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Abstract: The alkaline zinc-iron flow battery is an emerging electrochemical energy 

storage technology with huge potential, while the theoretical investigations are still 

absent, limiting performance improvement. A transient and two-dimensional 

mathematical model of the charge/discharge behaviors of zinc-iron flow batteries is 

established. After validated by experimental data, numerical analysis is carried out 

focusing on the influences of electrolyte flow rate and electrode geometry towards the 

electrochemical performance. The results demonstrate that a high flow rate, high 

electrode thickness, and porosity are favorable for battery performance. Following this 

finding, the parameters of a zinc-iron flow battery are optimized by utilizing a high 

flow rate of 50 mL min−1, an asymmetrical structure with a negative electrode of 7 mm 

and a positive electrode of 10 mm, and high porosity of 0.98. With the optimal flow 

rate and geometry, the electrolyte utilization, coulombic efficiency, and energy 
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efficiency attain 99.91%, 98.08%, and 91.07%, respectively, significantly higher than 

those of the un-optimized design. This work provides a comprehensive strategy 

allowing for the improvement of the practical design of zinc-iron flow batteries. 

Keywords: Zinc-iron flow battery; Aqueous electrolyte; Numerical simulation; Design 

optimization 

1. Introduction 

Developing renewable energy like solar and wind energy requires inexpensive and 

stable electric devices to store energy, since solar and wind are fluctuating and 

intermittent [1,2]. Flow batteries, with their striking features of high safety and high 

efficiency, are of great promise for energy storage applications [3–5]. Moreover, Flow 

batteries have the advantage of being independently framed for energy and power [6]. 

Herein, enormous efforts have been made in the exploration and development of flow 

battery technologies [7–12]. Among various kinds of flow batteries, rechargeable zinc-

based batteries with aqueous electrolytes are predominant owing to the inexpensive 

zinc, great chemical and physical stability, high safety, and environmental friendliness 

[13–19]. Since the 1970s, various zinc-based flow batteries like zinc-bromine, zinc-

nickel, and zinc-iodine flow batteries have been proposed and developed [20]. 

However, commercialization is hindered by many issues. For example, zinc-bromine 

batteries are unfriendly to the environment owing to the diffusion of bromine [21], the 

performance of zinc-nickel flow batteries is limited by the relatively low kinetics of 

nickel redox couple [22–25], while zinc-iodine flow batteries suffer from relatively 

high prices [20]. 
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On the contrary, owing to the remarkable characteristics of low prices, 

environmental-friendliness, and outstanding energy density, the zinc-iron flow battery 

appears to be a promising candidate for electricity-storage applications [20]. To this 

end, numerous works have been made on zinc-iron flow batteries. For example, Gong 

et al. reported a double-membrane triple-electrolyte designed zinc-iron battery which 

achieved an outstanding power density of 676 mW cm-2 with less than $100 per kWh 

system capital cost [26]. To suppress zinc dendrite, Yuan et al. presented a high-

performance alkaline zinc-iron flow battery, which combined a polybenzimidazole 

(PBI) membrane with a three-dimensional porous carbon felt electrode. At 160 mA cm-

2 the coulombic efficiency and energy efficiency were 99.5% and 82.8%, respectively 

[27]. Chang et al. developed an alkaline zinc-iron flow battery with a combination of 

an economically mixed matrix membrane and extremely alkali-resistant microporous 

hollow spheres, which run stably for 500 cycles with the coulombic efficiency and 

energy efficiency reaching 98.6% and 88.3% at 80 mA cm-2 [28]. To address hydrolysis 

and crossover issues, Li et al. proposed a neutral zinc-iron flow battery utilizing 

FeCl2/ZnBr2 species easy to dissolve, which achieved the energy efficiency of 86.66 % 

at 40 mA cm-2 and exhibited over 100 stable cycles [29]. To avoid corrosion, Xie et al. 

developed an acidic zinc-iron redox flow battery with the Ac–/HAc buffer solution, 

which operated within a potential window of 0.5–2.0 V, achieving the electrolyte 

utilization of nearly 90% and the energy efficiency of 71.1% [30]. Such works have 

boosted the development of zinc-iron flow batteries, whereas this technology is still in 

the infancy stage and many issues remain to be solved. The chemical activity of zinc 
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makes it easy for hydrogen evolution reaction, especially in acid media. The plating-

stripping process at the negative half-cell limits the areal capacity of zinc-iron flow 

batteries. The operating current density is relatively low, while high working current 

densities will aggravate zinc dendrite and further cause severe polarization [20]. In 

general, enormous efforts are required for zinc-iron flow batteries to enable the 

transition of the laboratory level into commercialization. 

All the above-mentioned works focus on experimental investigations. 

Mathematical numerical modeling can be a more efficient and economic method for 

understanding the influences of design parameters and optimizing the design 

parameters for performance improvement. For example, Knehr al. presented a two-

dimensional, transient, isothermal model of the vanadium redox flow battery (VRFB), 

from which the mean errors of the voltage after a single charge-discharge cycle and the 

capacity loss after 45 cycles were 1.83% and 4.2%, respectively [31]. Oh al. reported 

a three-dimensional, transient, non-isothermal VRFB model, which revealed crucial 

electrochemical and transport phenomena within the battery by means of multi-

dimensional profiles of ionic and electronic potentials, species concentrations, and 

temperature patterns [32]. From these investigations, it is reasonable to expect that the 

numerical analysis of zinc-iron batteries can also facilitate the battery design and 

promote the commercialization. However, different from VRFBs in which only liquid-

phase reactions occur on the electrode, the zinc-iron batteries include the dissolution 

and precipitate reactions of metallic zinc, which inevitably change the structure and 

surface area of the electrode, complexing the modeling process. Moreover, to the best 
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of our knowledge, neither the mathematical model nor the numerical analysis has been 

reported on zinc-iron batteries yet. 

