',\' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 22 February 2019
doi: 10.3389/fenrg.2019.00015

OPEN ACCESS

Edited by:
Hua Kun Liu,
University of Wollongong, Australia

Reviewed by:

Ligiang Mai,

Wuhan University of Technology,
China

Ahmad Azmin Mohamad,

School of Materials & Mineral
Resources Engineering, University of
Science, Malaysia

*Correspondence:
Soorathep Kheawhom
soorathep.k@chula.ac.th

Specialty section:

This article was submitted to
Electrochemical Energy Conversion
and Storage,

a section of the journal

Frontiers in Energy Research

Received: 17 November 2018
Accepted: 05 February 2019
Published: 22 February 2019

Citation:

Lao-atiman W, Bumroongsil K,
Arpornwichanop A,
Bumroongsakulsawat F, Olaru S and
Kheawhom S (2019) Model-Based
Analysis of an Integrated Zinc-Air Flow
Battery/Zinc Electrolyzer System.
Front. Energy Res. 7:15.

doi: 10.3389/fenrg.2019.00015

Check for
updates

Model-Based Analysis of an
Integrated Zinc-Air Flow Battery/Zinc
Electrolyzer System

Woranunt Lao-atiman’, Kanya Bumroongsil', Amornchai Arpornwichanop "2,
Palang Bumroongsakulsawat’, Sorin Olaru® and Soorathep Kheawhom "2

" Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok, Thailand, 2 Computational
Process Engineering Research Unit, Chulalongkorn University, Bangkok, Thailand, ° Laboratory of Signals and Systems,
CentraleSupélec, Université Paris-Saclay, Gif-sur-Yvette, France

This work aims at analyzing an integrated system of a zinc-air flow battery with a
zinc electrolyzer for energy storage application. For efficient utilization of inherently
intermittent renewable energy sources, safe and cost-effective energy storage systems
are required. A zinc-air flow battery integrated with a zinc electrolyzer shows great
promise as an electricity storage system due to its high specific energy density at low
cost. A mathematical model of the system was developed. The model was implemented
in MATLAB and validated against experimental results. The validation of the model
was verified by the agreement between the simulation and experimental polarization
characteristic. The behavior and performance of the system were then examined as
a function of different operating parameters: the flow rate of the electrolyte, the initial
concentration of potassium hydroxide (KOH) and the initial concentration of zincate ion.
These parameters significantly affected the performance of the system. The influence of
the hydrogen evolution reaction (HER) on the performance of the system was investigated
and discussed as it significantly affected the coulombic efficiencies of both the zinc-air
flow battery and the zinc electrolyzer. Optimal KOH concentration was found to be
about 6-7 M. Whilst increased KOH concentration enhanced the discharge energy of the
battery, it also increased HER of both the battery and the electrolyzer. However, higher
initial concentration of zincate ion reduced HER and improved the coulombic efficiency
of the system. Besides, a higher flow rate of electrolyte enhanced the performance of the
system especially at a high charge/discharge current by maintaining the concentration of
active species in the cell. Nevertheless, the battery suffered from a higher rate of HER at
a high flow rate. It was noted that the model-based analysis provided better insight into
the behavioral characteristics of the system leading to an improved design and operation
of the integrated system of zinc-air flow battery with the zinc electrolyzer.

Keywords: zinc-air battery, zinc electrolyzer, simulation, energy storage, flow battery

INTRODUCTION

Nowadays, renewable energy has captured the public interest and has been extensively explored
due to the increment in energy demand and stringent climate change targets (Li and Dai, 2014; Jing
etal., 2017). Renewable energy sources, therefore, such as solar and wind have a strong potential to
fulfill the need. Nevertheless, their practical employment has been limited by their variability and
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intermittent nature. Thus, a reliable and cost-effective energy
storage system (ESS) is required for efficient utilization of
renewable energy sources (Zhang, 2013). Besides, ESS can play
a significant role to enhance stability and flexibility of a power
grid in both supply and demand (Dunn et al,, 2011).

Zinc-air batteries are a promising ESS because of their
high practical specific energy, up to 700 Wh/kg (Li et al,
2013). Zinc (Zn) is also an attractive anodic active material
because it is non-toxic, safe, abundant and low-cost (Lao-atiman
et al., 2017). Besides, Zn exhibits high stability and reversibility
during charge-discharge cycle (Zhu et al., 2016). Zn-air batteries
generate electricity through the electrochemical reaction of Zn
and oxygen. During discharge of the battery, Zn anode is oxidized
and produces zincate and later changes to zinc oxide whilst, at
the cathode, oxygen from the atmosphere undergoes reduction.
As the cathodic active material is not enclosed in the cell, Zn-
air batteries exhibit very high energy density. Zn-air batteries
have been fabricated in various forms and shapes, such as flexible
batteries (Fu et al, 2016; Suren and Kheawhom, 2016; Wang
et al.,, 2017), cable-type batteries (Park et al., 2015), and flow
batteries (Bockelmann et al., 2016; Hosseini et al., 2018; Wang
et al., 2018). Flow batteries have a wide power range and much
higher capacity ratings. In addition, they can independently scale
the power and capacity by storing active materials outside the
cell. In other words, flow batteries allow for independent scale-up
of power and capacity specifications (Escalante Soberanis et al.,
2018). Thus, regarding cost, system flexibility, quick response and
safety concerns for large-scale applications, flow batteries exhibit
significant advantages over other types of battery.

