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Abstract: Acidic tin–iron flow batteries (TIFBs) employing Sn/Sn2+ and Fe2+/Fe3+ as active materials
are regarded as promising energy storage devices due to their superior low capital cost, long lifecycle,
and high system reliability. In this paper, the performance of TIFBs is thoroughly investigated via a
proposed dynamic model. Moreover, their design and operational parameters are comprehensively
analyzed. The simulation results show that (i) a flow factor of two is favorable for practical TIFBs; (ii)
about 20% of the system’s efficiency is decreased as the current density increases from 40 mA cm−2

to 200 mA cm−2; (iii) the optimal electrode thickness and electrode aspect ratio are 6 mm and 1:1,
respectively; and (iv) reducing the compression ratio and increasing porosity are effective ways
of lowering pump loss. Such in-depth analysis can not only provide a cost-effective method for
optimizing and predicting the behaviors and performance of TIFBs but can also be of great benefit to
the design, management, and manufacture of tin–iron flow batteries.

Keywords: tin–iron flow battery; performance investigation; operational optimization; dynamic
model; simulation analysis

1. Introduction

In recent years, flow batteries have received much ongoing attention due to their
benefits with respect to decoupling power and energy, long cycling lives, and safety [1].
Among the flow batteries discussed in the literature and implemented in practical applica-
tions, all-vanadium flow batteries (VFBs) number among the most promising technologies
and have been successfully applied in a number of commercial energy storage stations
by employing a vanadium element as an active substance for both sides, thus avoiding
cross-contamination [2,3]. However, further applications of VFBs are seriously impeded by
expensive vanadium-based electrolytes. Thus, to produce substitutes for VFBs and achieve
cost-competitive flow battery systems, it is of vital importance to develop new types of
flow batteries with cost-effective active species [4].

Accordingly, large numbers of alternative flow battery systems with low-cost active
species, such as all-iron flow batteries, zinc-based flow batteries, and tin-based flow bat-
teries, have been proposed by researchers and engineers. Among them, all-iron flow
batteries have received the most attention due to their environmentally friendliness and
low cost [5]. However, hydrogen evolution in the anode and inferior Fe plating/stripping
reversibility limit their efficiency and capacity retention [6,7]. On the other hand, zinc-
based flow batteries, offering benefits such as inexpensiveness and a theoretical spe-
cific energy density of over 400 Wh kg−1 [8] (which is about 10 times that of VFBs),
have been widely studied, and a series of zinc-based flow batteries have been proposed,
such as zinc–bromine flow batteries [9], zinc–iodine flow batteries [10], zinc–cerium flow
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batteries [11], zinc–manganese flow batteries [12], zinc–nickel flow batteries [13], the zinc–
iron flow batteries [14], and zinc–air flow batteries [15]. Nevertheless, the safety issues
associated with zinc dendrite (towards which great efforts [16–18] have been exerted, each
failing to thoroughly eliminate said problems [19]) constitute an obstacle to its commercial
utilization [20]. Thus, non-dendrite tin-based flow batteries have become a significant
research focus. To date, tin–bromine flow batteries [21], tin–vanadium flow batteries [20],
tin–iodide flow batteries [22], and tin–iron flow batteries [23] have been proposed by re-
searchers. Among these batteries, tin–iron flow batteries are regarded as one of the most
promising options because of their combination of non-dendrite components, low cost, and
long lifespan.

Tin–iron flow batteries (TIFB), especially acidic tin–iron flow batteries, have been
envisioned as a favorable alternative and shown superior performance according to reports
in the literature. For instance, Zhou and co-workers proposed a tin–iron flow battery
with excellent rate and cycle performance by using FeCl2 as an active material for the
positive side, SnCl2 as an active material for the negative side, and HCl as a supporting
electrolyte [23]. Afterwards, they performed an in-depth analysis on the effects of the
component materials and flow fields to further understand the behavior of TIFBs and
improve their overall performance [24]. Alongside acidic tin–iron flow batteries, a low-cost
neutral tin–iron flow battery was developed in our previous work by employing Sn2+/Sn
and [Fe(CN)6]3−/Fe(CN)6]4− as active pairs and KCl as a supporting electrolyte, thus
avoiding environmental unfriendliness and the harshness of the inside material under
acidic conditions [25]. Despite these efforts, few TIFBs offering commercial large-scale
energy storage can be seen in practical applications. This can mainly be attributed to the
fact that before a battery comes into use, it is very important to optimize its cell design
and operational conditions as an energy storage technology to render it suitable for large-
scale applications [26]. Thus, mathematical modelling is considered an effective method
with which to thoroughly study the performance of TIFBs and, subsequently, optimize
their design and operation due to the avoidance of considerable amounts of experimental
testing [27]. However, until now, no such mathematical models concentrating on the
optimization of cell design and operational parameters for TIFBs have been available in
the literature.