Herein, a transient two-dimensional model to descript the charge and discharge 

processes of a zinc-iron battery is established for the first time. After comparing with 

the experimental data, the impacts of different parameters on the battery operation are 

investigated, such as the electrolyte flow rate, electrode thickness, and electrode 

porosity. Further, the optimal design parameters are proposed for performance 

improvement. This work can facilitate the advancement of zinc-iron flow batteries for 

electricity storage applications, and the model can also be extended to other flow 

batteries with dissolution-deposition mechanisms for design optimization. 

2. Model development 

Fig. 1 illustrates the structure of an alkaline zinc-iron flow battery. The 

Fe(CN)6
3−/Fe(CN)6

4−
 and Zn(OH)4

2−/ Zn pairs are employed as the positive and 

negative redox couples, separately. The electrolytes with active materials are stored in 

tanks and cycled through pipes driven by pumps. Both half cells adopt porous carbon 

felt as the electrodes where the electrochemical reactions take place. A membrane is 

sandwiched by two electrodes, playing a significant role in transferring charge-

balancing ions and preventing redox species from crossing over. During 

charge/discharge, the redox reactions take place simultaneously at both electrodes as 

follows: 

Negative electrode: 

          Zn(OH)4
2− + 2e− charge

discharge

⎯⎯⎯⎯→⎯⎯⎯⎯ Zn + 4OH−               (I)                  

Zn(OH)4
2− → ZnO + 2OH−+H2O                  (II) 
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Positive electrode: 

               Fe(CN)6
4− charge

discharge

⎯⎯⎯⎯→⎯⎯⎯⎯ Fe(CN)6
3− + e−               (III) 

Specifically, in the negative electrode, multiple phases are present at the solid-

liquid interface of the electrode due to the conversion between soluble Zn(OH)4
2−

 

ions and metallic zinc. During charge, Zn(OH)4
2−

  ions obtain electrons and are 

reduced to zinc deposition. While during discharge, zinc is oxidized and dissolves, 

which may further become ZnO when reaching the saturation value [33]. As the applied 

concentration of Zn(OH)4
2−

  (0.5 M) in this work is lower than the solubility, the 

presence of solid ZnO is neglected (Reaction II) and only the electrochemical 

conversion (Reaction I) is considered. For the positive electrode, Fe(CN)6
4−

  is 

converted into Fe(CN)6
3−

  by oxidation during charge (Reaction III). The above 

reactions go in the opposite direction during discharge. 

To simply the modeling, several assumptions are adopted in this work: 

1. The battery is working under an isothermal condition. 

2. The fluid is considered incompressible. 

3. Physical properties of all domains are assumed to be isotropic and 

homogeneous. 

4. Both hydrogen and oxygen evolution reactions are ignored. 

5. In the case of species transport, dilute solution approximation is employed. 

6. Variances in concentration, potential, and pressure along the width of the battery 

are neglected. 

7. The volume change due to water carriage through the membrane is ignored. 

2.1 Governing equations 
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The charge transferred between the electrolyte and the solid-state electrode 

domain obeys the conservation of charge: 

   ∇ ⋅ 𝑗𝑙
𝑒 + ∇ ⋅ 𝑗𝑠

𝑒 = 0                      (1) 

where 𝑗𝑙
𝑒 and 𝑗𝑠

𝑒 represent the ionic and electronic current densities, separately: 

𝑗𝑙
𝑒 = 𝐹 ∑ 𝑧𝑖 𝑁⃗⃗⃗𝑖

𝑒
𝑖                         (2) 

𝑗𝑠
𝑒 = 𝜎𝑠

𝑒∇𝜙𝑠
𝑒                         (3) 

where F is Faraday constant, 𝑧𝑖   denotes the charge number, 𝑁⃗⃗⃗𝑖
𝑒  denotes the solute 

species flux, which can be determined by the Nernst-Planck equation: 

𝑁⃗⃗⃗𝑖
𝑒 = −𝐷𝑖

𝑒𝑓𝑓
∇𝑐𝑖

𝑒 − 𝑧𝑖𝑢𝑖
𝑒𝑐𝑖

𝑒𝐹∇𝜙𝑙
𝑒 + 𝑣𝑔𝑐𝑖

𝑒                  (4) 

in which the mass transfer owing to diffusion, migration, and convection is presented. 

𝑢𝑖
𝑒 is the ionic mobility, 𝑐𝑖

𝑒 is the species concentration in the bulk solution, 𝜙𝑙
𝑒  and 

𝑣𝑔 are the potential and velocity of electrolyte, respectively. The effective diffusion 

coefficient 𝐷𝑖
𝑒𝑓𝑓

 is determined by the Bruggemann correlation: 

𝐷𝑖
𝑒𝑓𝑓

= 𝜀3/2𝐷𝑖                            (5) 

According to the dilute solution approximation, the ionic mobility 𝑢𝑖
𝑒 is given by 

the Nernst-Einstein equation: 

𝑢𝑖
𝑒 =

𝐷𝑖
𝑒𝑓𝑓

𝑅𝑇
                              (6) 

in which R and T represent the universal gas constant and temperature, separately. 

To descript the rates of electrochemical reactions, the Butler-Volmer equation is 

given for the positive (+) and negative (-) electrodes: 

𝐹𝐷𝐹𝑒2+(
𝑐

𝐹𝑒2+
𝑒 −𝑐

𝐹𝑒2+
𝑠

𝑟𝑝
) = 𝐹𝑘+(𝑐𝐹𝑒2+

𝑒 )(1−𝛼+)(𝑐𝐹𝑒3+
𝑒 )𝛼+[(

𝑐
𝐹𝑒2+
𝑠

𝑐
𝐹𝑒2+
𝑒 ) exp (

(1−𝛼+)𝐹𝜂−

𝑅𝑇
) −

(
𝑐

𝐹𝑒3+
𝑠

𝑐
𝐹𝑒3+
𝑒 ) exp (

−𝛼+𝐹𝜂−

𝑅𝑇
)]                      (7a) 
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𝐹𝐷𝐹𝑒3+(
𝑐

