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Abstract: Alkaline zinc-iron flow batteries attract great interest for remarkable energy 17 

density, high safety, environmentally benign. However, comprehensive cost evaluation 18 

and sensitivity analysis of this technology are still absent. In this work, a cost model for 19 

a 0.1 MW/0.8 MWh alkaline zinc-iron flow battery system is presented, and a capital 20 

cost under the U.S. Department of Energy’s target cost of 150 $ per kWh is achieved. 21 

Besides, the effects of electrode geometry, operating conditions, and membrane types 22 

on the system cost are investigated. The results illustrate that a low flow rate and thin 23 

electrodes with high porosity contribute to low capital costs under low current densities. 24 

Furthermore, the porous polybenzimidazole (PBI) membrane is more cost-effective 25 

than Nafion 212 membrane. This work provides an integrated estimation for the zinc-26 

iron flow battery system, demonstrating its tremendous potential for grid-level energy 27 

storage applications. 28 

Keywords: Zinc-iron redox flow battery; Large-scale energy storage; System cost; 29 

Sensitivity analysis 30 

This is the Pre-Published Version.https://dx.doi.org/10.1016/j.est.2021.103327

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

mailto:pe@polyu.edu.hk


 

2 
 

1. Introduction 31 

To address the pollution, rising energy costs, and climate change caused by the 32 

intensive use of fossil fuels, tremendous attention has been paid to alternative, 33 

renewable energy such as solar and wind energy [1–3]. For instance, 95% of new energy 34 

consumption in Europe from 2005 to 2030 will come from renewable energy sources 35 

[4]. However, the intermittent and unreliable characteristic of this kind of energy 36 

triggers the pursuit of energy storage technologies with competitive cost and high 37 

reliability [4–7].  38 

Flow batteries, of which the energy and power can be designed independently, 39 

combine excellent traits of great safety, high efficiency, and durable cycle life, 40 

becoming a promising candidate for the back power of renewable energy sources [8–41 

10]. Since Thaller proposed the first iron-chromium (Fe-Cr) flow battery in 1975 [11], 42 

various kinds of flow batteries have been invented and advanced, for instance, all 43 

vanadium (V-V) flow batteries [12–20], zinc-based flow batteries [21–25], iron-based 44 

flow batteries [26–30], and polymer-based flow batteries [31–35]. To balance the 45 

variability of electricity load and meet the rapid growth of energy needs, energy storage 46 

over GWh magnitude is pursued [36]. The U.S. Department of Energy (DOE) proposed 47 

a long-term target for energy storage technologies of a system capital cost under 150 48 

$ kWh-1 [37]. For this purpose, numerous works have been performed to give 49 

comprehensive cost analyses on flow battery systems for large power capacity and low 50 

capital cost. The Pacific Northwest National Laboratory (PNNL) developed a cost-51 

performance model for V-V and iron-vanadium (Fe-V) redox flow batteries and 52 
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determined the optimal chemistry and operating conditions for desired power or energy, 53 

from which the V-V chemistry and the Fe-V chemistry are the optimum options for 54 

energy-intensive and power-intensive applications, respectively [36]. Zeng et al. 55 

conducted a comparative study for V-V and iron-chromium (Fe-Cr) redox flow batteries 56 

on the cost and performance of the 1 MW-8 h system. It was found that the Fe-Cr system 57 

shows a more serious capacity decline than the V-V system and is more cost-effective 58 

at a higher range of power densities and capacities [38]. Singh et al. investigated the 59 

levelized cost of a hydrogen-bromine (H-Br) flow battery system with different 60 

configurations and performed sensitivity analyses on the system components. The 61 

lowest system capital cost of 220 $ kWh-1 is achieved for a four-hour discharge system, 62 

and extending the lifetime of electrocatalysts is needed [39]. Gong et al. presented a 1 63 

MW/8 MWh zinc-iron (Zn-Fe) flow battery system utilizing twofold membranes with 64 

threefold electrolytes, achieving a system cost lower than $100 kWh-1 [40]. 65 

From the perspective of research and development, the dominated flow battery at 66 

present is still the V-V redox flow battery. Plentiful experimental and numerical studies 67 

have been carried out to improve its performance. For instance, Yoon et al. inserted an 68 

additional electrode layer at the entrance and exit of a V-V redox flow battery to 69 

manipulate the regional porosity, and proposed an empirical equation to optimize the 70 

local electrode porosity distribution, through which, the energy efficiency of the cell 71 

can be increased to 67.7% at 150  mA cm-2 [2]. Sun et al. established a three-72 

dimensional, multi-physical model to explore the flow field design for large-scale V-V 73 

redox flow batteries. The results suggested that the cell with a split-interdigitated flow 74 

https://www.sciencedirect.com/topics/engineering/vanadium-redox-flow-battery
https://www.sciencedirect.com/topics/engineering/vanadium-redox-flow-battery
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field achieved the highest overall energy efficiency, causing the increase of pressure 75 