Zn-air batteries can be recharged by two approaches: electrical
recharge and mechanical recharge (Xu et al., 2015; Mainar et al.,
2018). An electrically rechargeable Zn-air battery is recharged
by supplying electricity directly to the cell. During recharge,
oxygen is generated at the air electrode whilst Zn metal is
electrochemically regenerated at the Zn electrode. A significant
problem of the Zn electrode is the formation of dendritic Zn
during recharge. Moreover, during recharge, the air electrode
rapidly deteriorates due to the growth of oxygen bubbles and
the air electrode corrosion (Pei et al., 2014). These issues are a
critical life cycle-limiting factor for rechargeable Zn-air batteries.
These problems can be avoided by using a mechanical recharging
approach. A mechanically rechargeable Zn-air battery (also
known as a Zn-air fuel cell) can be recharged by directly refueling
active Zn anode into the cell. Zn serving as fuel is stored in a
storage tank and fed to the cell. In this configuration, dendritic
Zn formation inside the cell is avoided because Zn is regenerated
in other places, such as an electrolyzer. Further, the air electrode
of the battery does not suffer from oxygen bubbles erosion and
carbon corrosion. As Zn is regenerated outside the cell, the
mechanically rechargeable Zn-air battery is typically fabricated as
a flow battery such that the discharge product can be circulated
out of the cell.

Zn can be regenerated by various methods. Yet, the most
appropriate procedure to use with Zn-air flow batteries is
electrochemical regeneration or electrolysis. The discharge
product of the batteries can be directly used as reactant of the
electrolysis cell or electrolyzer. The outlet stream of a flow battery

containing zincate and zinc oxide is fed to an electrolyzer to
regenerate Zn. The regenerated Zn is then refueled back into the
battery. The zinc-air flow battery integrated with an electrolyzer
can be operated as an ESS. Technologies based on mechanically
rechargeable Zn-air flow batteries and Zn regeneration have been
developed progressively. Smedley and Zhang (2007) proposed an
integrated system of Zn-air fuel cells and electrolyzers which was
designed to serve as a source of an emergency power backup
system. The 12-cell-stacks system was able to provide a power
output of 1.8 kW for 12h. Recently, the ESS based on Zn-air
flow batteries was developed by Amunategui et al. (2018). A 1
kW, 4 kWh Zn-air flow battery pilot plant was demonstrated
having 40% round-trip efficiency and 2,000 cycles, respectively. It
was observed that the coulombic efficiency was reduced by 18%
because of shunt current phenomenon.

Previously, mathematical models for different types of Zn-
air batteries were proposed to study the influence of various
parameters. Mao and White (1992) developed a model of a
primary Zn-air battery to investigate the behavior of the battery
concerning several design parameters. Their results showed
that the utilization of Zn was restricted by the depletion of
hydroxide ion (OH™) and significantly depended on the Zn
loading in the electrode. Deiss et al. (2002) proposed a one-
dimensional mathematical model of a rechargeable Zn-air battery
and indicated that the redistribution and shape change of Zn
and ZnO leads to a non-uniform Zn electrode. The shape change
proceeded as the battery cycle progressed forward. Nevertheless,
the redistribution rate slowed down when the number of
cycles increased. Schroder and Krewer (2014) introduced a
mathematical model for a secondary Zn-air battery to examine
the impact of air composition under isothermal operation.

Significant performance evaluations of Zn electrolysis include
the morphology of Zn and the coulombic efficiency of the process
(Savaskan et al., 1992; Simici¢ et al., 2000; Lee et al., 2006;
Sharifi et al., 2009; Gavrilovi¢-Wohlmuther et al., 2015). Wang
etal. (2015a) also proposed an electrochemical phase field model
for the simulation of Zn dendritic growth. The results showed
that dendrite growth could be controlled by manipulating the
concentration gradient of Zn ion. Moreover, dendrite growth
could be suppressed by pulsed-current charging and flowing
electrolyte (Garcia et al., 2017). Besides, the growth of oxygen
bubbles during recharge of the Zn-air battery was studied. It was
found that the oxygen bubble coalescence could be inhibited by
the flowing electrolyte.

Zn-air batteries are preferably operated using an alkaline
electrolyte. One crucial issue that occurs in alkaline Zn-air
cells is corrosion of the Zn anode due to hydrogen evolution
reaction (HER). This is known as self-corrosion of the Zn
anode (Wongrujipairoj et al., 2017). Moreover, this reaction
consumes the electrolyte and decreases the utilization efficiency
of Zn. In other words, hydrogen evolution contributes to the
coulombic efficiency loss during both charging and discharging
processes. Saleh et al. (1997) developed a model of alkaline Zn
electrowinning considering HER to study the effects of different
operating parameters. Besides, Dundalek et al. (2017) proposed a
model of Zn electrodeposition from a flowing alkaline electrolyte
by considering HER and limiting current density of Zn reduction.
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The model was used to examine the relationship between HER
and the morphology of Zn deposited. Nevertheless, HER has not
been addressed previously in a mathematical model of a Zn-air
flow battery.

This work aims to develop a mathematical model of a
Zn-air flow battery integrated with an electrolyzer. Hydrogen
evolution reaction as a parasitic reaction is also considered
in the model. The developed model was implemented in
MATLAB and validated against the experimental data. Then,
simulation was performed to examine the dynamic behavior
of the battery system. The study consists of the following:
(1) a brief overview of the Zn-air flow battery and Zn
electrolyzer (2) experimental setup of the system for model
validation (3) model development and validation of the model (4)
simulation of the system and the effects of various parameters (5)
final summary.