𝐹𝑒3+
𝑒 −𝑐

𝐹𝑒3+
𝑠

𝑟𝑝
) = 𝐹𝑘+(𝑐𝐹𝑒2+

𝑒 )(1−𝛼+)(𝑐𝐹𝑒3+
𝑒 )𝛼+[(

𝑐
𝐹𝑒2+
𝑠

𝑐
𝐹𝑒2+
𝑒 ) exp (

(1−𝛼+)𝐹𝜂−

𝑅𝑇
) −

(
𝑐

𝐹𝑒3+
𝑠

𝑐
𝐹𝑒3+
𝑒 ) exp (

−𝛼+𝐹𝜂−

𝑅𝑇
)]                      (7b) 

𝐼− = 𝑎−𝐹𝑘−(𝑐𝑂𝐻−)(1−𝛼−)(𝑐𝑍𝑛(𝑂𝐻4)2−)𝛼−[(
𝑐𝑂𝐻−

𝑐𝑂𝐻−,𝑟𝑒𝑓
)

4

(
𝑀𝑍𝑛

𝑀𝑍𝑛,𝑟𝑒𝑓
)exp (

2(1−𝛼−)𝐹𝜂−

𝑅𝑇
) −

(
𝑐

𝑍𝑛(𝑂𝐻4)2−

𝑐𝑍𝑛(𝑂𝐻4)2−,𝑟𝑒𝑓

) exp (
−2𝛼−𝐹𝜂−

𝑅𝑇
)]                      (7c) 

where I represents the local reaction current density, a denotes the specific active 

surface area, k and α denote the standard rate constant and charge transfer coefficient, 

respectively. 𝑟𝑝  represents the mean pore radius of the electrode, 𝑐𝑖
𝑠  represents the 

species concentration at the interface of liquid (electrolyte) and solid (electrode), 

𝐷𝐹𝑒2+ and 𝐷𝐹𝑒3+ represent the diffusion coefficient of Fe(CN)6
4−

 and Fe(CN)6
3−

, 

separately. η denotes the overpotential and is determined by the following equation: 

𝜂𝑗 = 𝜙𝑙
𝑒 − 𝜙𝑠

𝑒 − 𝐸0,𝑗                     (8) 

where 𝐸0,𝑗  is the equilibrium potential of each half-cell and can be determined from 

the Nernst equations: 

𝐸0,− = 𝐸0,−

′
+

𝑅𝑇

𝐹
ln (

𝑐
𝐹𝑒3+
𝑒

𝑐
𝐹𝑒2+
𝑒 )                   (9) 

𝐸0,+ = 𝐸0,+

′
+

𝑅𝑇

𝐹
ln (

𝑐
𝑍𝑛(𝑂𝐻4)2−
𝑒

𝑐𝑂𝐻−
𝑒 4 )                (10) 

 

2.1.1 Mass conservation in the electrode 

Each of the charged species in the porous regions is defined by the mass 

conservation shown below: 

𝜕

𝜕𝑡
(𝜀𝑐𝑖

𝑒) + ∇ ⋅ 𝑁⃗⃗⃗𝑖
𝑒 = −𝑆𝑖                      (11) 

where 𝜀 denotes the electrode porosity, and 𝑆𝑖 represents the source term. 

For the negative electrode, the porosity changes owing to the zinc deposition 

during the charge process, which can be determined as:  
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𝜕𝜀

𝜕𝑡
=

1

2𝐹

𝑀𝑊𝑍𝑛

𝜌𝑍𝑛 𝑎−𝐼−                      (12) 

where MW and ρ denote the molecular weight and density, separately. The term on 

the right side demonstrates the electrode volume change due to the transformation of 

𝑍𝑛(𝑂𝐻4)2− to zinc. 

The effective specific surface area of the negative electrode changes as a result of 

zinc deposition and can be described as follows [34]: 

𝑎

𝑎0
= 1 − (

𝜀𝑝

𝜀
)𝑝                         (13) 

where 𝑎0  denotes the initial specific active surface area, 𝜀𝑝  denotes the volume 

fraction of the solid products, p denotes a geometric factor that illustrates the 

morphology of the deposition covering the electrode surface, and the value is chosen 

as a constant of 0.5 in this work. 

2.1.2 Mass conservation in the membrane 

Mass balance principle is applied to each of the charged species in the membrane 

region: 

𝜕𝑐𝑖
𝑚

𝜕𝑡
= −∇ ⋅ 𝑁⃗⃗⃗𝑖

𝑚                          (14) 

where 𝑐𝑖
𝑚 denotes the species concentration in the membrane, and 𝑁⃗⃗⃗𝑖

𝑚 is calculated 

from the Nernst-Planck equation. Unlike the electrolyte in the porous electrode, 

electroneutrality is not applied to the solution in the membrane. Assuming that only 

water and protons are present in the membrane, and the proton concentration satisfies 

the following equation: 

𝑧𝑓𝑐𝑓 + 𝑐𝐻+ = 0                         (15) 

where 𝑧𝑓 and 𝑐𝑓 represent the numbers and concentration of the fixed site charge in 

the ion-exchange membrane, respectively. The value of 𝑐𝐻+ is regarded as constant. 
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In the case of the membrane, the velocity 𝑣 ⃗⃗⃗ ⃗𝑚 in the Nernst-Planck equation can be 

calculated from a different form of the Schlogl equation: 

𝑣 ⃗⃗⃗ ⃗𝑚 = −
𝜅𝑝

𝜇𝑤
∇𝑝 −

𝜅𝜙

𝜇𝑤
𝑐𝑓𝐹(∇𝜙𝑙

𝑚 + ∇𝜙𝑑𝑖𝑓𝑓
𝑚 )               (16) 

where 𝜇𝑤  represents the viscosity of water, 𝜅𝜙  and 𝜅𝑝  denote the electro-kinetic 

and the hydraulic permeability, respectively. The first term on the right side illustrates 

the osmosis of water through the membrane caused by the different pressure between 

the two half-cells. The last term signifies that the fluid and the charged species have 

viscous interactions resulting in the electro-osmotic convection, where 𝐹(∇𝜙𝑙
𝑚 +