drop losses [18]. However, the expensive chemical cost, high demand for the purity of 76 

vanadium, and temperature-constrained inferior solubility of redox species hamper the 77 

commercialization of the V-V redox flow batteries [41]. Zn-Fe flow batteries, feature 78 

the advantages of abundant zinc metal reserve, high energy density, and low price, 79 

becoming a promising alternative to V-V flow batteries. Over the past 20 years, 80 

enormous efforts have been devoted to zinc-iron flow batteries and huge progress has 81 

been made. Yuan et al. proposed an alkaline Zn-Fe flow battery that achieved steady 82 

performance for more than 500 cycles with a self-made porous PBI membrane and a 83 

three-dimensional porous carbon felt electrode. Besides, a kilowatt cell stack with a 84 

capital cost lower than 90 $ kWh-1 was constructed [42]. In their other work, a 85 

nanoporous membrane with negative charges is developed for alkaline Zn-Fe flow 86 

batteries, with which the battery can operate stably for 240 cycles at a current density 87 

of 80 to 160 mA cm-2 [43]. Chang et al. presented an alkaline Zn-Fe flow battery based 88 

on a cost-effective membrane with highly anti-alkali microporous hollow spheres, 89 

exhibiting 500 stable cycles with coulombic efficiency of 98.6% and energy efficiency 90 

of 88.3% at 80 mA cm-2 [44]. Xie et al. proposed a neutral Zn-Fe flow battery utilizing 91 

highly soluble FeCl2 /ZnBr2  species, exhibiting steady performance for over 100 92 

cycles and a charge energy density of 56.3 Wh L-1 [45]. However, few studies have 93 

been performed on the cost prediction for this technology. Despite the cost of the 94 

double-membrane triple-electrolyte design is attractive [40], its complex configuration 95 

can be a huge barrier to further industrialization. Therefore, a comprehensive estimate 96 
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of the capital cost of a Zn-Fe flow battery system with a conventional two-electrolyte 97 

structure is in great demand. 98 

Herein, we provided a cost model for an alkaline Zn-Fe flow battery system 99 

following our previous work [46]. First, a stationary, two-dimensional electrochemical 100 

model for a Zn-Fe flow battery was established. After model validation, the capital cost 101 

for a 0.1 MW/0.8 MWh Zn-Fe flow battery system was calculated considering the shunt 102 

losses and pumping losses. Moreover, a sensitivity analysis for the battery system is 103 

performed to deeply understand the influences of the operating conditions and cell 104 

components on the system economy. This work presents a powerful approach to 105 

estimate the feasibility of the Zn-Fe flow battery system as well as offering guidance 106 

for practical applications. 107 

2. Model development 108 

 109 

Fig. 1 Schematic of a zinc-iron flow battery stack. 110 

 111 
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Fig. 1 displays the configuration of a Zn-Fe flow battery stack. The system is 112 

constructed of modules connected in 5 series and 5 parallels to meet the desired power 113 

output of 0.1 MW, in which each module contains 11 single cells connected by bipolar 114 

plates. The positive electrolyte consists of Fe(CN)6
3−/Fe(CN)6

4−
 redox pair and a 115 

KOH solution, while the negative electrolyte contains Zn(OH)4
2−/ Zn redox pair and 116 

a NaOH solution. Porous carbon felts are adopted as the electrodes and sandwich a PBI 117 

membrane to separate the negative and positive electrolytes. Gaskets are used between 118 

the contiguous components to avoid electrolyte leakage. The electrolytes are contained 119 

in separate external reservoirs and circulated through a complex pipe system with the 120 

drive of pumps. The electrochemical reactions are as follows: 121 

Negative electrode: 122 

Zn(OH)4
2− + 2e− charge

discharge

 Zn + 4OH−                (I) 123 

Zn(OH)4
2− → ZnO + 2OH−+H2O                   (II) 124 

Positive electrode: 125 

Fe(CN)6
4− charge

discharge

 Fe(CN)6
3− + e−                 (III) 126 

During charge, Zn(OH)4
2−

  reduction reaction takes place on the negative 127 

electrode, forming the deposition of metallic zinc. In the discharging process, zinc gains 128 

two electrons oxidized to Zn(OH)4
2−

  ions, then Zn(OH)4
2−

  ions accumulate 129 

increasingly and convert to ZnO once saturated. In this work, the predominant reaction 130 

at the negative electrode is assumed to be the transformation between Zn(OH)4
2−

 ions 131 

and zinc (Reaction I) with neglecting the existence of solid ZnO because the adopted 132 

concentration of Zn(OH)4
2−

  is lower than its saturation value [47]. In the positive 133 

half-cell, the Fe(CN)6
4−

  oxidation reaction and the Fe(CN)6
3−

  reduction reaction 134 

take place during charge and discharge, respectively (Reaction III).  135 
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Several assumptions are made for simplification during simulation: 136 

