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Primary alkaline batteries have been widely used in portable electronics due to their low cost and safety. The 
consumption and disposal of these batteries has prompted notable research on their recycling. Another 
approach to reducing alkaline battery disposal is to extend their lifetime by increasing their energy density. In 
this work, the energy density of an AA primary alkaline battery was maximized by determining the optimum 
amount of electrode materials through multiphysics modeling. An electrochemical model of the alkaline battery 
is developed in COMSOL Multiphysics® and validated with discharge curves (i.e., voltage vs. time) obtained 
under constant resistance loads. The electrode thicknesses are then optimized to maximize the energy density 
of the battery while maintaining its exterior dimensions. The sensitivity of the energy density with respect to the 
electrode porosities and interfacial areas is then analyzed. The electrochemical model was able to replicate the 
discharge curves obtained under a 250 mA constant current discharge. The energy density is maximized by 
decreasing the thickness of the zinc anode. However, this results in anode dissolution near the current collectors 
and could compromise the electrical continuity in the battery. Increasing the anode thickness prevents 
dissolution at the current collectors but increases unused mass in the battery. The results of this study can be 
used to develop longer-lasting alkaline batteries. Furthermore, the model can be improved by considering 
thermal effects or modified to aid the development of rechargeable alkaline batteries. 

1. Introduction 
The Zn-MnO2 primary alkaline battery has been widely used in portable low-power electronics, such as toys, 
radios, and flashlights. It has dominated the market for single-use batteries, and its global market is expected 
to grow by USD 494 million from 2020 to 2024 (Business Wire, 2020). Unfortunately, 90% of used primary 
alkaline batteries end up in landfills due to their disposable nature (Edison et al., 2019). This has prompted 
research on the recovery of valuable metals from spent primary alkaline batteries (Rarotra et al., 2020) and the 
redesign of Zn-MnO2 into a rechargeable chemistry for grid-scale storage (Seo et al., 2018).  
An alternative paradigm for increasing the utility of a primary alkaline battery is to maximize its energy density, 
which can be achieved by optimizing the allocation of materials in the battery. This type of research has been 
successfully performed for other battery chemistries via multiphysics modeling, which simulates a battery based 
on fundamental laws in physics and chemistry. The model can then be optimized according to an objective 
function, such as energy density. Hosseinzadeh et al. (2017) determined the thicknesses and porosities of 
electrodes in a lithium-ion battery to maximize its energy and power density. 
Moreover, multiphysics models can determine the distribution of quantities such as the concentration, 
temperature, potential, material usage, and porosity in a battery. This lends insights on how the battery design 
can be improved. For instance, Samba et al. (2014) used the electrode usage and temperature profiles in a Li-
ion battery to ascertain the best orientation and width of the current collector tabs in a lithium-ion battery. 
Alagheband et al. (2017) designed current collector grids for lead-acid batteries to improve the uniformity of the 
electrode potential and reaction current density. 
Multiphysics models have been developed for primary alkaline batteries. Notable contributions include the work 
of Sunu and Bennion (1980), in which the transport of zinc ions in zinc anodes were described, and the study 
of Podlaha and Cheh (1994), wherein a multiphysics model of the Zn-MnO2 primary alkaline battery was 

301



presented. There has also been interest from the industry to design batteries via multiphysics modeling, with 
Chadderdon and Wendling (2019) from Energizer Holdings Inc. presenting their primary alkaline battery model 
to the 2019 COMSOL Conference. Despite the numerous efforts on modeling primary alkaline batteries, 
however, their optimization has yet to be performed. 
In this work, the energy density of an AA primary alkaline battery was maximized via multiphysics modeling. A 
multiphysics model of the battery was formulated in COMSOL Multiphysics® and validated with experimental 
data. The operating mechanism (i.e., reactions and ion transport) of the battery over time was inferred by 
analyzing the porosity and concentration profiles. Afterwards, batteries with varying anode and cathode 
thicknesses were simulated, and the corresponding energy densities were calculated. The porosity profiles in 
these alternative scenarios were also compared with those in the base scenario to reveal any changes in the 
operating mechanisms. This study demonstrates the use of multiphysics modeling for maximizing the 
performance of a primary alkaline battery, since design optimization was not performed in previous studies. 

2. Methodology 
This section first presents the experimental discharge curves. This is followed discussion on the multiphysics 
model and the optimization of the primary alkaline battery. 