∇𝜙𝑑𝑖𝑓𝑓
𝑚 ) represents the body force acting on the mobile ions. The term ∇𝜙𝑙

𝑚 is the 

potential difference of liquid in the membrane region, ∇𝜙𝑑𝑖𝑓𝑓
𝑚  denotes the effective 

diffusion potential illustrating the viscous resistance caused by ion diffusion and can 

be defined as: 

∇𝜙𝑑𝑖𝑓𝑓
𝑚 =

𝐹 ∑ 𝑧𝑖𝐷𝑖
𝑚𝑐𝑖

𝑚

𝜎𝑒𝑓𝑓
𝑚                        (17) 

where 𝜎𝑒𝑓𝑓  
𝑚 denotes the membrane effective conductivity: 

𝜎𝑒𝑓𝑓
𝑚 =

𝐹2

𝑅𝑇
∑ 𝑧𝑖

2
𝑖 𝐷𝑖

𝑚𝑐𝑖
𝑚                      (18) 

2.2 Boundary conditions 

At the interface of electrode and current collector, along the top and bottom of the 

membrane, the fluxes of the species are supposed as zero: 

0 = {
−n ⋅ 𝑁⃗⃗⃗𝑖

𝑒     𝑥 = 𝑥1 𝑎𝑛𝑑 𝑥 = 𝑥4

−n ⋅ 𝑁⃗⃗⃗𝑖
𝑚     𝑦 = 0 𝑎𝑛𝑑 𝑦 = ℎ𝑐𝑒𝑙𝑙

                  (19) 

At the bottom entrances of the electrodes, the electrolyte velocity and species 

concentrations are used to calculate the inward fluxes of the species: 
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𝑦 = 0(𝑖𝑛𝑙𝑒𝑡) {
−n ⋅ 𝑣 =

𝜔

𝜀𝑤𝑐𝑒𝑙𝑙𝐿𝑒

𝑐𝑖
𝑒 = 𝑐𝑖

𝑖𝑛(𝑡)
                   (20) 

where 𝑤𝑐𝑒𝑙𝑙  is the width of the cell, 𝐿𝑒 is the electrode thickness, and 𝜔 denotes the 

volumetric flow rate. At the top exits of electrodes, the pressure can be taken as constant, 

and species flux driven by diffusion is supposed as zero: 

𝑦 = ℎ𝑐𝑒𝑙𝑙(𝑜𝑢𝑡𝑙𝑒𝑡) {
𝑃 = 𝑃𝑜𝑢𝑡

−𝑛⃗⃗ ⋅ 𝐷𝑖
𝑒𝑓𝑓

∇𝑐𝑖
𝑒 = 0

               (21) 

A Neumann condition is applied to all boundaries of the pressure equation integral 

domain, in addition to the entrances and exits: 

𝑛⃗⃗ ⋅ ∇𝑃 = 0                           (22) 

The current density is set as constant, and at the current collectors the boundary 

conditions during charge are given as follows: 

−𝑛⃗⃗ ⋅ 𝑗𝑠
𝑐𝑐 = {

−
𝐼𝑎𝑝𝑝

ℎ𝑐𝑒𝑙𝑙𝑤𝑐𝑒𝑙𝑙
     𝑥 = 0

𝐼𝑎𝑝𝑝

ℎ𝑐𝑒𝑙𝑙𝑤𝑐𝑒𝑙𝑙
     𝑥 = 𝑥5

                (23) 

the term Iapp denotes the applied current density, of which the signs are opposite when 

charging and discharging. Thus, at the top and bottom of the electrodes and membrane, 

an electrical insulation condition is applied: 

−𝑛⃗⃗ ⋅ 𝑗𝑠
𝑐𝑐 = −𝑛⃗⃗ ⋅ 𝑗𝑠

𝑒 = −𝑛⃗⃗ ⋅ 𝑗𝑙
𝑚 = −𝑛⃗⃗ ⋅ 𝑗𝑙

𝑒 = 0 𝑦 = 0 𝑎𝑛𝑑 𝑦 = ℎ𝑐𝑒𝑙𝑙       (24) 

The boundary condition at the negative (‘−’) current collector is to be grounded: 

𝜙𝑠
𝑐𝑐 = 0  𝑥 = 0                           (25) 

During the operation, the species concentrations and the volumes of the 

electrolytes are changing all the time as a result of the redox reactions and species 

crossover. To illustrate the species concentration changes, the conservation of mass is 

used to simulate the inlet concentration for each species : 
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𝑉

ℎ𝑐𝑒𝑙𝑙

𝑑

𝑑𝑡
(𝑐𝑖

𝑖𝑛) = ∫ (𝑁⃗⃗⃗𝑖 ⋅ 𝑛⃗⃗)
𝑜𝑢𝑡𝑙𝑒𝑡

𝑑𝑆 − ∫ (𝑁⃗⃗⃗𝑖 ⋅ 𝑛⃗⃗)
𝑖𝑛𝑙𝑒𝑡

𝑑𝑆   𝑐𝑖
𝑖𝑛(0) = 𝑐𝑖

0      (26) 

in which V represents the total volume of the electrolyte flowing through the tank. 𝑁⃗⃗⃗𝑖 ⋅

𝑛⃗⃗ denotes the molar fluxes of the respective electrolyte species in the normal direction 

to the boundary. 

3. Numerical results 

3.1 Calculation details 

To compare with the experimental results, the initial parameters such as the 

geometric sizes are adopted from literature, as listed in Table 1. The kinetics values 

and general parameters applied in calculations are given in Table 2 and Table 3, 

separately. 

The model was solved via a finite-element method using COMSOL Multiphysics 

software with the modules of the tertiary current distribution and ODE options. The 

mesh includes 2556 elements, and the relative tolerance of 10-3 was utilized. The cut-

off voltages of the charge and discharge processes were 1.94 V and 1.50 V, respectively. 