ZINC-AIR FLOW BATTERY AND ZINC
ELECTROLYZER

A Zn-air flow battery (ZAFB) consists of two electrodes: a Zn
anode and an air cathode, as shown in Figure 1A. The anode
and cathode are separated by a separator allowing ions to transfer
across the cell. Potassium hydroxide (KOH) aqueous solution is
used as an electrolyte. At the anode (negative electrode), Zn reacts
with hydroxide ions (OH™) and forms zincate ions (Zn(OH)ﬁ_)
as shown in R1. When the concentration of zincate ion reaches its
solubility limit, zinc oxide (ZnO) precipitation reaction proceeds,
as presented in R2. Hydrogen evolution reaction (HER) is also
considered as a parasitic reaction on the Zn electrode. Water
receives electrons and converts to hydrogen (H;) and hydroxide
ions, as shown in R3. HER combined with Zn dissolution reaction
results in Zn corrosion, as shown in R4. At the cathode (positive
electrode), oxygen reduction reaction (ORR) consumes oxygen
(O2) and water and produces hydroxide ions as described in R5.
As the battery discharges, electrons are released from reaction
R1 and received by reaction R5. Both reactions proceed and
generate electricity.

Zn electrode : n+4 OH & Zn(OH)42_ +2e¢~  (Rl)
Zn(OH),> "2 Zn0+20H™ + H,0  (R2)
Parasitic reaction : 2H,O +2e”— Hy, +20H ™ (R3)
Zn+20H™ +2H,0 — Zn(OH),>~ + H, (R4)
1 air —
Air electrode : 502 + H,O+2 e 0H (R5)

The Zn electrolyzer, as shown in Figure 1B, consists of a Zn
regeneration electrode (negative electrode) and an air electrode
(positive electrode). The charge current is supplied to the
electrolyzer inducing the reverse reactions of ZAFB to proceed:
zincate ions as a reactant are converted back to Zn and hydroxide
ions at the negative electrode (a reversion of R1). HER (R3) also
significantly affects performance of the electrolyzer because water
in the electrolyte can receive electrons directly from the charge

current. At the positive electrode, oxygen evolution reaction
(OER; a reversion of R5) converts hydroxide ions into oxygen
and water.

ZAFB integrated with the Zn electrolyzer can be used as an
energy storage system. In Figure2, the integrated system
of ZAFB connecting with Zn electrolyzer is illustrated.
The electrolyte circulates between the battery and the
electrolyzer. During discharge, ZAFB consumes Zn and
produces zincate ion. The effluent from ZAFB, containing a
high concentration of zincate ion, is fed into the electrolyzer.
The electrolyzer consumes electricity in order to regenerate
Zn. Zincate ions are then converted to Zn. In comparison,
the effluent from the electrolyzer, containing a lower
concentration of zincate ion, is fed into ZAFB. Besides, Zn
regenerated from the electrolyzer is mechanically transferred
to the ZAFB.

EXPERIMENTAL SETUP

The model developed in this work was validated against
experimental data obtained from a Zn-air flow battery and a
Zn electrolyzer. The experimental setup of the battery included
a stack arrangement with a Zn anode plate, a separator and
an air cathode. The Zn anode consisted of 10g Zn granules
with an average diameter of 0.8 mm loaded inside a 100-mesh
stainless steel pouch functioning as a current collector. The area
of the current collector was 10 cm?. The separator was prepared
by casting 2g of 24 wt.% poly(vinyl acetate) (PVAc) aqueous
solution over both sides of a filter paper and then dried in an
oven at 55°C for 10 min. The air cathode plate consisted of three
layers: namely, a gas diftfusion layer, a cathode current collector
and a catalyst layer. Nickel foam (0.5 mm thick with 100 PPI) was
employed as the cathode current collector. The gas diffusion layer
was fabricated by casting a slurry mixture of 4 g carbon black,
4 g PTFE powder and 2 g glucose in 50 ml ethanol on one side of
the nickel foam. The coated nickel foam was then heat-pressed
at 350°C for 15 min using a manual hot press machine. Then,
the catalyst layer was fabricated on the other side of the nickel
foam by adding a slurry mixture of 3g MnO, and 7 g carbon
black in the binder dissolved solvent. The solvent was prepared
by dissolving 1 g poly styrene-co-butadiene (4% butadiene, Sigma
Aldrich) as a binder in 50 ml toluene. The catalyst coated cathode
was then annealed at 110°C in an oven. The gas diffusion layer
exhibited good hydrophobicity. The hydrophobicity of the gas
diffusion layer prevents leakage of the electrolyte and water
flooding in the cathode. This layer also allows oxygen gas from
the atmosphere to permeate through the cell. The active area of
the cathode was 10 cm?. KOH aqueous solution (7 M) was used
as the electrolyte. The electrolyte with a total volume of 150 mL
was fed through the cell at a circulation rate of 50 mL/min using
a peristaltic pump.

The experimental setup of the electrolyzer is similar to the
battery. The electrolyzer included a stack arrangement with a
cathode plate, a separator and an anode. The cathode plate
is made of stainless steel with an active area of 10 cm?. The
separator was prepared by casting 2 g of 24 wt.% PVAc aqueous
solution over both sides of a filter paper and then dried in an oven
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FIGURE 1 | Schematic diagram of zinc-air flow battery and zinc electrolyzer: (A) zinc-air flow battery and (B) zinc electrolyzer.
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FIGURE 2 | Schematic diagram of zinc-air flow battery integrated with zinc electrolyzer.

at 55°C for 10 min. The anode was made of nickel foam (0.5 mm
thick with 100 PPI) with an area of 10 cm?.

To validate the mathematical models of ZAFB and Zn
electrolyzer, the polarization characteristic of ZAFB was
examined. The cell voltage and current were measured by
a BA500 battery analyzer using BA5S00WIN software. The
current input can be adjusted manually and cell voltage is
measured at the selected current continuously. The data of
cell voltage was collected every second. For one current value,
the voltage data had been collected for 10s and 10 voltage
values were used to calculate the average cell voltage. After that,
the current value was changed to the next value. To measure
the overpotential of the electrodes, a mercury/mercury oxide
electrode was used as a reference electrode. The overpotential
was calculated from the difference of potential between
the reference electrode and the equilibrium potential of
each electrode.