1. The whole cell is assumed to be isothermal. 137 

2. Incompressible fluid is utilized for electrolyte flow. 138 

3. All physical properties are considered isotropic and homogeneous. 139 

4. Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are 140 

not considered. 141 

5. Dilute solution hypothesis is adopted for mass transfer. 142 

6. Changes of concentration, potential, and pressure along the width of the cell are 143 

ignored. 144 

7. The variation of electrolyte volume driven by water transfer through the 145 

membrane is neglected. 146 

This model combines an electrochemical model with a pumping loss model and a 147 

shunt current model. For a specific current density, the relationship between the 148 

electrochemical voltage and the current density is calculated with an assumed stack area. 149 

Then, the pump loss and the shunt loss are calculated to get the effective voltage and 150 

associated power. Adjustments for flow rates and flow channel geometry are made to 151 

achieve as high a voltage as possible. When the calculated power is less than 0.1 MW, 152 

the stack area is increased and this process repeats. Once the required power is reached, 153 

the area is fixed to determine the stack component costs. Next, the electrolyte costs are 154 

determined based on the electrolyte volume needed for the 0.8 MWh output energy. All 155 

calculations above are performed at the 50% SOC for simplification. 156 

2.1 Electrochemical model 157 
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The detailed electrochemical model with the dissolution-deposition process has 158 

been developed in our previous work [46]. Here, only the main governing equations 159 

and boundary conditions are presented. 160 

2.1.1 Governing equations 161 

The ionic and electronic current densities at all domains of the cell obey the charge 162 

conservation: 163 

∇ ⋅ 𝑗𝑙
𝑒 + ∇ ⋅ 𝑗𝑠

𝑒 = 0                      (1) 164 

where 𝑗𝑙
𝑒 and 𝑗𝑠

𝑒 are given by the following equations: 165 

𝑗𝑙
𝑒 = 𝐹 ∑ 𝑧𝑖 �⃗⃗⃗�𝑖

𝑒
𝑖                         (2) 166 

𝑗𝑠
𝑒 = 𝜎𝑠

𝑒∇𝜙𝑠
𝑒                         (3) 167 

in which F denotes the Faraday constant, 𝑧𝑖  and �⃗⃗⃗�𝑖
𝑒 denote the valence and flux of 168 

species i, respectively. The Nernst-Planck equation is employed to describe the flux �⃗⃗⃗�𝑖
𝑒 169 

and consists of diffusion, migration and convection in three terms: 170 

�⃗⃗⃗�𝑖
𝑒 = −𝐷𝑖

𝑒𝑓𝑓
∇𝑐𝑖

𝑒 − 𝑧𝑖𝑢𝑖
𝑒𝑐𝑖

𝑒𝐹∇𝜙𝑙
𝑒 + �⃗�𝑙

𝑒𝑐𝑖
𝑒                  (4) 171 

where 𝑢𝑖
𝑒  represents the ionic mobility, 𝑐𝑖

𝑒  the concentration of species i, 𝜙𝑙
𝑒  the 172 

electrolyte potential, and �⃗�𝑙
𝑒 the velocity vector. The effective diffusion coefficient 173 

𝐷𝑖
𝑒𝑓𝑓

 is corrected from the diffusion coefficient 𝐷𝑖 using the Bruggemann relation: 174 

𝐷𝑖
𝑒𝑓𝑓

= 𝜀3/2𝐷𝑖                         (5) 175 

where 𝜀 is the electrode porosity.  176 

The Butler-Volmer equations are adopted to describe the reversible 177 

electrochemical reactions at the electrode surfaces: 178 

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
) −179 
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(
𝑐

𝐹𝑒3+
𝑠

𝑐
𝐹𝑒3+
𝑒 ) exp (

−𝛼+𝐹𝜂−

𝑅𝑇
)]                      (6a) 180 

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
) −181 

(
𝑐

𝐹𝑒3+
𝑠

𝑐
𝐹𝑒3+
𝑒 ) exp (

−𝛼+𝐹𝜂−

𝑅𝑇
)]                      (6b) 182 

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

𝑐𝑂𝐻−,𝑟𝑒𝑓
)