In this work, dynamic models the tin–iron flow batteries are proposed, and consequent
in-depth investigations are conducted to optimize the performance of TIFBs and understand
their characteristics. This paper begins with the development of a comprehensive dynamic
TIFB model based on mass conservation. Then, the proposed dynamic model is validated
at two applied currents. Afterwards, the key factors of flow rates, current densities, and
electrode parameters are evaluated, and their effects are analyzed. The simulation results
demonstrate that it is beneficial to adopt a flow factor of two for TIFBs to achieve optimal
system efficiency. In addition, electrodes with a thickness of 6 mm and an aspect ratio
of 1:1 are preferable for the development of practical tin–iron flow batteries. Moreover,
moderate porosity and compression ratios are favored for tin–iron flow batteries to enhance
their comprehensive performances. This work develops the first comprehensive dynamic
model for tin–iron flow batteries, thus providing a cost-effective method with which to
understand their behavior and enhance their performance. In addition, the optimization
of operational parameters and electrode geometry is of great significance for the design,
manufacturing, and management of TIFBs.

There are three further sections in this paper. The experimental methods are expressed
in Section 2, including materials, modelling, and cell performance testing. Subsequently, in
Section 3, the effects of key factors are studied, and the results are discussed. Finally, the
conclusions are expressed in Section 4.
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2. Experimental Methods
2.1. Materials

Porous electrodes (JinGu-42) used in this work were received from Liaoning Jingu
Carbon Materials Co., Ltd. (Liaoyang, China). Bipolar plates (KVFP1010) were purchased
from Liaoning Kejing New Materials Technology Co., Ltd. (Shenyang, China). Membranes
(Nafion 212) were obtained from DuPont Co., Ltd. (Shanghai, China). Sulfuric acid,
stannous chloride, and ferrous chloride were purchased from Sinopharm (Shenyang, China)
and were of analytical regent grade.

2.2. Electrolyte Preparations

The electrolytes used for the charging–discharging test were made with deionized
water, containing 0.5 M Sn2+ plus 3 M H2SO4 in the negative half-cell and 1 M Fe2+ plus
3 M H2SO4 in the positive half-cell.

2.3. Cell Performance Tests

A typical TIFB commonly consists of pumping systems, a flow cell, and two reservoirs
containing electrolytes for both sides. A schematic of a TIFB is depicted in Figure 1a. To
understand the characteristics of TIFBs, a laboratory flow cell was prepared and tested.
The analyzed flow cell with an area of 28 cm2 is composed of electrodes, flow frames, ion
exchange membrane, collectors, bipolar plates, gaskets, and essential fasteners, as shown
in Figure 1b. The electrochemical reactions for the two half-cells and the cell are expressed
as follows:

At the negative side

Sn↔ Sn2+ + 2e−
(

E0 = −0.13 V
)

(1)

At the positive side

Fe3+ + e− ↔ Fe2+
(

E0 = 0.77 V
)

(2)

Cell reaction:

Fe3+ +
1
2

Sn↔ Fe2+ +
1
2

Sn2+(E0 = 0.9 V
)

(3)
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Figure 1. (a) A schematic of a tin–iron flow battery and (b) the structure of laboratory flow cell.

Cell performance was tested using a Neware cell tester (CT-3008 5 V/12 A). In the
charge–discharge test, the current densities were set to be operated within a voltage range
of 0.4–1.2 V at 50 mA cm−2 and 100 mA cm−2. A 60 mL electrolyte was filled in each side
and circulated from cell to electrolyte reservoirs. The flow rate was constantly 40 mL min−1.
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The specific parameters of the cell are listed in Table 1. The efficiencies of the flow cell can
be calculated according to Equations (4)–(6).

Coulombic e f f iciency =

∫ td
0 Idischargedt∫ tc

0 Ichargedt
× 100% (4)

Energy e f f iciency =

∫ td
0 Udischarge Idischargedt∫ tc

0 Ucharge Ichargedt
× 100% (5)

Voltage e f f iciency =
Energy e f f iciency

Coulombic e f f iciency
× 100% (6)

where td and tc represent the time of discharge and charge process, respectively, and U and
I are the voltage and current of the cell, respectively.

Table 1. Operating parameters and cell geometry.