MATHEMATICAL MODELS

In this section, mathematical models of ZAFB and the Zn
electrolyzer are described. The models were developed based on
the following assumptions:

e Temperature variations are negligible: an isothermally
operation at 298.15K is assumed. Operation of both ZAFB
and the Zn electrolyzer are carried out at room temperature.

e Zero-dimensional space: all variables and parameters inside
the cell are independent of the location. The concentration
gradient inside the cell is very small and can be neglected.
This assumption is valid because the reactions are sufficiently
slow; electrode reaction rate is relatively slower than mass
transfer rate. Hence, homogenous concentrations in each cell
are assumed. In previous literature, a similar assumption
was also considered. For instance, Schroder and Krewer
(2014) proposed a zero-dimensional zinc-air battery model
which was used to investigate the effect of air-composition
on cell performance. Dunddlek et al. (2017) published
a zero-dimensional model of zinc electrodeposition with
flowing electrolyte.

e Negligible distance between the cells: the effluent of
the electrolyzer immediately affects the ZAFB. In the
same manner, the effluent of the ZAFB instantly affects
the electrolyzer.

e Constant physical properties, electrode areas and thickness:
material properties are assumed to be constant because the
state of temperature and pressure is constant. The electrode
area and thickness were also assumed to be constant as the
cell design.

e Zn oxidation/reduction taking place at the Zn electrode and
ORR/OER taking place at the air electrode: no reaction
occurred outside the reaction area.

e The capacitive effects are negligible: the system is assumed to
be a quasi-electroneutrality condition.
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e Ideal gas behavior: ideal gas law is applied as the system is
operated at ambient pressure.

e Binary mass diffusion: the diffusion rate is determined by
Fick’s law.

Species Balances

The molar concentration balance of species k, including OH™,
Zn(OH)i’ and H,O, is expressed as in Equation (1). Superscript
j represents the electrode or position referring to Zn electrode (j
= zinc) and air electrode (j = air):

dc 1
d—tk =" [Fk,in — Frout +Jk + Zi Vi Ti
Velectrolyte
J
Cj dvelectrolyte (1)
SR ar

where Cy is concentration of species k, Velectrolyte s electrolyte
volume, Fy is molar flowrate of species k, vy ; is stoichiometric
coefficient of species k in reaction i, r; is rate of reaction i
(mol/s). Ji is molar transfer rate crossing between Zn and air
electrodes of species k including diffusion (diff), migration (mig)
and convection (conv) and can be calculated as in Equation (2):

di f‘f mi
Jk = TP+ T8 4 e (2)
Cair _ Czinc
where:: ]dlﬁr = Uk - M “ Esep - Asep
Ssep
mi 173 1

Iy = g 1 Esep  Asep
z F

]COHV — Fconv . Cimc

where Dy is diffusivity of species k, &sep is porosity of separator,
Agep is area of separator, dsp is thickness of separator, #; is

transference number of ion k, zlf is ion number of species k, F

is Faraday constant, il ig current density, Feony is convective

volume flow crossing between Zn and air electrodes.
Feony = Zk Jk - Vk (3)

From the zero-dimensional space assumption, the outlet molar
flowrate of species k (Fy o) can be calculated as in Equation (4).
The electroneutrality conditions are applied to an ionic species
charge balance, as shown in Equation (5):

Frou = C]Z(inc ’ ezliélcctrolyte SV (4)
+
D7 Ge=0 )

where SV is space velocity.

The accumulation of ZnO is expressed by the molar balance
with reaction R2. Solid Zn is calculated in the same way with
reaction R1:

dNZnO
dt

= VZn0.2 * ZnO (6)

dNyzn
dt

= VZn,1 " "Zn (7)

where Nyz,,0 is moles of ZnO, Ny, is moles of Zn.

Rates of Reactions

The reaction rates of reaction R1, R3 and R5 are modeled
by Faradaic reaction approach as expressed in Equations
(8-10), respectively:

izn - Azinc
rgm = ————— 8
Zn noF ( )
iH . Azinc
H = ——— 9
H e )
iair : Aair
Fair = 2 10
air nF (10)

where rz,, rg, and ruj are rates of reaction R1, R3, and R5,
respectively. iz, i1, and iyjy are current density related to reaction
R1, R3, and R5, respectively. n, is number of exchange electrons
involved in the reaction.

For ZnO precipitation reaction (Equation R2), the rate of
reaction is expressed by a saturation approach (Sunu and
Bennion, 1980):

2-) (11)

rznO = kS(CZn(OH)‘Zf OH)4
where rz,0 is rate of reaction R2, kg is rate constant of reaction

R2 and CSat A(OH)~ is saturation limit concentration of Zn(OH); .
4

Volume Change
The solid electrode volume change can be expressed as follows:
dVSZ(;ﬁE dNyz, Vgt dN7zn0

dt dae T a

“Vzno (12)

The electrolyte volume change can be calculated accordingly:

dVezll:cctrolyte zinc dCiinc
At = Zk VelectrolyTe : dt
dVZinc
i electrolyte =
+ e ks ) Vi (13)
Adyair
1 1 =
$ = —Feonv + Tair Zk Vik,air Vi (14)
yzinc
e =1— solid (1 5)
(SzincAelecZn

where Vj is specific molar volume of species k, ¢ is porosity of Zn
electrode, Vz"l‘lfj is volume of solid Zn electrode, §,inc is thickness
of the Zn electrode and Agjecz,, is surface area of the Zn electrode.
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Cell Potential

The cell potential (E.) can be calculated from Nernst
potential (Eg ) minus with overpotentials as expressed in
Equation (16). The included overpotentials are Zn activation
overpotential (ngicltlc), air activation overpotential (ngicrt) and
ohmic overpotential (17ohmic):

Ecell = Eofcell - n;lcrtlc - n:&;rt — Nohmic (16)
Egcan = B — E7¢ (17)
where E% is potential of air electrode and E“™ is potential of the
Zn electrode.