2.1 Experimental data 

The voltage vs. discharge curves considered in this work are those of an Energizer AA primary alkaline battery 
as reported in its datasheet (Energizer, 2018). The 250 mA discharge curve was selected due to the moderate 
discharge current. 

2.2 System description 

A schematic diagram of the primary alkaline battery is illustrated in Figure 1. At its core is a brass anodic current 
collector, which draws electrons from the zinc anode during discharge. The zinc anode reacts with OH- from the 
KOH electrolyte and oxidizes into Zn(OH)42- as shown in Eq(1). The Zn(OH)42- ion may precipitate into ZnO if 
the OH- concentration is insufficient as given by Eq(2). At the cathode, MnO2 reacts with water and reduces into 
MnOOH while generating OH- as described by Eq(3). Electrons for the cathodic half-reaction are supplied by a 
steel current collector. The separator is made from polyvinyl alcohol (PVA). 

Zn(s) + 4OH―(aq)→Zn(OH)2―
4 (aq) + 2e― (1) 

Zn(OH)2―
4 (aq)⇌ZnO(s) + H2O(l) + 2OH―(aq) (2) 

MnO2(s) + H2O(l) + e―→MnOOH(s) + OH―(aq) (3) 

 

Figure 1: Schematic diagram of a primary alkaline battery. 

2.3 Multiphysics model 

The multiphysics model of the primary alkaline battery is illustrated in Figure 2. It consists of a 1D axisymmetric 
model, which describes the mass and charge transport across the battery. This is coupled with particle-scale 
models for each electrode. The anode has no specific geometry, but the particle-scale model tracks the volume 
fractions of zinc and ZnO. The cathode is described using a core-shell model with MnO2 as the core and MnOOH 
as the shell. The volume fraction of ZnO precipitate is also recorded by the cathode particle-scale model. 
The mass and charge transport in the ternary system of K+, Zn(OH)42-, and OH- is modeled by Newman’s 
concentrated solution theory, which considers the interaction between ions unlike the Nernst-Planck equation 
(Newman and Thomas-Alyea, 2004). The mathematical formulation the mass and charge transport equations 
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differ for the anode, cathode, and separator, and are detailed by Podlaha and Cheh (1994). The anodic reaction 
obeys Butler-Volmer kinetics as discussed in the work of Mao and White (1992), while the cathodic reaction 
kinetics follows the core-shell model described by Podlaha and Cheh, (1994). Precipitation of ZnO occurs when 
the Zn(OH)42- concentration exceeds its equilibrium with OH-. The formation of ZnO reduces the area available 
for the anodic and cathodic electrochemical reactions and increases the mass transfer coefficient for ZnO 
deposition on the electrodes (Podlaha and Cheh, 1994). The model also considers the changing porosities of 
both electrodes due to the dissolution of zinc, precipitation of ZnO, and conversion of MnO2 to MnOOH. 

 

Figure 2: The battery is treated as a 1D axisymmetric system (a). The zinc anode is not modeled as any specific 
particle geometry, while the MnO2 cathode is described via a core-shell model MnOOH (b). 

2.4 Input model parameters 

The input parameters to the multiphysics model are presented in Table 1. The reference current density and 
diffusion coefficient at the cathode were adjusted to fit experimental data, since the values of these parameters 
for Energizer’s primary alkaline batteries are unknown. Moreover, there is notable uncertainty in these 
parameters. The reference current density varies with the surface characteristics of the electrode. Meanwhile, 
the diffusion coefficient in MnO2 cathodes has a wide range of values in reported literature (Podlaha and Cheh, 
1994) and depends on the pore structure of the cathode particle (Farrell and Please, 2005). 

Table 1: Input parameters to the multiphysics model. 