Parameters Value

Sn ion concentration 0.5 mol L−1

Fe ion concentration 1 mol L−1

Electrolyte volume 60 mL
Flow rate 40 mL min−1

Electrode size 4 cm × 7 cm × 4.2 mm
Voltage range 0.4–1.2 V

2.4. Dynamic Modeling

A tin–iron flow battery dynamic model should, on the one hand, be sufficiently
complex such that it captures the underlying physics and, on the other hand, be adequately
simplicial to be solved promptly. Thus, in this study, the following assumptions are made
before the establishment of the tin–iron flow battery dynamic model.

(1) The electrolyte concentrations are uniform in the cell and reservoirs;
(2) Gassing side reactions are negligible;
(3) The temperature in the reservoirs and the cell are constant during operation;
(4) Contact resistances between electrode and bipolar plate are minimized;
(5) The variations of electrolyte volume in the cell and reservoirs can be neglected.

2.4.1. Electrochemical Model

The voltage of the cell for a typical charge–discharge process of a TIFB is commonly the
sum of the open-circuit voltage (Eocv), the activation polarization (ηact), the concentration
polarization (ηcon), and ohmic loss (IRcell), as expressed in the form of Equation (7)

Ecell = EOCV + ηact + ηcon + IRcell (7)

where EOCV and ηcon can be further described as Equations (8) and (9)

EOCV = E0′ +
RT
zF

ln
cFe(III)

cSn(II)cFe(II)
(8)

ηcon = η+
con + η−con =

RT
zF

ln
(

1− i
zFkmc+r

)
+

RT
zF

ln
(

1− i
zFkmc−r

)
(9)

where

• E0′ is the cell’s formal potential;
• R denotes the molar gas constant;
• T is temperature;
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• z refers to the unit activity coefficient;
• F is the Faraday constant;
• i is current density;
• cSn(II), cFe(II), and cFe(III) are the concentrations of Sn2+, Fe2+, and Fe3+ in TIFB cell,

respectively;
• c−r and c+r are the concentrations of reactant in negative and positive half-cell, respectively;
• km denotes the local mass transfer coefficient as expressed in Equation (10), where A1

is the cross-sectional area of the electrode and Q is the flow rate.

km = 1.6× 10−4 Q
A1

(10)

The ηact can be obtained using the Butler–Volmer equation in the form of Equation (11).
As a porous electrode with a surface area that can be up to several hundred times its
geometric area is applied in flow batteries, thus lowering real current density, ηact is
commonly small in flow cells [28]. In addition, current is one of the key factors that affects
activation overpotential, according to Equation (11). Thus, a new definition of overall
ohmic drop, “IR′cell”, is defined in the form of Equation (12) to combine the ohmic loss and
activation overpotential of a cell [29]

i = i0

{
exp

[
αanFηact

RT

]
− exp

[
−αcnFηact

RT

]}
(11)

IR′cell = IRcell + ηact (12)

where IR′cell is the defined overall ohmic loss, i0 denotes exchange current density, and αa
and αc are the charge transfer coefficients of the negative and positive side, respectively.

As a consequence, the voltage of a cell can be obtained by solving Equations (13) and (14),
as expressed below

For charging:

Ecell = E0′ +
RT
zF

ln
cV(II)cFe(III)

cV(III)cFe(II)
+

∣∣∣∣∣RT
zF

ln

(
1− i

1.6× 10−4 Q
A1

zFc+r

)∣∣∣∣∣+
∣∣∣∣∣RT

zF
ln

(
1− i

1.6× 10−4 Q
A1

zFc−r

)∣∣∣∣∣+ IR′cell (13)

For discharging:

Ecell = E0′ +
RT
zF

ln
cV(II)cFe(III)

cV(III)cFe(II)
−
∣∣∣∣∣RT

zF
ln

(
1− i

1.6× 10−4 Q
A1

zFc+r

)∣∣∣∣∣−
∣∣∣∣∣RT

zF
ln

(
1− i

1.6× 10−4 Q
A1

zFc−r

)∣∣∣∣∣− IR′cell (14)

2.4.2. Mass Balance

On the basis of mass balance, the ion concentrations can be obtained by calculating
their time derivatives in the form of Equations (15)–(18):

• for Fe3+ ion:

 V
dcFe(III)(t)

dt = Q
(

c′Fe(III)(t)− cFe(III)(t)
)
± NI

zF −
A2
θ

(
k1cFe(III)(t) + 2k3cV(II)(t)

)
V′

dc′Fe(III)(t)
dt = Q

(
cFe(III)(t)− c′Fe(III)(t)

) (15)

• for Fe2+ ion:
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 V
dcFe(II)(t)

dt = Q
(

c′Fe(II)(t)− cFe(II)(t)
)
∓ NI

zF −
A2
θ

(
k2cFe(II)(t)− 2k3cV(II)(t)