£,0.5
Eair — Egir + RT In (P02/Pre) (18)

ne - F (C?‘;;{*/Cmf)z

Cine ~ Cref
princ _ E(z)inc + RT In ( Zn('OH)i / ; ) (19)
ne - F (Cg;’{c,/Cref)

where E3" is standard electrode potential of air electrode, E4™
is standard electrode potential of the Zn electrode, Po, is partial
pressure of oxygen, Pl is reference state pressure and Cf is
reference state concentration.

Activation Loss

The activation loss of Zn electrode (7“7°) can be calculated
from the total current at Zn electrode including Zn dissolution
or regeneration (iz,) and HER (ig), as described in Equations
(20-25):

dnzinc

;;:t ) 1z)uﬁc — geell _ (izn + in) (20)
izn = i40C. {exp (Mﬂ?ﬁc) - (CZH(OH)AZ}S)
RT Cznom? b
(1 — azinc)neF
exp <—TW?§C (21)
i 1 e (Mo
H 0 P RT nH
(1 - aH)”e uF
— exp [ - XHMeHT 22
xp( RT H (22)

where CAIC is double layer capacitance of the Zn electrode,
itnc is exchange current density of the Zn electrode, i is
exchange current density of HER, a is charge transfer coeflicient,
CZn(OH)ﬁ*,s is concentration of zincate ion at the electrode
surface, CZn(OH)ﬁ*,h is concentration of zincate ion in the bulk
electrolyte and ny is overpotential of HER at the Zn electrode

which can be calculated from Equations (23-25).

n = 04 4+ AEzy (23)
AEzy = EAn — EH (24)
RT Czinc_

EH = B — ln( on (25)
ne.F Cref

where Ezp is potential difference between the Zn electrode
reaction and HER, E™ is electrode potential of HER, Ef!

is standard electrode potential of HER. The exchange
current density (#4") of the Zn electrode can be calculated
from Equations (26-29). The reference exchange current
density (iozn’ref) can be calculated from a correlation between
exchange current density and concentration of OH™ fitted with
experimental data by Dirkse and Hampson (1972) as determined

in Equation (26):

iOZ“’ref = 0.0281 + 0.0613Cop- — 0.0041Cq->  (26)
Vsohd an/3
Xzinc - - (27)
Vsolid,an/3 + Vsolid,ZnOZ/3
1—¢ 2/3
ag = ao( ) (28)
1—¢o
i(z)inc — i(r)ef,zincaSXZinc (29)

where Xyinc is active surface fraction of Zn in solid phase, Vqlid
is volume of solid species k, a; is solid-solution interface area per
unit volume, ag is initial solid-solution interface area per unit
volume and ¢ is initial porosity of the Zn electrode. Equation
(21) expressed the current of Zn electrode including both
C n 2—
oxidation and reduction. For electrolyzer, the term 2Oms =
Czn(OH)ﬁ’,h
refers to the diffusion limit of zincate ion in Zn reduction reaction
(Tto et al., 2012; Dundalek et al., 2017). The concentration
of zincate ion at the electrode surface (CZn(OH)i‘,s) and bulk

electrolyte (CZn(OH)ﬁib) can be described as in Equations (30)
and (31):

dCZn(OH)ﬁis 1
dt = "Zn — DZn(OH)i_,elec

Velectrolyte

o (CZn(OH)ﬁis - CZn(OH)ﬁib)

8Zn(OH)i’,diffA31€CZn
d Velectrolyte
+ CZn(OH)‘Z;,s dt ] (30)
dcC. 2
Zn(OH); b 1
O L [F Zn(OH)2 " in — FZn(OH)2 out — 1200
dt Velectrolyte 47 47

C

(CZn(OH)ﬁ*,s_ Zn(OH)ﬁib)

+ DZn(OH)if,elec S

Zn(OH)3~ ,diffAelecZn

dv.
+ CZH(OH)P . electrolytei|
4 dt

(31)
where D, (OH)elec is diffusivity of zincate ion in electrolyte. The
thickness of the zincate ion diffusion layer (8Zn(OH)§*, 4i) can be
calculated as in Equations (32-35):

dy,
Sznomi-air = g, (32)
1
d 3
Sh = 1.85(%’Re$c) (33)
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d
Re — hVPelec (34)

I
Sc

DZn(OH)f{ selec Pelec

where D is the diffusion coefficient of zincate in

Zn(OH)i_,elec
electrolyte, C, n(OH)2~ b 1S concentration of zincate in bulk
electrolyte, SZn(OH)i‘, i is the thickness of zincate ion diffusion
layer, dy, is hydraulic diameter, Sh is Sherwood number, Re
is Reynolds number, Sc is Schmidt number, v is electrolyte
velocity, p is viscosity of electrolyte, and pgc is density

of electrolyte. ‘
The activation loss of air electrode (n35;) can be calculated
accordingly:
d air .
Z;C‘.cg; = el (36)
. i Co,.s QairheF
io— i 2> e air
o= ] (2 Yo (e
(1 — cair)neF
— exp (—Tnzft (37)

where C3!' is double layer capacitance of air electrode, iy
is current density respecting to air electrode reaction, Co,atm
is concentration of oxygen in the atmosphere. The exchange
current density of air electrode (igir) is expressed as in Equation
(38). The oxygen concentration at catalyst surface (Co,,s) can be
calculated by using molar concentration balance as described in

Equation (39).

i?)ir = i(a)ir)refacsactive (38)
dc 1 Cops — G
Ors _ . |:—0.5rair _ Do, g {028 = COpatm)
dt Velectrolyte 8GDLAair
dVair
1 \
i Cod;yt} (39)

where Do, ,ir is diffusivity of oxygen in air electrode, dgpr. is
thickness of gas diffusion layer of air electrode, and A, is active
surface area of air electrode.

