotentials, where higher power yielded lower ohmic potentials, likely due to 

the increase in temperature of the system. 
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Figure 5.3: Case I overpotentials 

 

The cell potentials for various rated powers is shown in Figure 5.4. Nearly identical values were 

found for each case, and in practise the rated power did not affect the potential significantly. That said, the 
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increase in power made the charge cell potential slightly higher and the discharge cell potential slightly 

lower, in keeping with the increase in overpotential with increasing power. 

 

 

Figure 5.4: Case I cell potentials 

 

5.2 CASE II: FLOW RATE RESPONSE 

The temperature response of the system to varying flow rate was also simulated. The flow rate was 

defined as a fraction of the charge stack volume, where a flow rate factor of 20 % would mean that 20 % 

of the volume of the stack would be recirculated each second. All input parameters excluding the flow rate 

factor were defined using values from the reference case. The flow rate factor was varied between 5 % and 

50 %. Values below 5 % were not possible because it would not provide enough circulation of the fluid to 

replenish the zinc supply given the reaction rate. The flow rates in L/s are shown below in Table 5.2 with 

their corresponding flow rate factors. 
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Table 5.2: Case II flow rates 

Flow Rate Factor (%) Flow Rate (L/s) 

5 0.5 

10 1.0 

20 2.0 

30 3.0 

40 4.0 

50 5.0 

 

The storage tank temperatures at different flow rates can be seen below in Figure 5.5. As shown, the 

temperature of each flow rate directly overlaps on one another, and therefore no noticeable differences in 

the overall temperature development of the storage tank was observed. 

 

Figure 5.5: Case II storage tank temperatures 

 

The change in maximum temperature throughout charge and discharge with flow rate can be seen 

below in Figure 5.6. As shown, there is a change on the order of 2 degrees in temperature among the flow 

rate factors that were simulated. For both the charge and discharge stacks, the temperature increased with 
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decreasing flow rate as expected. As flow rate increased, the temperatures of each part of the system 

approached the same value. The storage tank temperature increased with increasing flow rate factor due to 

the addition of more heat being transferred into the storage tank from the stacks. 

 

Figure 5.6: Case II maximum temperatures 

 

The change in overpotentials with flow rate can be seen below in Figure 5.7. Similar trends as for 

the first case study were observed, where with decreasing flow rate, the stack temperatures increased. This 

increase in stack temperature increased the activation overpotentials while decreasing the ohmic 

overpotential. 
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Figure 5.7: Case II overpotentials 
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Lastly, the cell potentials at varying flow rates can be seen bellow in Figure 5.8. As expected, the 

charge cell potential increased with decreasing flow rate and the discharge cell potential decreased with 

decreasing flow rate. One interesting behaviour was the high spike in the charge cell potential at 5 % flow 

rate factor. This was caused by the reversible cell potential, where the low concentration of zincate caused 

the cell potential to drastically increase due to the logarithmic behaviour. 

  

Figure 5.8: Case II cell potentials 

 

5.3 DISCUSSION OF CASE STUDY RESULTS 

The behaviour of the system in response to the two case studies that were performed was in keeping 

with the expected results from such a system. In terms of practical design, the power of the cell is largely 

determined by the load requirements of a particular site or application. Therefore, there is often little room 

for negotiation when it comes to choosing the rated power of the system. That said, the change in 

temperature that was observed as a result of changing the rated power is of particular note to designers, 

where materials must be selected to withstand certain operating conditions, among other design factors. 
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In regards to flow rate, the largest concern was to select a flow rate that ensures there is sufficient 

zinc in the discharge stack (or similarly, that there is enough zincate in the charge stack) in order for the 

electrochemical processes to be carried out effectively. Beyond that, the flow rate could also be 

dynamically controlled to adjust the temperature of the containers relative to each other in the case that the 

stacks may have an ideal operating temperature that would differ from the ideal storage tank temperature. 

This chapter discussed two case studies that were used to further evaluate the model and test the 

response of the system to different design parameters. The following chapter will summarize the work that 

was performed in developing the model, the validation process, and case studies, and give some 

recommendations for how the model could be improved in the future. 
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6 CONCLUSION 

This chapter will summarize the results of the model development and discuss future improvements 

that can be made to the model. 