4

(
𝑀𝑍𝑛

𝑀𝑍𝑛,𝑟𝑒𝑓
)exp (

2(1−𝛼−)𝐹𝜂−

𝑅𝑇
) −183 

(
𝑐

𝑍𝑛(𝑂𝐻4)2−

𝑐𝑍𝑛(𝑂𝐻4)2−,𝑟𝑒𝑓

) exp (
−2𝛼−𝐹𝜂−

𝑅𝑇
)]                      (6c) 184 

where j is the local reaction current density, a and 𝑟𝑝 are the specific surface area and 185 

average pore radius of the porous electrode, respectively. k and α are the standard 186 

reaction rate constant and charge transfer coefficient, respectively. 𝑐𝑖
𝑠  denotes the 187 

surface concentration of species i at the electrolyte-electrode interface. The 188 

overpotential η is defined by: 189 

𝜂𝑗 = 𝜙𝑙
𝑒 − 𝜙𝑠

𝑒 − 𝐸0,𝑗                     (7) 190 

where 𝐸0,𝑗   denotes the open-circuit voltage and is calculated using the Nernst 191 

equations: 192 

𝐸0,− = 𝐸0,−
′ +

𝑅𝑇

𝑛𝐹
ln (

𝑐
𝐹𝑒3+
𝑒

𝑐
𝐹𝑒2+
𝑒 )                   (8) 193 

𝐸0,+ = 𝐸0,+
′ +

𝑅𝑇

𝑛𝐹
ln (

𝑐
𝑍𝑛(𝑂𝐻4)2−
𝑒

𝑐𝑂𝐻−
𝑒 4 )                (9) 194 

The volume of the negative electrode varies ascribed to the zinc deposition during 195 

charging, which is given by:  196 

𝜕𝜀

𝜕𝑡
=

1

2𝐹

𝑀𝑊𝑍𝑛

𝜌𝑍𝑛
𝑎−𝑖−                           (10) 197 

where MW and ρ denote the molecular weight and density, respectively.  198 

The porosity and specific surface area also change when zinc deposits fill the pores 199 

of the electrode, which is described as: 200 

𝑎

𝑎0
= 1 − (

𝜀𝑝

𝜀
)0.5                            (11) 201 

where 𝑎0 and 𝜀𝑝 denote the initial specific surface area and the volume fraction 202 
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of the solid products, respectively. 203 

 204 

2.1.2 Boundary conditions 205 

At the inlet and outlet of both electrodes, the electrolyte fluxes are defined by the 206 

following relations, flux driven by diffusion is supposed to be zero at the exits: 207 

𝑦 = 0(𝑖𝑛𝑙𝑒𝑡)  − �⃗⃗� ⋅ �⃗� =
𝑄

𝜀𝑤𝑔𝑡𝑔
                   (12) 208 

𝑦 = ℎ𝑔(𝑜𝑢𝑡𝑙𝑒𝑡)  − �⃗⃗� ⋅ 𝐷𝑖
𝑒𝑓𝑓

∇𝑐𝑖
𝑒 = 0               (13) 209 

where 𝑤𝑔  and 𝑡𝑔  are the width and thickness of the electrode, respectively. Q 210 

represents the volumetric flow rate.  211 

At the bipolar plates, the boundary conditions in the charging process are 212 

expressed as: 213 

−�⃗⃗� ⋅ 𝑗𝑠
𝑏𝑝 = {

−
𝐼

ℎ𝑔𝑤𝑔
     𝑥 = 𝑥2

𝐼

ℎ𝑔𝑤𝑔
     𝑥 = 𝑥5

                (14) 214 

where the applied current I is set as constant, and the sign is reversed during discharge. 215 

The grounding condition is applied to the negative bipolar plate: 216 

𝜙𝑠
𝑏𝑝 = 0  𝑥 = 𝑥2                         (15) 217 

The boundary condition at the boundaries between the membrane and the porous 218 

electrode domains is set up by the following relation:  219 

𝜙𝑙
𝑚 = 𝜙𝑙

𝑒 −
𝑅𝑇

𝑧𝑖𝐹
ln (

𝑐𝑖
𝑚

𝑐𝑖
𝑒 )                     (16) 220 

where 𝑐𝑖
𝑚 is the species concentration in the membrane. The potential shift caused by 221 

the above equation is called the Donnan potential [48]. 222 

2.2 Shunt current model 223 

An electrical circuit analog is adopted to describe the shunt losses caused by the 224 
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electrolyte bypassing flow through pipes. The cell is represented by an ideal voltage 225 

source and a resistor in series. The channels and manifolds are represented by 226 

equivalent resistors. During calculations, the electronic potentials of all cells are 227 

assumed to be identical, so are the channels and manifolds. The electronic and ionic 228 

potential inside each electrode is assumed to be uniform, and shunt losses between 229 

modules are not considered. 230 

The values of the equivalent resistors can be calculated through the following 231 

equation [49]: 232 

r =
1

𝜎

𝑙

𝑠
                             (17) 233 

in which l is the length of the flow path, s is the cross-sectional area, and 𝜎 is the 234 

electrolyte conductivity. 235 

The Kirchhoff’s loop law is employed to calculate the values and directions of 236 

current flow through each resistor. The total power losses are given as below: 237 