Parameter  Anode Separator Cathode 
Thickness [cm] 0.361 [a] 0.025 [a] 0.230 [a] 
Diffusivity in the solid phase [cm2 s-1] N/A N/A 8.00×10-11 [†] 
Diffusivity of K2Zn(OH)4 [cm2 s-1] 6.00×10-6 [b] 6.00×10-6 [b] 6.00×10-6 [b] 
Diffusivity of KOH [cm2 s-1] 2.19×10-5 [b] 2.19×10-5 [b] 2.19×10-5 [b] 
Transport number of K2Zn(OH)4 0.04 [c] 0.04 [c] 0.04 [c] 
Transport number of KOH 0.74 [c] 0.74 [c] 0.74 [c] 
Electrical conductivity of the solid phase [S cm-1] 1.83×105 (Zn) [c] 

0.01 (ZnO) [c] 
0.00 (PVA) 
0.01 (ZnO) [c] 

19.8 (MnX) [c] 
0.01 (ZnO) [c] 

Electrical conductivity of the liquid phase [S cm-1] Correlation in [c] Correlation in [c] Correlation in [c] 
Reference current density [A cm-2] 0.03 [b] N/A 1.00×10-5 [†] 
Mass transfer coefficient of ZnO [cm s-1] 0.005 [c] 0.005 [c] 0.005 [c] 
Mass transfer coefficient of K2Zn(OH)4 [cm s-1] 0.001 [c] 0.001 [c] 0.001 [c] 
Initial concentration of Zn(OH)42- [mol cm-3] 5.34×10-4 [c] 5.34×10-4 [c] 5.34×10-4 [c] 
Initial concentration of OH- [mol cm-3] 0.007 [c] 0.007 [c] 0.007 [c] 
Initial volume fraction of the solid phase 0.26 (Zn) [c] 

0.00 (ZnO) 
0.20 (PVA) [c] 
0.00 (ZnO) 

0.76 (MnX) [c] 
0.00 (ZnO) 

Initial volume fraction of the liquid phase 0.74 [c] 0.80 [c] 0.24 [c] 
Initial volumetric surface area [cm-1] 50 [c] 10 [*] 760 [a] 
Equilibrium potential [V] 0 N/A Correlation in [c] 
Equilibrium constant for ZnO dissolution Correlation in [c] Correlation in [c] Correlation in [c] 
[*] Assumed [†] Fitted to experiment [a] (Chadderdon and Wendling, 2019) [b] (Mao and White, 1992) 
[c] (Podlaha and Cheh, 1994) 

2.5 Case studies 

In the base scenario, the primary alkaline battery was simulated under a 250 mA constant discharge current. 
The calculated voltage vs. time curve was compared with experimental data to validate the model. In addition, 
the porosity and concentration profiles in the battery were generated to analyze changes in the battery during 
discharge. The optimization was performed by simulating the battery under a 250 mA discharge current and 
0.8 V cutoff voltage with anode thicknesses from 1 cm to 5 cm. For each anode thickness, the energy capacity 
was calculated using Eq(4). The anode thickness that results in a battery with the highest energy content was 
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selected as the optimum. The separator thickness was held constant, while the cathode thicknesses were 
adjusted so that the total thickness of the battery remains the same as in the base scenario. The porosity and 
concentration profiles of these batteries were also investigated to determine if the battery’s operating 
mechanism changes with the electrode thicknesses. 

𝐸 =
𝑡dc

0
𝐼𝑉(𝑡) 𝑑𝑡 (4) 

3. Results and discussion 
3.1 Experimental validation 

A comparison between the simulated and experimental voltage vs. time data is presented in Figure 3. The 
discharge curve generated by the model follows the same trend as the experimental data, but the model 
overpredicts the voltage. Zhang and Cheh (2004) attribute this to the discrepancy between the theoretical (i.e., 
Nernstian) and actual electric potential of the MnO2 cathode during discharge. Experiments by Kozawa and 
Powers (1966) suggest that the deviation is caused by the formation of Mn2O3 instead of MnOOH towards the 
end of discharge. The energy density according to experimental and simulated data are 2.86 Wh and 3.00 Wh, 
respectively, which corresponds to a 4.93% error in energy density prediction. 

 

Figure 3: Comparison between experimental and simulated voltage vs. time data. 

3.2 Base scenario 

The porosity and concentration profiles over time are shown in Figure 4. The porosity profiles show how the 
solid phase compositions change over time. The ZnO precipitate has a larger molar volume than zinc, so a 
porosity decrease in the anode and separator indicates a buildup of ZnO. Similarly, MnOOH has a higher molar 
volume than MnO2, so a lower porosity implies a higher conversion or utilization of the cathode. ZnO deposition 
at the cathode is negligible since the high concentration of OH- dissolves ZnO back into Zn(OH)42-. The zinc 
anode dissolves into Zn(OH)42- near the anode-separator interface, which in turn precipitates into ZnO 
throughout the anode and separator. Consequently, the Zn(OH)42- concentration profile is maximum at the 
anode-separator interface, and diminishes towards the left of the anode-separator interface and in the separator. 
The OH- concentration rises in the cathode since it is produced by the cathodic reaction, while it decreases in 
the anode since it is consumed by the anodic reaction. In the anode, the OH- concentration is highest near the 
separator since OH- is produced by the precipitation of Zn(OH)42-. It is worth noting that the porosity and 
concentration profiles generated in this work are identical to those obtained by Podlaha and Cheh (1994). 
 