3.2 Model validation 

The performance predictions of the present model were compared with 

experimental data from Yuan’s work using the same parameters at the current density 

of 60 mA cm-2 [27]. As displayed in Fig. 2, a good agreement in voltages is observed 

with the maximum variation of 2.45% (Table S1), illustrating that the present model is 

able to simulate the discharge-charge behavior of a zinc-iron flow battery. The slight 

discrepancies between the voltage profiles may come from the lack of accurate data 

(e.g., transfer coefficient) and the neglect of side reactions such as hydrogen evolution. 
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The zinc deposition may cause the blockage of electrode pores and lead to severe 

polarization when charge ends, which can hardly be simulated perfectly. Moreover, the 

crossover of active materials can also cause capacity loss, which is neglected in the 

simulation. 

Fig. 3 depicts the species concentration distribution of the battery at 50% state of 

charge or discharge. The simulation results indicate different distribution behaviors 

between positive and negative electrodes. During charge, from Fig. 3a, the 

concentration near the current collector appears to be higher, which can be attributed 

to the different conductivity of the electrode (the electronic conductor) and the 

electrolyte (the ionic conductor). Since the electrolyte flow direction is from bottom to 

top, there is no enough time for Zn(OH)4
2−

  ions to consume completely at the 

entrance, leading the concentration at the bottom much higher than that at the top. 

During discharge, as shown in Fig. 3b, a similar trend is exhibited but with more 

uniform distribution, which is due to the resolution of the zinc raising the porosity, 

resulting in better transport of species. Thus, the flow condition and the electrode 

structure are crucial to the battery performance, and their influences are thus detailedly 

investigated in the following sections. 

4. Analysis and discussion 

In this section, relying on the developed model of the zinc-iron flow battery, the 

influences of the applied flow rate and electrode geometry are investigated. From the 

analysis, the optimal performance with well-design parameters is also presented. 

4.1 Effects of flow rate 
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To reveal the effects of flow rate, the charge and discharge voltage profiles of the 

zinc-iron flow battery with three different volumetric flow rates are demonstrated in 

Fig. 4. It appears that the charge voltage decreases and a larger capacity is acquired 

when the flow rate gets higher. During discharge, with the flow rate rising, both 

capacity and voltage increase. The battery performance is summarized in Table 4. At a 

small volumetric flow rate of 10 mL min-1, the electrolyte utilization only researches 

80.13%, and the coulombic efficiency and energy efficiency are 92.98% and 86.82%, 

separately. As the volumetric flow rate increases to 50 mL min-1, the electrolyte 

utilization improves to 93.76%, and the coulombic efficiency and energy efficiency 

reach 98.82% and 92.60%, respectively. Thus, a higher flow rate is expected to be more 

favorable for high performance. 

To look inside the reason for the performance improvement at a higher flow rate, 

the species distribution at 50% charge and discharge stages are shown in Fig. 5a and 

5b, respectively. The uniformity of species concentration distribution increases with a 

growth of the flow rate during both charge and discharge. As shown in Table S2, the 

standard deviation and the coefficient of variation of the species concentration are the 

least at the flow rate of 50 mL min−1. According to this result, the electrolyte is 

efficiently circulated at higher flow rates, which promotes the active species transport, 

thereby, reducing the concentration overpotential. When adopting a larger flow rate, 

the performance will keep improving, but the enhancement is limited. For example, the 

electrolyte utilization and energy efficiency become 93.93% and 94.83%, respectively, 

at a very high rate of 300 mL min−1. It is worth noting that here we only consider the 



15 
 

effects of flow rate on the battery performance, while a higher flow rate may require 

more pump work. Hence, the net obtained energy should be carefully estimated in 

practical applications. 

4.2 Effects of electrode geometry 

4.2.1 Electrode thickness 

Besides the operating conditions, the electrode geometry also plays a significant 

role in the charge/discharge performance. Fig. 6 shows the simulated charge and 

discharge voltage profiles of the zinc-iron flow battery with different electrode 

thicknesses at the same volumetric flow rate of 15 mL min−1. Upon charging, both the 

porosity and the specific surface area decrease as a result of zinc deposition (Fig. S1), 

the behavior during discharge is the opposite as zinc dissolve (Fig. S2). As the electrode 

thickness is increased from 5 mm to 10 mm, the voltage drop can be observed. At the 

end of charge, the porosity and the specific surface area of the electrode with the 

thickness of 10 mm are the greatest, demonstrating the fact that the enlarged charge 

transport pathway in the thicker electrode leads to better electrolyte utilization. During 

discharge, with the electrode thickness increasing, the capacity improves remarkably 

while the voltage reduces a little. This may be because that with a growth of the 

thickness, the ohmic loss increases owing to the longer routes for electron and ion 

transport. While a thicker electrode offers more surface areas, and thus improving the 

utilization of the electrolyte and leading to a higher discharge capacity.  

To explicate the intrinsic mechanism of the electrode thickness on the battery 

performance, the concentration distribution in both electrodes at the 50% SOC during 
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charge and discharge is examined, as displayed in Fig. 7. From Fig. 7a, the 

concentration in the negative electrode (left side) is more evenly distributed at a small 

electrode thickness, while an opposite pattern is shown at the positive electrode (right 

side). This can be explained by that the average concentration increases with an 

increase of the electrode thickness owing to the incomplete depletion of Zn(OH)4
2−

at 

the negative electrode (Table S3). As for the positive electrode during charge, the 

average concentration and the standard deviation of the 10 mm electrode is the lowest, 

indicating that as the electrode getting thicker, the Fe(CN)6
4−

 ions are insufficiently 

utilized. However, the voltage profile shows the opposite trend, which might because 

the activation overpotential is the dominating mechanism that a thicker electrode has a 

larger reaction surface area, compensating the concentration polarization. During 

discharge, the concentration of the electrode with a thickness of 5 mm is the most 

uniform. This is because the diffusion distances of ions at the thinner electrode are short, 

making it easier to transport and react sufficiently. From the results in Table 5, the 

electrolyte utilization, coulombic efficiency, and energy efficiency increase as the 

electrode thickness increases, which can be explained by the fact that the potential loss 

is compromised by the capacity increase when the electrode gets thicker. 