Ohmic Loss

The ohmic loss (nohmic) is expressed by Ohmic’s law. The
total ohmic resistance (Rophmic) is calculated from the
conductivity and resistivity of the chemical species and cell
components involved. Anode conductivity is accounted
for by the solid species conductivity and mole fraction in
solid electrode.

-cell
Nohmic = i Acell * Rohmic (40)
8zinc ‘Selectrolyte
Rohmic = A A
Oanode/1zinc  Oelectrolyte/1electrolyte
‘Sair 8comp
— + Rcomp e— (41)
OcathodeAair Acell

Nzn Nzno
o =(—""—0om+_——"—0zmo)(1 —¢
anode Nzo +Nzno " Nzn+Nzwo ( )
+ Uelectrolytes (42)

where 8zinc, Selectrolyte and Jair are thickness of the Zn electrode,
electrolyte channel and air electrode, respectively. Oynodes
Oelectrolyte a1d Ocathode are conductivity of Zn electrode, electrolyte
channel and air electrode, respectively. Reomp and Scomp are
resistivity and equilibrium thickness of other cell components.
o7y and oz,0 are conductivity of Zn and zinc oxide, respectively.

The developed model was implemented and simulated
in MATLAB. The designed parameters and operating
conditions are given in Table S1 in Supplementary Material.
The initial conditions at t+ = 0s are listed in TableS2 in
Supplementary Material.

RESULTS AND DISCUSSION

Model Validation

As regards validation of the ZAFB and the electrolyzer model,
two parameters, including the thickness of the active air
electrode (Sactive) and the resistance of other cell components
(Rcomp)> were manually adjusted to fit the model prediction with
the experimental data. The fitted values of Sactive and Reomp
were 30 um and 5 Q. cm, respectively. Figure 3A shows the
comparison of the polarization curve between simulation and
experimental data of the ZAFB. It was observed that there
was good agreement between the model prediction and the
experimental data. The comparison of total overpotential of the
electrodes between the model prediction and experimental data
is displayed in Figure 3B. The overpotential of each electrode
is a combination of electrode activation overpotential and the
ohmic loss. It was assumed that the ohmic loss from the cathode
contributes to half of the total ohmic loss of the cell. The
ohmic loss from the anode also contributes to half of the total
ohmic loss of the cell. The comparison was acceptable for Zn
overpotential. In the case of the air electrode, a small offset
was observed. This offset might have arisen from the ohmic
loss which arbitrarily adds to the activation overpotential. The
measured overpotential of the electrodes from the experiment
included some part of the ohmic overpotential which cannot
be distinguished from the activation overpotential. The model
simulated the activation overpotential and ohmic overpotential
separately. Therefore, the measured overpotentials were found
to be different from the simulated overpotentials. Furthermore,
the differentiation of the air electrode was reported (Schroder
et al,, 2016). However, this differentiation was not included
in the model herein. On the part of the Zn electrolyzer,
Figures 3C, D show the comparison of the cell potential and
the absolute overpotential of the electrodes between simulation
and experiment. Acceptable validity between the simulation
and experimental data was observed. A small offset was still
shown in the overpotential of air electrode. When charging,
it was noted that the growth of oxygen bubbles at the air
electrode can affect the behavior of the air electrode (Wang et al.,
2015b). Nevertheless, this model does not consider the effects of
oxygen bubbles.
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Battery Performance

The ZAFB with 10g of initial Zn (0.1538 mole of Zn) was
simulated to analyze performance as functions of space velocity,
KOH concentration and zincate ion initial concentration. The
discharge current density was 100 mA/cm?. The simulation
was carried out until depletion of Zn. The performance of
ZAFB was evaluated from its current efficiency and discharge
energy at the end of the simulation. The current efficiency
of ZAFB is defined as the ratio of the total discharge
current to the electrochemical equivalent current of the Zn
electrode. In this case, the current efficiency was calculated
as follows:

iceuAelecZnt:f
Current efficiency of ZAFB = ——————  (43)
2F(I\IZn,O - NZn,f)
and the discharge energy is given by:
fr icell
—o(Ece) (iM A t
Discharge energy (Wh) = 2 i=oFea)( dleczaf) (44)

3,600

where ¢ is the total operating time in s, Nzy 0 is initial mole of Zn
and Nz, sis final mole of Zn.
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As shown in Figure 4, the current efficiency and discharge
energy of ZAFB were examined as functions of KOH
concentration and space velocity. Figure4A shows that the
higher KOH concentration provided lower efficiency than the
lower KOH concentration. It indicated that corrosion of the Zn
electrode increased when the concentration of KOH increased.
The corrosion was greater at higher KOH concentration because
the reversible potential difference between the Zn electrode
reaction and HER (AEzy) was negatively larger at higher
KOH concentration, as shown in Figure 5. AEyy contributes
to HER overpotential (ny) and drives the current of HER,
as shown in Equations (22, 23), respectively. The effect of
KOH concentration on Zn corrosion was also investigated
by other researchers using different methods (Muralidharan
and Rajagopalan, 1978; Ravindran and Muralidharan, 1995;
El-Sayed et al, 2012). Muralidharan and Rajagopalan (1978)
studied corrosion of zinc in sodium hydroxide solution with
steady state and transient tafel extrapolation. Ravindran and
Muralidharan (1995) determined the hydrogen evolution rate
by gasometric method and examined the behavior of zinc in
alkaline electrolyte. El-Sayed et al. (2012) proposed the corrosion
study of Zn in alkaline solution by tafel plot and electrochemical
impedance spectroscopy (EIS). The research as mentioned above
is in full agreement with the result concerning the effect of
KOH concentration on hydrogen evolution. However, when
KOH concentration increased, it had a different effect on
the discharge energy, as shown in Figure 4B. Consequently,
when concentration of KOH reached about 6 M, it provided
maximum exchange current density of Zn dissolution and
maximum ionic conductivity. Using KOH concentration more
or <6M decreased the energy discharge of ZAFB. Thus, at
6 M KOH concentration, the maximum performance for ZAFB
was achieved.