 

Figure 4: Evolution of the porosity (a), Zn(OH)4
2- concentration (b), and OH- concentration (c) profiles in the 

primary alkaline battery over time. 
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3.3 Optimization scenarios 

The energy capacities and discharge curves of primary alkaline batteries with various electrode thicknesses are 
presented in Figure 5. An anode thickness of 2 cm results in the highest energy density. The 1 cm anode 
thickness is suboptimal due to discharge suddenly stopping after less than 10 hours of operation. On the other 
hand, anode thicknesses of 3 cm and greater result in shorter discharge durations because the lower cathode 
content results in MnO2 being converted to MnOOH at a faster rate. 

 

Figure 5: Comparison of the energy capacity (a) and voltage vs. time curves (b) when the anode thicknesses 
are varied from 1 cm to 5 cm. 

The abrupt end of discharge in the battery with a 1 cm anode is explained by the porosity profile shown in Figure 
6. The ZnO precipitate builds up at the separator, which stops the ionic current and ends the discharge. The 
separator is plugged only under the 1 cm anode scenario since the small anode content and large cathode 
content results in a larger Zn(OH)42- concentration increase and a smaller OH- concentration decrease per 
coulomb of discharge. The low OH- concentration cannot stabilize the Zn(OH)42-, so more precipitation occurs. 
This would also explain why the minimum porosity increases with the anode thickness.  
The porosity profile of the battery with a 2 cm anode thickness shows that the anode dissolves not only at the 
anode-separator interface, but at the current collector-anode interface as well. This is supported by the uptick 
of Zn(OH)42- and drop-off of OH- concentrations near the current collector-anode. The additional anode 
dissolution occurs due the smaller amount of zinc relative to the MnO2 content. Unfortunately, this increases the 
likelihood of the zinc anode detaching from the current collector, which would render the anode unusable since 
current cannot flow towards it. The battery would also cease operating if the anode were to be detached. 
An anode thickness of 3 cm would therefore be the best compromise between performance and mechanical 
stability. Based on the porosity profiles, the zinc anode is consumed near the separator and dissolution near the 
current collector does not occur. Increasing the anode thickness further diminishes the energy content of the 
battery since the MnO2 cathode is exhausted faster as suggested by the porosity profiles. 

 

Figure 6: Comparison of the porosity (a), Zn(OH)4
2-concentration (b), and OH- concentration (c) profiles at the 

end of discharge when the anode thicknesses are varied from 1 cm to 5 cm. 

4. Conclusions 
In this work, the energy capacity of an AA primary alkaline battery was maximized via multiphysics modeling. 
The multiphysics model of the battery was formulated in COMSOL Mutliphysics®, and this was validated with 
experimental data published by Energizer Holdings Inc. The reactions and ion transport in the battery were 
determined by analyzing the porosity and concentration profiles. The optimization was then performed by 
simulating batteries with various electrode thicknesses while taking note of their energy capacity. The porosity 
profiles were also observed to reveal any changes in the reaction and ion transport mechanisms. 
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The multiphysics model was able to replicate the general trend of the experimentally measured voltage vs. time 
data, although the model tends to overpredict the voltage. The porosity and concentration profiles show that the 
zinc anode is consumed near the anode-separator interface, while ZnO deposits in the anode and the separator. 
The optimization study reveals that a 2 cm anode maximizes the energy capacity of the primary alkaline battery, 
however this also results in the dissolution of the zinc anode at the current collector-anode interface. This would 
compromise the mechanical stability of the anode, hence a 3 cm anode thickness is recommended, despite its 
lower energy capacity. 

Nomenclature

𝐸 – energy capacity, Ah 
𝐼 – current, A 
𝑡 – time, h 

𝑡dc – discharge time, h 
𝑉 – voltage, V
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