4.2.1 Electrode porosity 

Fig. 8 compares the charge and discharge voltage profiles of the cell with different 

electrode porosity and the electrode thickness of 7 mm at the flow rate of 15 mL min−1. 

When charging, a lower voltage at the higher porosity is observed. During discharge, 

the voltage and capacity increase a lot with the increase of porosity. As displayed in 
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Fig. 9, during both charge and discharge, the concentration is more uniform at higher 

porosity (Table S4), which is due to the fact that the ion transport pathway is enlarged, 

decreasing the internal resistance. In addition, high porosity means a larger specific 

surface area for electrochemical reactions, promoting the contact among the active 

species in the porous electrode, resulting in the sufficient utilization of the electrolyte. 

Consequently, the overpotential is the lowest for the battery with the porosity of 0.94, 

and the battery owns the best performance, as summarized in Table 6. Nevertheless, 

with the porosity increasing, the mechanical strength of the carbon felt electrode will 

decrease simultaneously, which is hard to simulate but should be noticed in the actual 

operation.  

4.3 Parameter design for performance improvement 

According to the analysis presented above, a high flow rate and a high porosity 

are beneficial to the zinc-iron flow battery, while the concentration distribution patterns 

are different at the negative and positive electrodes. Thereby, to investigate the role of 

electrode thickness playing in the optimization, we compared the performance of the 

battery with the electrode thicknesses of both 7 mm, 10 mm, and asymmetry designs 

of the mixed thickness at a porosity of 0.98 and a volumetric flow rate of 50 mL min−1. 

As the results shown in Table S5, the coulombic efficiency and energy efficiency of the 

battery utilizing the negative electrode of 7 mm and the positive electrode of 10 mm is 

the highest, indicating that the asymmetry design is as favorable as expected when the 

positive electrode being thicker than the negative electrode. Therefore, the 

asymmetrical electrode with 7 mm in the negative electrode and 10 mm in the positive 
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electrode is applied in the optimization with high porosity and flow rate. Fig. 10a 

shows that a much larger capacity is obtained when utilizing the optimized parameters, 

and the charge voltage is reduced on charging. The comparisons of concentration 

distribution between the optimization and original designs are shown in Fig. 10b and 

10c. The species of the battery adopting modified parameters distribute much more 

uniform, confirming that the applied parameters are favorable to the optimization of 

the zinc-iron flow batteries. As presented in Table 7, the optimized battery exhibits 

high coulombic efficiency (CE=99.18%) and outstanding energy efficiency 

(EE=92.84%) comparing to the initial design, demonstrating an impressive 

performance enhancement. 

5. Conclusions 

In this work, a two-dimensional, transient, and isothermal mathematical model for 

an alkaline zinc-iron flow battery has been developed for the first time. The comparison 

of the simulation results with experimental data demonstrates that the model can 

accurately capture the charge and discharge behaviors of the battery. Based on this 

model, the in-depth analysis of key parameters is carried out, including the electrolyte 

flow rate, the electrode thickness, and the electrode porosity. The results demonstrate 

that a high flow rate can promote active species transport and reduce the concentration 

overpotential, leading to high electrolyte utilization. As the electrode thickness 

increasing, the capacity improves remarkably owing to the increased surface areas, 

while the discharge voltage reduces a little due to the longer routes for electron and ion 

transport. As the potential loss can be compromised by the capacity enhancement, the 
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energy efficiency increases as an increase of the electrode thickness. With an increase 

of porosity, the ion transport pathway is enlarged and the specific surface area is 

enlarged for electrochemical reactions, resulting in high energy density and efficiency. 

Inspired by the numerical analysis, the parameters of a zinc-iron flow battery have been 

optimized by utilizing a high flow rate of 50 mL min−1, an asymmetrical thickness of 

7 mm in the negative electrode and 10 mm in the positive electrode, and high porosity 

of 0.98, by which the electrolyte utilization, coulombic efficiency, and energy 

efficiency attain 98.62%, 99.18%, and 92.84%, respectively, significantly higher than 

those of the initial design. This work can favor the development of high-performance 

zinc-iron flow batteries and be extended to other flow batteries for design optimization. 
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Nomenclature 

a 

c 

D 

specific electroactive area (m2 m−3) 

concentration (mol m−3) 

diffusion coefficient (m2 s−1) 

𝐸0 equilibrium potential (V) 

𝐸0

′
 standard reaction potential (V) 

F Faraday constant (96,485 C mol−1) 

h height 

I  current density (A m-2) 

k reaction rate 

L component thickness (m) 

n transferred electron 

𝑛⃗⃗ outward normal vector 

𝑁⃗⃗⃗ 

P 

p 

molar species flux (mol m-2 s-1)  

pressure  

geometric factor 

R 

S 

universal gas constant (8.314 J mol−1 K−1) 

source (mol m-3 s-1) 

T 

t 

temperature (K) 

time 

u 

V 

𝑣 

w 

x  

y 

z 

ion mobility 

volume (mL) 

velocity (m s-1) 

component width (m) 

distance along cell width (m) 

distance along cell height (m) 

valence 

Greek 
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𝛼 
𝜂 

transfer coefficient 

overpotential (V) 

ε porosity 

𝜀𝑝 volume fraction of solid  

𝜅 permeability (m2) 

𝜌 density (kg m−3) 

σ 

𝜇𝑤 

𝜔 

conductivity (S m−1) 

dynamic viscosity of water 

volumetric flow rate (m3 s−1) 

ϕ electric potential (V) 

Subscripts 

cell 

cha 

dis 

diff 

D 

e 

eff 

f 

g 

l 

property of cell  

charge 

discharge 

diffusion 

pertinent to diffusion 

electrolyte phase 

effective, corrected for tortuosity 

fixed membrane structure 

electrolyte 

liquid or ionic 

j reaction  

ref 

s 

reference 

solid or electronic 

i specie  

+ positive half-cell 

− negative half-cell 

Superscripts  

e 

eff 

m 

out 

s 

electrode or electrolyte domain 

effective value 

membrane domain 

outlet 

surface 
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Table 1 Parameters used in the simulation 

Parameter Symbol Value Unit Ref. 