W𝑆 = ∑ I2𝑟                            (18) 238 

2.3 Pumping loss model 239 

The inlet electrolytes flow through the polyvinyl chloride (PVC) frame and across 240 

the porous electrode. The pressure drop of the cell can therefore be defined by Darcy’s 241 

law [36]: 242 

∆𝑃𝑒 =
𝐿

𝑤𝑔

𝜇𝑄

𝑡𝑔𝐾
                           (19) 243 

in which L denotes the length of the flow path through the porous electrode, 𝜇 denotes 244 

the electrolyte dynamic viscosity. The permeability coefficient of the porous electrode 245 

(K) can be calculated using the Kozeny–Carman equation [50]: 246 
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𝐾 =
𝑑2

𝐶

𝜀𝑚+1

(1−𝜀)𝑚
                          (20) 247 

where d represents the diameter of the fiber, C and m are geometry coefficients taken 248 

as 0.07025 and 0.2282 obtained from experimental tests [50], respectively. 249 

The pressure drop from each channel and manifold can be determined via the 250 

Hagen-Poiseuille equation [36]: 251 

∆𝑃 =
128𝜇𝑄

𝜋𝑑𝐻
4                           (21) 252 

where 𝑑𝐻 represents the hydraulic diameter of the flow channel. 253 

Since the flow rates of the negative and positive sides are identical, the total power 254 

losses can be calculated by: 255 

𝑊𝑃 =
2∆𝑃𝑄

𝜂
                          (22) 256 

where 𝜂 is the pump efficiency and is taken as a constant of 67% [40]. 257 

It is worth noting that while the side reaction HER happens or the electrode 258 

porosity changes with the zinc dissolution-deposition, the pressure of the cell changes 259 

simultaneously, the neglect of which may contribute to the discrepancy between the 260 

model and experimental data. These factors can be amplified especially when it comes 261 

to a stack and should be paid attention to during practical engineering. 262 

2.4 Capital cost model  263 

The system cost is comprised of two parts: electrolyte cost and stack cost, which 264 

is given by the following equation [40]: 265 

𝐶𝑠𝑦𝑠 ≈  𝐶𝑒 + 𝐶𝑠 =
𝑈𝑒

𝑉𝑒𝑓𝑓
+

 𝑈𝑠

𝑡𝑖𝑉𝑒𝑓𝑓
                (23) 266 

where 𝐶𝑠𝑦𝑠, 𝐶𝑒 and 𝐶𝑠 are the system, electrolyte, and stack costs, respectively. 𝑈𝑒 267 

denotes the unit price of the redox species and supporting electrolytes, 𝑈𝑠  the unit 268 
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price of the stack components accounting for electrodes, membranes, and bipolar plates, 269 

t the designed discharge duration, and i the current density.  𝑉𝑒𝑓𝑓  represents the 270 

effective discharge voltage and is given as [36]: 271 

𝑉𝑒𝑓𝑓 =  𝑉(
𝑉𝐼−𝑊𝑃−𝑊𝑆

𝑉𝐼
)                    (24) 272 

where V is the operating voltage at the SOC of 50%, which is determined from the 273 

electrochemical model. 274 

The system efficiency is defined as the energy efficiency of the battery system in 275 

consideration of shunt loss and pump loss, which is determined by the following 276 

equation:  277 

                               𝜂𝑠 =  
𝑉𝐼−𝑊𝑃−𝑊𝑆

𝑉𝐼
                       (25) 278 

2.5 Membrane Model 279 

The mechanisms of the ion exchange membrane and the porous membrane are 280 

different. Ion exchange membranes transfer counter ions and isolate active species with 281 

permanent fixed space charge, while porous membranes separate active species and 282 

charge carrier ions by pore size exclusion [51]. In this model, the fixed space charge 283 

concentration of Nafion 212 is 1990 mol m−3 and only proton is transferred, while the 284 

charge carrier ion of PBI is OH−. All properties mentioned above are set in the built-285 

in interface of COMSOL. 286 

3. Numerical conditions 287 

3.1 Calculation details 288 

The parameters utilized for simulation are listed in Table 1, Table 2, and Table 3. 289 

The costs for various components are given in Table 4. 290 
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The electrochemical model was simulated via COMSOL Multiphysics software 291 

utilizing the tertiary current distribution interface. The mesh including 4616 elements 292 

and the relative tolerance of 10-3 was adopted. The shunt loss, pumping loss, and cost 293 

models were solved using MATLAB software. 294 

Table 1 Parameters used in the simulation 295 

Parameter Symbol Value Unit Ref. 