As regards the effect of flowrate, the increasing space velocity
of the electrolyte provided lower current efficiency because the
higher electrolyte flowrate maintained a higher concentration

of KOH which contributed to higher corrosion. However, the
flowrate exhibited less effect at lower KOH concentration.

Figure 6 presents the effect of zincate ion concentration on
the performance of ZAFB. The results showed that increasing
the concentration of zincate ion tended to increase the current
efficiency and discharge energy of the battery. This was because
hydrogen evolution was affected by the zincate ion concentration.
Previously, Figure5 shows the relation between AEzy and
concentration of zincate ion. When zincate ion concentration
increased, AEzy reduced due to the decrease in the reversible
Zn electrode potential (E“™°). According to the previous work of
Shivkumar et al. (1995), it was reported that adding ZnO reduced
hydrogen evolution and Zn dissolution. The previous work came
to the same conclusion as the result herein.

Electrolyzer Performance

In the case of the electrolyzer, simulation was performed in order
to examine the effects of space velocity, KOH concentration and
zincate ion concentration using a charge current density of 100
mA/cm?. The target amount of regenerated Zn was 10g. The
simulation was terminated when it reached the target amount
of Zn. The current efficiency of the electrolyzer is the ratio of
the equivalent current for Zn regeneration to the total applied
current. The current efficiency and charge energy of electrolyzer
is expressed by:

2F(Z\]Zn,f — Nzn,)

Current efficiency of electrolyzer = A gecznly (45)
t
th—o (Ecell) ( - iceHAelecZn tf)
Ch Wh) = ——
arge energy (Wh) 3.600
(46)

The performance of the Zn electrolyzer was evaluated by the
current efficiency and the charge energy, as shown in Figure 7.
It was found that the flow of the electrolyte had a significant
effect on the performance of the electrolyzer. Increasing space
velocity increased the current efficiency but decreased charge
energy. The high flowrate was preferred because increasing
flowrate reduced the diffusion film thickness of the zincate
ion. Consequently, Zn reduction was promoted and HER was
suppressed. As regards the effect of zincate ion concentration,
current efficiency increased and charge energy decreased when
the concentration of zincate ion increased. The higher zincate
ion concentration provided greater driving force of the diffusion
and thereby enhanced the Zn reduction reaction. Increasing
zincate ion concentration also reduced AEyy of HER which
also suppressed the corrosion of Zn electrode. Many previous
works have reached the same conclusion about the effect of
zincate ion on Zn electrodeposition, as the result put forward
herein (Einerhand et al., 1988; Sharifi et al., 2009; Dundalek
et al,, 2017). Einerhand et al. (1988) reported that the high
concentration of zincate ion promoted ZnO layer formation
on Zn electrode surface which protected Zn against corrosion.
Dundalek et al. (2017) also highlighted the relation between
Zn deposition morphology, electrolyte condition and HER and
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concluded that high flowrate and zincate ion concentration were
preferred for Zn electrodepositon with low HER.

Regarding the effect of KOH concentration, as illustrated
in Figure 8, it was observed that KOH concentration had a
complicated effect on current efficiency and charge energy.
KOH concentration had a connection with the saturation limit
of zincate ion. When zincate ion was not saturated, KOH
concentration had little effect on current efficiency in the low
flowrate region. However, a different trend was observed in

the high flowrate region (space velocity above 1 per second).
In the high flowrate region, increasing KOH concentration
provided lower current efficiency due to increasing AEzp. As
for the effect on charge energy, the higher KOH concentration
needed higher charge energy because of the higher Nernst
potential (Eg ). Sharifi et al. (2009) also studied zinc electrolysis
using various KOH concentration and approached to the same
conclusion. When the zincate ion was saturated, the effect on
current efficiency and charge energy was different from that of
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non-saturated zincate ion. KOH concentration had less effect in
the high flowrate region, but it had a direct effect in the low
flowrate region. When KOH concentration increased, efficiency
tended to increase due to the saturation limit of zincate ion.
The saturation limit increased due to the increase in KOH
concentration. The effect of the saturation limit showed a similar
trend with the effect of zincate ion concentration, as in Figure 7.
The higher saturation limit provided higher efficiency.

Integrated System

The operation having an equal charge-discharge current density
of 100 mA/cm? was simulated. The initial Zn in ZAFB was 10 g
(0.1538 mole of Zn). Zn depletion in ZAFB was the termination
criterion. The current efficiency of the integrated system is
defined as the ratio of the total amount of Zn regenerated to
the total amount of Zn utilized, as in Equation (47). The other
performance evaluation is energy efficiency which is expressed
as the ratio of discharge energy to charge energy, as described in
Equation (48):

Current efficiency of the integrated system

electrolyzer electrolyzer

—N.

Znf Zn,0
= (47)
battery battery
N, Zn0 NZn,f
Discharge ener Wh
Energy efficiency = 8 gy (Wh) (48)

Charge energy (Wh)

Then, the performance of the integrated system was examined
by considering various operating parameters i.e., space velocity,
KOH concentration and zincate ion concentration.