Geometrical properties 

Thickness of the membrane 𝐿𝑚 3.5 × 10−5 m [27] 

Thickness of the electrode 𝐿𝑒 0.01 m  

Porosity of the electrode 𝜀 0.94 - [27] 

Specific surface area of the 

electrode 
a 5.0 × 104 m−1  

Height of the cell ℎ𝑐𝑒𝑙𝑙 0.06 m [27] 

Width of the cell  𝑤𝑐𝑒𝑙𝑙  0.08 m [27] 

Electrolyte properties 

Diffusion coefficient of OH- 𝐷OH− 5.27 × 10−9 m2 s−1 [35] 

Diffusion coefficient of K+ 𝐷K+ 1.96 × 10−9 m2 s−1 [35] 

Diffusion coefficient of Na+ 𝐷Na+ 1.33 × 10−9 m2 s−1 [35] 

Diffusion coefficient of 

Zn(OH)4
2−

 
𝐷Zn(OH)4

2−  3.10 × 10−10 m2 s−1 [35] 

Diffusion coefficient of 

Fe(CN)6
4−

 
𝐷Fe(CN)6

4− 7.35 × 10−10 m2 s−1 [35] 

Diffusion coefficient of 

Fe(CN)6
3−

 
𝐷Fe(CN)6

3− 8.96 × 10−10 m2 s−1 [35] 

OH- initial concentration in 

negative electrolyte 
𝑐−,OH−

0  4000 mol m−3 [27] 

OH- initial concentration in 

postive electrolyte 
𝑐+,OH−

0  3000 mol m−3 [27] 

Zn(OH)4
2− initial 

concentration in negative 

electrolyte 

𝑐
Zn(OH)4

2−
0  500 mol m−3 [27] 

Zn initial concentration in 

negative electrolyte 
𝑐𝑍𝑛

0  20 mol m−3 [27] 

Na+ initial concentration in 

negative electrolyte 
𝑐−,Na+

0  4000 mol m−3 [27] 

Na+ initial concentration in 

postive electrolyte 
𝑐+,Na+

0  1000 mol m−3 [27] 

Fe(CN)6
4− initial concentration 𝑐

Fe(CN)6
4−

0  1000 mol m−3 [27] 
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in postive electrolyte 

Fe(CN)6
3− initial concentration 

in postive electrolyte 
𝑐

Fe(CN)6
3−

0  20 mol m−3 [27] 

K+ initial concentration in 

postive electrolyte 
𝑐K+

0  3000 mol m−3 [27] 
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Table 2 Kinetic parameters used in the simulation 

Parameter Symbol Value Unit 

Anodic transfer coefficients of negative 

reaction, charge  
𝛼−,𝑐ℎ𝑎

𝑎  0.6 - 

Cathodic transfer coefficients of negative 

reaction, charge 
𝛼−,𝑐ℎ𝑎

𝑐  0.4 - 

Anodic transfer coefficients of positive 

reaction, charge  
𝛼+,𝑐ℎ𝑎

𝑎  0.6 - 

Cathodic transfer coefficients of positive 

reaction, charge  
𝛼+,𝑐ℎ𝑎

𝑐  0.4 - 

Anodic transfer coefficients of negative 

reaction, discharge 
𝛼−,𝑑𝑖𝑠

𝑎  0.5 - 

Cathodic transfer coefficients of negative 

reaction, discharge 
𝛼−,𝑑𝑖𝑠

𝑐  0.5 - 

Anodic transfer coefficients of positive 

reaction, discharge  
𝛼+,𝑑𝑖𝑠

𝑎  0.2 - 

Cathodic transfer coefficients of positive 

reaction, discharge 
𝛼+,𝑑𝑖𝑠

𝑐  0.8 - 

Standard rate constant of negative reaction, 

charge  
𝑘−,𝑐ℎ𝑎 4 × 10−8 m s−1 

Standard rate constant of positive reaction, 

charge 
𝑘+,𝑐ℎ𝑎 4 × 10−8 m s−1 

Standard rate constant of negative reaction, 

discharge 
𝑘−,𝑑𝑖𝑠  1 × 10−7 m s−1 

Standard rate constant of positive reaction, 

discharge 
𝑘+,𝑑𝑖𝑠  6 × 10−5 m s−1 
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Table 3 General parameters 

Parameter Symbol Value Unit Ref. 

General parameter 

Density of Zn 
Zn  7,140 kg m−3  

Molecular weight of Zn ZnMW  65.38 g mol−1  

Operating temperature T 298.15 K  

Conductivity of the electrode 𝜎 300 S m−1  

Number of transferred 

electrons of negative reaction 
n- 2 -  

Number of transferred 

electrons of positive reaction 
n+ 1 -  

Standard potential of negative 

reaction 
𝐸0,−

′
 -1.41 V [27] 

Standard potential of positive 

reaction 
𝐸0,+

′
 0.33 V [27] 

Electrolyte volume per half-

cell 
V 60 mL [27] 
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Table 4 Battery performance at different flow rates 

Volumetric  

flow rate 

(mL 

min−1) 

Charge 

capacity 

(Ah L−1) 

Discharge 

capacity 

(Ah L−1) 

Electrolyte  

utilization 

(%) 

Coulombic 

efficiency 

(%) 

Charge 

energy 

(Wh L−1) 

Discharge 

energy 

(Wh L−1) 

Energy 

efficiency 

(%) 

10 23.10 21.48 80.13 92.98 42.96 37.29 86.82 

15 24.00 22.92 85.53 95.52 44.57 39.84 89.40 

50 25.43 25.13 93.76 98.82 47.14 43.65 92.60 

 

 

 

 

 

 

Table 5 Battery performance with different electrode thicknesses 

Electrode 

thickness 

(mm) 

Charge 

capacity 

(Ah L−1) 

Discharge 

capacity 

(Ah L−1) 