Geometrical properties 

Thickness of the membrane 𝑡𝑚 3.5 × 10−5 m [42] 

Thickness of the electrode 𝑡𝑔 0.007 m - 

Porosity of the electrode 𝜀 0.94 - [42] 

Fiber diameter of the electrode d 19.2 𝜇𝑚 [50]  

Specific surface area of the 

electrode 
a 5.0 × 104 m−1 - 

Height of the cell ℎ𝑔 0.06 m [42]  

Width of the cell  𝑤𝑔 0.08 m [42] 

Channel height - 0.006 m - 

Channel width - 0.01 m - 

Channel length - 0.2 m - 

Manifold diameter - 0.04 m - 

Manifold segment length - 0.007 m - 

Electrolyte properties 

Diffusion coefficient of OH- 𝐷OH− 5.27 × 10−9 m2 s−1 [52] 

Diffusion coefficient of K+ 𝐷K+ 1.96 × 10−9 m2 s−1 [52] 

Diffusion coefficient of Na+ 𝐷Na+ 1.33 × 10−9 m2 s−1 [52] 

Diffusion coefficient of 

Zn(OH)4
2−

 
𝐷Zn(OH)4

2− 3.10 × 10−10 m2 s−1 [52] 

Diffusion coefficient of 

Fe(CN)6
4−

 
𝐷Fe(CN)6

4− 7.35 × 10−10 m2 s−1 [52] 

Diffusion coefficient of 

Fe(CN)6
3−

 
𝐷Fe(CN)6

3− 8.96 × 10−10 m2 s−1 [52] 

OH- initial concentration in 

negative electrolyte 
𝑐−,OH−

0  4000 mol m−3 [42]  
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OH- initial concentration in 

positive electrolyte 
𝑐+,OH−

0  3000 mol m−3 [42] 

Zn(OH)4
2− initial 

concentration in negative 

electrolyte 

𝑐
Zn(OH)4

2−
0  250 mol m−3 - 

Zn initial concentration in 

negative electrolyte 
𝑐𝑍𝑛

0  250 mol m−3 - 

Na+ initial concentration in 

negative electrolyte 
𝑐−,Na+

0  4000 mol m−3 [42] 

Na+ initial concentration in 

positive electrolyte 
𝑐+,Na+

0  1000 mol m−3 [42] 

Fe(CN)6
4− initial 

concentration in positive 

electrolyte 

𝑐
Fe(CN)6

4−
0  500 mol m−3 - 

Fe(CN)6
3− initial 

concentration in positive 

electrolyte 

𝑐
Fe(CN)6

3−
0  500 mol m−3 - 

K+ initial concentration in 

positive electrolyte 
𝑐K+

0  3000 mol m−3 [42] 
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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. 
 

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 [42] 

Standard potential of positive 

reaction 
𝐸0,+

′  0.33 V [42] 
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Table 4 Component cost used in the simulation 

Component Cost Unit Ref. 

Carbon felt  70 $ m-2 [40] 

Bipolar plate  55 $ m-2 [36] 

PBI membrane  40 $ m-2 [42] 

Valves  150 $ per unit [40] 

Pipes 8 $ m-1 [40] 

Bolts  15 $ per unit [40] 

Gaskets  2.5 $ per unit [40] 

Collector plates  150 $ per unit [40] 

End plates  193 $ per unit [40] 

PVC pipe 1  8.6 $ ft −1 [40] 

PVC pipe 6  285 $ ft −1 [40] 

PVC frame  16.56 $ m-2 [40] 

Pump cost estimate, base  8343.1 $ per unit [36] 

Pump cost estimate 18 $ GPM −1 [36] 

PCS  210 $ kW −1 [40] 

Labor  1 $ kWh −1 [40] 

Tank  0.41 $ gal −1 [40] 

ZnO cost 1.3 $ kg −1 [40] 

Na4Fe(CN)6 ⋅ 10H2O cost 1.07 $ kg −1 [42] 

NaOH cost 0.4 $ kg −1 [40] 

KOH cost 0.84 $ kg −1 [42] 
 

3.2 Single-cell model validation 299 

The electrochemical model is validated by comparing the experimental statistics 300 

extracted from Yuan’s research (points at the current density of 60, 80, 100, and 160 301 

mA cm-2) at 50% SOC, as displayed in Fig. 2 [42]. The polarization curve is well fitted 302 

and shows the correct trend. The slight discrepancies are possibly the result of lacking 303 

precise data like reaction rate constants and ignoring the side reactions like HER. Thus, 304 

the proposed model can capture the voltage-current relationship of an alkaline Zn-Fe 305 
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flow battery. 306 

 307 

Fig. 2 Comparison of the simulated polarization curve of a zinc-iron flow battery at 50% 308 

SOC with the experimental data. 309 

4. Sensitivity analysis and discussion 310 

4.1 Capital cost 311 

The capital cost of a 0.1 MWh/0.8 MW Zn-Fe flow battery system is shown in Fig. 312 

3. At a current density of 35 mA cm-2, a capital cost of 150 $ kWh-1 is obtained with the 313 

system energy efficiency of 68%, which satisfies the 2023 DOE’s cost target of 150 314 