The current efficiency and energy efliciency of the integrated
system are as shown in Figure9. It was observed that the
efficiency trends of the integrated system were comparable with
the charge efficiency trends of the electrolyzer, as illustrated
in Figures 9A-C. It can be inferred that the efficiency of
the integrated system is dominated by the electrolyzer. The
results showed that increasing flowrate enhanced the current
efficiency except at low zincate ion concentration. At low zincate
concentration, the inflection point occurred at space velocity
range 0.1-1 s and especially at 0.2 M zincate concentration.
The condition at the bottom of the curve is the condition such
that the total amount of zincate ion transferring to the electrode
surface is minimum compared to the adjacent condition. The
increasing flowrate had a positive effect on the energy efficiency
of the system. In the case of the comparison of effect of zincate
ion concentration, the higher zincate ion concentration provided
better performance throughout the range of space velocity.
Increasing zincate ion concentration was able to suppress
HER and increase the current efficiency for both discharging
and charging. At space velocity, approximately below 0.1 s~1,
increasing zincate ion concentration improved energy efficiency.
In contrast, at space velocity above 1 s~!, increasing zincate ion
concentration provided an adverse effect on energy efficiency.

In Figure 10, the performance of the integrated system
was examined: namely, from 2 to 10M KOH concentration.

It was observed that the efficiency curve could be divided
into 2 regions: the region before and after the inflection
point. For the region before the inflection point, efficiency
increased as KOH concentration increased. Zincate ion was
saturated herein. Subsequently, when KOH concentration
increased, the saturation limit of zincate ion increased.
Therefore, zincate ion diffusion also improved. On the other
hand, efficiency decreased as KOH concentration increased
for the region after the inflection point. Zincate ion was
not saturated in this region. Thus, the concentration of
zincate ion was not much different between the various
KOH concentration. However, HER still intensified as
KOH concentration increased. It is evident that 8 M KOH
concentration provided maximum energy efficiency. This was
followed by 6 M KOH concentration. Energy efficiency was
dominated by the performance of the discharge process which
was influenced mainly by optimal KOH concentration. As
mentioned previously in the section of battery performance,
concentration of about 6 to 7M KOH provided maximum
exchange current density of the Zn electrode reaction and
maximum ionic conductivity. Consequently, in the case of the
integrated system, 6 and 8 M KOH concentration exhibited
optimal performance.

CONCLUSION

In this work, a mathematical model of a Zn-air flow battery
integrated with a Zn electrolyzer including the model of HER
was developed to evaluate the system performance. Thereby,
the following parameters were investigated: electrolyte flowrate,
potassium hydroxide (KOH) concentration and zincate ion
initial concentration. Besides, the influence of the hydrogen
evolution reaction (HER) on the performance of the Zn-air
energy storage system was examined. Upon investigation, it was
found that KOH concentration had a significant effect on the
performance of the battery. Further, it was noted that increasing
KOH concentration enhanced HER and reduced the current
efficiency. However, the optimal KOH concentration, which was
about 6-7 M, provided maximum discharge energy. Increasing
zincate ion initial concentration was able to suppress the HER
and increase the current efficiency of the battery because of
the lessening of reversible potential difference between the Zn
electrode reaction and HER. As regards the electrolyzer, the
results showed that the performance of the electrolyzer was
dominated by zincate ion initial concentration and electrolyte
flowrate. When zincate ion initial concentration increased
together with the flowrate, current efliciency significantly
increased. Further, the charge energy was reduced due to the
enhancement of zincate ion diffusion to the electrode surface.
Yet, increasing KOH concentration did not directly improve
electrolyzer performance but contributed to the increment of
saturation limit of zincate ion which enhanced the electrolyzer
performance. For the overall integrated system, it was observed
that the current efficiency of the integrated system was dominated
by the electrolyzer. Therefore, increasing zincate ion initial
concentration and electrolyte flowrate had a beneficial effect
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on the current efficiency of the integrated system. On the
other hand, the energy efliciency of the integrated system
was essentially influenced by the discharging cell. Maximum
energy efficiency was obtained by the optimal concentration of
KOH similar to the discharge energy of the flow battery. The
results of this work described the role that HER contributed
toward the performance of the integrated system of Zn-air
flow battery and Zn electrolyzer. Overall, it was found that
HER had a detrimental effect on the performance of the
integrated system. To conclude, it can be seen that control
of the operating conditions was found to be an effective way
to diminish HER and extract optimal performance out of the
integrated system.
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NERNST potential/standard electrode potential, V.
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Reversible potential of Zn electrode, V.
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Reversible potential of hydrogen evolution reaction,
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Current density, A/dm?.

Exchange current density, A/dm?.

Reference exchange current density, A/dm?.

Molar transfer rate between electrodes, mol/s.
Convective molar flow rate, mol/s.

Diffusion molar flow rate, mol/s.
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Rate constant of ZnO precipitation reaction, dm?/s.
Number of exchange electron involved in the
reaction.
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Partial pressure of oxygen, atm.

Rate of reaction i, mol/s.

Gas constant, J/mol - K.

Resistivity of cell component, £2 - dm.
Total ohmic resistance, 2.

Space velocity, s~ 1.

Time, s.

Transference number of ion k.
Temperature, K.

Volume of electrolyte at electrode j, dm>.

Volume of solid Zn electrode, dm?.

Volume of solid specie k, dm?>.

Specific molar volume of specie k, dm*/mol.
Active surface fraction of Zn in solid phase.
Ton number of specie k

Greek symbol

Charge transfer coefficient.

Thickness of air electrode, dm.

Thickness of electrolyte, dm.

Thickness of Zn electrode, dm.

Thickness of active reaction zone, dm.
Thickness of separator, dm.

Thickness of gas diffusion layer, dm.
Potential difference between Zn and hydrogen
electrode, V.

Porosity of Zn electrode.

Initial porosity of Zn electrode.

Porosity of separator.

Activation loss/activation overpotential of Zn
electrode, V.

Activation loss/activation overpotential of air
electrode, V.

Tonic separator loss, V.

Ohmic loss/ohmic overpotential, V.

Total conductivity of anode, S/dm.

Total conductivity of cathode, S/dm.
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