Electrolyte 

utilization 

(%) 

Coulombic 

efficiency 

(%) 

Charge 

energy 

(Wh L−1) 

Discharge 

energy 

(Wh L−1) 

Energy 

efficiency 

(%) 

5 21.45 18.05 67.35 84.16 39.88 31.45 78.85 

7 24.05 21.02 78.42 87.39 44.67 36.37 81.43 

10 26.65 23.99 89.51 90.01 49.50 41.04 82.92 
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Table 6 Battery performance with different electrode porosity 

Porosity 

Charge 

capacity 

(Ah L−1) 

Discharge 

capacity 

(Ah L−1) 

Electrolyte 

utilization 

(%) 

Coulombic 

efficiency 

(%) 

Charge 

energy 

(Wh L−1) 

Discharge 

energy 

(Wh L−1) 

Energy 

efficiency 

(%) 

0.70 20.80 17.72 66.11  85.19  38.80 30.30 78.11  

0.80 22.75 19.68 73.42  86.50  42.38 33.90 79.98  

0.94 24.00 22.92 85.53  95.52  44.57 39.84 89.40  

 

 

 

 

 

 

Table 7 Comparison of the battery performance under initial and optimization designs 

Design Porosity 

Electrode 

thickness 

(mm) 

Volumetric 

flow rate 

(mL min−1) 

Charge 

capacity 

(Ah L−1) 

Discharge 

capacity 

(Ah L−1) 

Electrolyte 

utilization 

(%) 

Coulombic 

efficiency 

(%) 

Charge 

energy 

(Wh L−1) 

Discharge 

energy 

(Wh L−1) 

Energy 

efficiency 

(%) 

Initial 0.94 7 15 26.00 22.92 85.53 88.16 48.45 39.84 82.23 

Optimization 0.98 7/10 50 26.65 26.43 98.62 99.18 49.20 45.68 92.84 
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Figure captions 

Fig. 1 Scheme of a zinc-iron flow battery. The computational domain is from 0 to x6. 

Fig. 2 Comparison of the simulated voltage profiles of a zinc-iron flow battery at the 

current density of 60 mA cm-2 with the experimental data. 

Fig. 3 The species distribution at 50% stage: (a) Zn(OH)4
2−

  (left side) and 

Fe(CN)6
3−

 (right side) during charge and (b) Zn(OH)4
2−

 (left side) and Fe(CN)6
4−

 

(right side) during discharge. 

Fig. 4 Charge and discharge voltage profiles of the battery at different flow rates. 

Fig. 5 The species distribution at different flow rates at 50% stage: (a) Zn(OH)4
2−

 

(left side) and Fe(CN)6
3−

 (right side) during charge and b) Zn(OH)4
2−

 (left side) 

and Fe(CN)6
4−

 (right side) during discharge. 

Fig. 6 Charge and discharge voltage profiles of the battery with different electrode 

thicknesses. 

Fig. 7 The species distribution of different electrode thickness at 50% stage: (a) 

Zn(OH)4
2−

 (left side) and Fe(CN)6
3−

 (right side) during charge and (b) Zn(OH)4
2−

 

(left side) and Fe(CN)6
4−

 (right side) during discharge. 

Fig. 8 Charge and discharge voltage profiles of the battery with different electrode 

porosity. 

Fig. 9 The species distribution of different electrode porosity at 50% stage: (a) 

Zn(OH)4
2−

 (left side) and Fe(CN)6
3−

 (right side) during charge and (b) Zn(OH)4
2−

 

(left side) and Fe(CN)6
4−

 (right side) during discharge. 

Fig. 10 Performance comparison between the initial and optimized design. (a) Charge 

and discharge voltage profiles. (b-c) The species distribution at 50% stage: (b) 

Zn(OH)4
2−

 (left side) and Fe(CN)6
3−

 (right side) during charge and (c) Zn(OH)4
2−

 

(left side) and Fe(CN)6
4−

 (right side) during discharge. 
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Fig. 1 Scheme of a zinc-iron flow battery. The computational domain is from 0 to x6. 
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Fig. 2 Comparison of the simulated voltage profiles of a zinc-iron flow battery at the 

current density of 60 mA cm-2 with the experimental data. 

 

 

Fig. 3 The species distribution at 50% stage: (a) Zn(OH)4
2−

  (left side) and 

Fe(CN)6
3−

 (right side) during charge and (b) Zn(OH)4
2−

 (left side) and Fe(CN)6
4−

 

(right side) during discharge. 
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Fig. 4 Charge and discharge voltage profiles of the battery at different flow rates. 

 

Fig. 5 The species distribution at different flow rates at 50% stage: (a) Zn(OH)4
2−

 

(left side) and Fe(CN)6
3−

 (right side) during charge and b) Zn(OH)4
2−

 (left side) 

and Fe(CN)6
4−

 (right side) during discharge. 
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Fig. 6 Charge and discharge voltage profiles of the battery with different electrode 

thicknesses. 

 

Fig. 7 The species distribution of different electrode thickness at 50% stage: (a) 

Zn(OH)4
2−

 (left side) and Fe(CN)6
3−

 (right side) during charge and (b) Zn(OH)4
2−

 

(left side) and Fe(CN)6
4−

 (right side) during discharge. 
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Fig. 8 Charge and discharge voltage profiles of the battery with different electrode 

porosity. 

 

Fig. 9 The species distribution of different electrode porosity at 50% stage: (a) 

Zn(OH)4
2−

 (left side) and Fe(CN)6
3−

 (right side) during charge and (b) Zn(OH)4
2−

 

(left side) and Fe(CN)6
4−

 (right side) during discharge. 

 



38 
 

 

 

 

 

 

Fig. 10 Performance comparison between the initial and optimized design. (a) Charge 

and discharge voltage profiles. (b-c) The species distribution at 50% stage: (b) 

Zn(OH)4
2−

 (left side) and Fe(CN)6
3−

 (right side) during charge and (c) Zn(OH)4
2−

 

(left side) and Fe(CN)6
4−

 (right side) during discharge. 

 

 