$ kWh-1. With an increase in the current density, the capital cost is reduced while the 315 

system efficiency decreases at the same time. When the current density goes up to a 316 

larger magnitude, the capital cost under 100 $ kWh-1 can be attained, demonstrating its 317 

competitive economy. It is worth noting that the current density is ranging from 20 to 318 
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200 mA cm-2, since few Zn-Fe flow batteries can work at a quite high current density, 319 

at which severe polarization occurs, leading to very low energy efficiency [42]. 320 

Therefore, tremendous efforts should be made to improve the working current density, 321 

such as increasing the specific surface area of electrodes, adopting membranes with 322 

high ion conductivity, or improving the conductivity of supporting electrolytes [53]. 323 

 324 

Fig. 3 Capital cost for 0.1MW/0.8MWh zinc-iron flow battery system. 325 

4.2 Cost comparisons 326 

To further investigate the capital cost of the Zn-Fe flow battery system, the value 327 

is compared with other flow battery systems presented of late, as shown in Fig. 4 [42]. 328 

The Zn-Fe system owns the lowest cost with a relatively high power density of 0.247 329 

W cm-2, revealing its potential for energy storage applications. 330 

Fig. 5 demonstrates the comparison of the cost breakdown for the V-V, Fe-Cr, and 331 
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Zn-Fe systems [38]. The Zn-Fe system is the most cost-effective one with a capital cost 332 

of 95 $ kWh-1 at the current density of 100 mA cm-2. For both V-V and Zn-Fe systems, 333 

the electrolyte is the dominant component and accounts for the cost of 62% and 50%, 334 

respectively. While with a high total cost of 229 $ kWh-1, the electrolyte cost for the V-335 

V system is much higher than that of the Fe-Cr system. Besides, zinc production is as 336 

high as 12 million tons per year, while vanadium production is 56000 tons per year [39], 337 

making zinc-based batteries more suitable for large-scale production. Compared to the 338 

high proportion of membrane cost in the Fe-Cr system (48%), the membrane cost 339 

contributes only 9% to the Zn-Fe system, exhibiting the economic advantages of the 340 

PBI membrane employed in the Zn-Fe system confronted with the Nafion membrane 341 

used for other flow batteries. It should be noted that the system accessories like PVC 342 

frame, bipolar plates, gaskets, bolts, and end plates cost totally account for 19% in the 343 

Zn-Fe system, which is higher than those in the other two systems, indicating the 344 

potential to further reduce the system cost. 345 

 346 
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 347 

Fig. 4 The cost and practical output power densities for different flow battery systems 348 

(Except as marked on the figure, other data are from [42]). 349 
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 350 

Fig. 5 Capital cost breakdown for different flow battery systems: (a) iron-chromium 351 

system (b) all-vanadium system (c) zinc-iron system. 352 

4.3 Effects of flow rate 353 

The capital cost for the Zn-Fe system is plotted at various flow rates, as displayed 354 



 

24 
 

in Fig. 6. When the volumetric flow rate rises from 3650 to 6000 ml min−1, the capital 355 

cost shows a significant rise from 181 to 297 $ kWh-1 at the current density of 20 mA 356 

cm-2. Whereas at a higher current density of more than 100 mA cm-2, the influence of 357 

flow rate exhibits quite slight. According to previous research, higher flow rates 358 

contribute to faster mass transfer, less concentration polarization, and higher discharge 359 

voltages [46]. However, the pump losses also increase to overcome the resistance 360 

caused by the increased flow, which reduces the effective voltage and results in a high 361 

capital cost. It is worth noting that the working current density of alkaline Zn-Fe flow 362 

batteries is ranging from 35 to 160 mA cm-2 [53]. In this range, the capital costs of all 363 

flow rates are under 150 $ kWh-1, which meets the DOE’s target cost for energy storage 364 

technologies. Besides, according to Fig. 5 (c), the pump cost contributes only 6% to the 365 

Zn-Fe system, thereby the increase of system cost causing by higher flow rates to 366 

achieve better performance would be small.  367 

 368 
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 369 

Fig. 6 Capital cost of the system at different flow rates. 370 

4.4 Effects of electrode geometry 371 

4.4.1 Electrode thickness 372 

Fig. 7 (a) displays the influences of electrode thickness on the capital cost. It is 373 

evident that the thinner the electrode, the lower the capital cost. This can be explained 374 

by that the thicker electrode leads to a longer mass transfer pathway and worse 375 

conductivity, which further decreases the discharge voltage. Meanwhile, with a fixed 376 

volumetric flow rate, larger electrode thickness results in lower velocity and smaller 377 

pump losses, yet this contribution is very slight and offset by the voltage decrease. 378 

Especially, at lower current densities of below 25 mA cm-2, the capital costs of the 379 

systems with the 3 mm and 7 mm electrodes are approximately identical, indicating 380 

limited impacts on the system cost when the electrode thickness is small. It is worth 381 
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noting that during the calculation, the relationship between the electrode thickness and 382 

the unit price of carbon felt is assumed to be linear, which may be more complicated 383 