6.1 SUMMARY 

A thermo-electrochemical model was developed with the intention to assist academia and industry 

in the development of new zinc-air flow battery systems. A novel approach was simulated which featured 

independent charging and discharging stacks connected via a large fuel storage reservoir. The decoupling 

of these three systems enables independent scaling of discharge power, input power, and capacity. 

Secondly, the model also produces zincate as an end-product where most systems that exist in the literature 

produce zinc oxide [5]. The model was successfully developed and validated to be suitable for order-of-

magnitude accurate approximations to system performance and size. As research continues into large grid 

energy storage systems, more attention will be paid to innovative solutions, particularly in the field of zinc-

air flow batteries. 

The model was validated by comparing the results of a reference case and an isothermal case to the 

performance of the model developed by Lao-atiman et al [5]. The model was found to produce reasonable 

results within an order of magnitude and was able to demonstrate trends in thermal and electrochemical 

responses to changes in design parameters. A rated power case study and a flow rate case study were 

performed and discussed.   

6.2 RECOMMENDATIONS FOR FUTURE WORK 

To further develop the model while improving its accuracy, the inclusion of a more detailed 

electrochemical model would enable more realistic activation overpotentials to be obtained. By including 

mass transport and diffusion effects, more sophisticated relationships could be obtained. Secondly, the 
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model could be improved by providing more detail to the thermal model such as housing geometry, 

conductive heat loss, pumps with their related thermal effects, and capturing the energy expended to 

actively cool the storage tank in the overall thermal balance. It would also be recommended to move the 

model from Jupyter Notebooks where it was developed into a standalone python program running in a 

dedicated development environment to improve the reliability of the model execution.   
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APPENDIX I: MODEL PARAMETERS 

 

Symbol Value Unit Description Source 
𝑐𝑝,𝑍𝑛 25.47 J/molK Specific heat of zinc [8] 

𝑐𝑝,𝑍𝑖𝑛𝑐𝑎𝑡𝑒 40.3 J/molK Specific heat of zincate [9]* 

𝑐𝑝,𝐻2𝑂 75.23 J/molK Specific heat of H2O [10] 

𝑐𝑝,𝑂𝐻− 65.87 J/molK Specific heat of OH [11]** 

𝐸0
zinc -1.199 V Standard zinc electrode potential [12] 

𝐸0
air 0.401 V Standard air electrode potential [13] 

F 96,485 C/mol Faraday’s constant [14] 

𝑖0
air 0.37 A/m2 Exchange current density of air electrode [15, 16] 

𝑖0
zinc

 10 A/m2 Exchange current density of zinc electrode [6] 

𝑀𝑍𝑛 65.38 g/mol Molar mass of zinc [8] 

𝑀𝑍𝑖𝑛𝑐𝑎𝑡𝑒 133.41 g/mol Molar mass of zincate [17] 

𝑀𝐻2𝑂 18.02 g/mol Molar mass of H2O [10] 

𝑀𝐾𝑂𝐻  56.11 g/mol Molar mass of KOH [18] 

𝑀𝑂𝐻− 17.01 g/mol Molar mass of OH- [19] 

𝑀𝑂2
 32.00 g/mol Molar mass of O2 [20] 

𝑛𝑒 2 - Electrons transferred per reaction [5] 

𝑅 8.314 J/molK Universal gas constant [21] 

𝑠°[𝑍𝑛] 41.72 J/molK Standard specific entropy of zinc [8] 

𝑠°[𝑍𝑛𝑂] 43.7 J/molK Standard specific entropy of zinc oxide [9] 

𝑠°[𝑂2] 205.15 J/molK Standard specific entropy of oxygen [20] 

𝛼zinc 0.5 - Zinc charge transfer coefficient [5] 

𝛼air 0.5 - Air charge transfer coefficient [5] 

𝜌𝑍𝑛 7140 kg/m3 Density of zinc [8] 

𝜌𝑍𝑖𝑛𝑐𝑎𝑡𝑒 5610 kg/m3 Density of zincate [9]* 

𝜌𝐻2𝑂 997 kg/m3 Density of H2O [10] 

𝜌𝑂𝐻− 2120 kg/m3 Density of KOH [11]** 

𝜌𝐾𝑂𝐻  2120 kg/m3 Density of KOH [11] 

* using value for ZnO in absence of zincate data 

** using value of KOH in absence of hydroxyl ion data 