(e.g., the price of a thicker electrode is much higher) in practical. In addition, only the 384 

present-day cost of electrodes and other components are considered 385 

during calculation, which is based on low volume demand of 50 MW/100 386 

MWh [36]. With further industrialization, the electrode price would be lower 387 

for rising annual production rates and large-scale purchases, driving 388 

the capital cost down. 389 

 390 

Fig. 7 Capital cost of the system with different electrode geometry: (a) electrode 391 

thicknesses (b) porosity. 392 

4.4.2 Electrode porosity 393 

Fig. 7 (b) displays the influences of various porosity on the capital cost with 394 

neglecting the variety of carbon felt unit price with the change of porosity. With the 395 

electrode porosity increasing from 0.7 to 0.94, a great decline in capital cost is observed 396 

among the whole range of the current density. This is because the electrode with higher 397 

porosity provides more reaction areas to sufficiently utilize the active species, leading 398 

to lower concentration polarization and a higher discharge voltage. In addition, high 399 
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porosity can reduce the pressure drop of the cell, which further decreases the pumping 400 

losses. For the system with the electrode porosity of 0.98, the profile is very similar to 401 

the system with 0.94 porosity, indicating the slight scope for improvement when the 402 

porosity is high enough. 403 

4.5 Effects of membrane 404 

The capital costs of the systems with different membranes are displayed in Fig. 8. 405 

The total cost of the system with the PBI membrane is lower than that with the Nafion 406 

212 membrane among the whole range of the current density, which largely benefits 407 

from the low unit price of the PBI membrane (40 $ m-2) compared to the Nafion 212 408 

membrane (225 $ m-2). Besides, with the current density increasing, the gap between 409 

the system costs with two membranes diminishes gradually, which demonstrates that 410 

the impact of membranes on the system cost is higher under lower current densities.  411 

 412 
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Fig. 8 Capital cost of the system with different membranes. 413 

5. Conclusions 414 

This work reported a cost-performance model for a 0.1 MW/0.8 MWh alkaline 415 

zinc-iron flow battery system, including a two-dimensional electrochemical model, a 416 

shunt losses model, and a pump losses model. The model validation verifies its ability 417 

to predict the correct trend of the voltage-current profiles. A capital cost under 2023 418 

DOE’s cost target of 150 $ kWh-1 is obtained at the current density of 35 mA cm-2. 419 

Compared with other flow battery systems such as all vanadium and iron-chromium 420 

flow batteries, the zinc-iron system owns the superiority in cost. Moreover, the 421 

influences of the operating conditions, electrode geometry, and cell component on the 422 

system cost are investigated. The results indicate that the low current density, low flow 423 

rate, high porosity, and thin electrode lead to a low capital cost, while at high current 424 

densities, the impacts become smaller. Moreover, the PBI membrane shows better 425 

performance on cost than the Nafion 212 membrane. This research can guide the 426 

selection of components when constructing a zinc-iron system and design the proper 427 

operating conditions, and also be favorable to further reduce the system cost for large-428 

scale energy storage applications. 429 
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Nomenclature 446 

a 

c 

C 

d 

D 

specific electroactive area (m2 m−3) 

concentration (mol m−3) 

special coefficient 

diameter  

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) 

I  current (A) 

j reaction current density (A m-2) 

𝐽 current density (vector) 

k reaction rate 

K permeability coefficient 

L 

m 

length (m) 

special coefficient 
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n transferred electron 

�⃗⃗� outward normal vector 

�⃗⃗⃗� 

P 

∆𝑃 

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

pressure 

pressure drop 

Q 

r 

volumetric flow rate (m3 s−1) 

resistance (Ω) 

R 

s 

S 

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

area (m2) 

source (mol m-3 s-1) 

T 

t 

temperature (K) 

component thickness (m) 

u 

�⃗� 

V 

w 

W 

x  

y 

z 

ion mobility 

velocity (m s-1) 

voltage (V) 

component width (m) 

power  

distance along cell width (m) 

distance along cell height (m) 

valence 

Greek 447 

𝛼 

𝜂 

transfer coefficient 

overpotential (V)/ efficiency 

ε porosity 

𝜌 density (kg m−3) 

σ 

𝜇 

conductivity (S m−1) 

dynamic viscosity  

ϕ electric potential (V) 

Subscripts 448 

cell 

cha 

dis 

diff 

e 

eff 

g 

l 

property of cell  

charge 

discharge 

diffusion 

electrolyte  

effective, corrected for tortuosity 

electrode 

liquid or ionic 

j reaction  

ref reference 
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s 

sys 

solid or electronic 

system 

i specie  

+ positive half-cell 

− negative half-cell 

Superscripts  449 

e 

eff 

m 

out 

s 

electrode or electrolyte domain 

effective value 

membrane domain 

outlet 

surface 

 450 
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