)
V′

dc′Fe(II)(t)
dt = Q

(
cFe(II)(t)− c′Fe(II)(t)

) (16)

• for Sn2+ ion:

 V
dcSn(II)(t)

dt = Q
(

c′Sn(II)(t)− cSn(II)(t)
)
∓ NI

zF −
A2
θ

(
k3cSn(II)(t)− 1

2 k1cSn(II)(t)
)

V′
dc′Sn(II)(t)

dt = Q
(

cSn(II)(t)− c′Sn(II)(t)
) (17)

where

• c′Fe(II)(t), c′Fe(III)(t), and c′Sn(II)(t) denote the concentrations of Fe2+, Fe3+, and Sn2+ in
the reservoirs at time t, respectively;

• θ denotes the membrane thickness;
• V and V′ denote the electrolyte volume in the flow cell and reservoirs, respectively;
• A2 denotes the cross-sectional area of the membrane;
• “+” and “−”denote the charging and discharging processes, respectively;
• k1, k2, and k3 denote the diffusion coefficients of Fe3+, Fe2+, and Sn2+, respectively.

The flow rate can be obtained in the form of Equation (18), where f is the flow factor
and the cr for fixed flow rate control is the concentration of the reactant at the end of the
charge/discharge process, as described in Equation (19).

Q = N f
|I|

zFcr
(18)

cr = cr(tend) (19)

2.5. Cell Pressure, Pump Loss, and System Efficiency
2.5.1. Pressure Loss in Flow Cell

The total pressure loss of a TIFB commonly consists of the pressure loss in the pipe
and the pressure loss in the cell. It can be expressed in the form of Equation (20), assuming
that the pressure drop in the cell is totally a result of the carbon felt

∆Ptotal = ∆Pfelt + ∆Ppipe (20)

where

• ∆Ptotal is the total pressure loss;
• ∆Ppipe is the pressure loss through the pipe;
• ∆Pfelt is the pressure loss through the porous electrode, which can be determined

according to Darcy’s law, as shown in Equations (21) and (22).

∆Pfelt =
µlQ
κA

(21)

κ =
d2

f
16K

ε3

(1− ε)2 (22)

where

• l is the length of the porous electrode;
• µ denotes the viscosity of electrolyte;
• A is the cross-sectional area of the porous electrode;
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• κ is the permeability of the porous electrode;
• df is the fiber diameter of the porous electrode;
• ε is the permeability of the porous electrode.

Moreover, the pressure loss through the pipe can be attained in the form of Equation (23)
according to the Darcy–Weisbach equation:

∆Ppipe = fD
L
D

ρv2

2
(23)

where

• fD denotes Darcy friction factor;
• D denotes pipe diameter;
• v denotes velocity of the flow;
• L denotes pipe length.

Assuming the flow in the piping corresponds to laminar flow [28], fD can be expressed
in the form of Equation (24).

fD =
64
Re

(24)

In Equation (24), Re is the Reynolds number described below, where Ap is the cross-
sectional area.

Re =
ρDQ
µAp

(25)

As the pressure loss in a pipe is more preferably expressed in terms of volumetric flow
rate, Equation (26) can be substituted into Equation (23).

v2 =
Q2

Ap2 (26)

2.5.2. Pump Loss and System Efficiency

The pump power can be obtained by employing Equation (27), where α is the efficiency
of pump, which depends on the operational conditions and pump configuration (assumed
to be 80% in this paper).

Ppump =
∆PtotalQ

α
(27)

Thus, for constant current working conditions, the total energies required for charging
or deliverable for discharging are expressed in Equation (28)

W = I·
∫ t

0
Ecell(t)dt±

∫ t

0
Ppump(t)dt (28)

Thus, the system efficiency of flow batteries can be determined using Equation (29)

System efficiency =
Wdischarge

Wcharge
(29)

3. Results and Discussion
3.1. Model Validation

The experimental and simulated cell voltages at 50 mA cm−2 and 100 mA cm−2 are
shown in Figure 2a,b, respectively, in which the simulated curves are obtained on the basis
of the electrochemical model and mass balance provided in Sections 2.4.1 and 2.4.2. It
can be seen that the simulated battery voltages at the two current densities fit well with
the testing voltages. It is suggested that the proposed model is, on the one hand, capable
of capturing the electrochemical characteristics of a TIFB and, on the other hand, able to
optimize the cell design and operational conditions. Moreover, Figure 2a,b also show that
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different operational conditions can result in a great difference of cell behaviors for TIFBs.
Hence, it is of vital significance to perform a thorough analysis in order to optimize the
cell’s design and the running strategy, thus achieving enhanced overall performance for a
tin–iron flow battery.
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After the model’s validation, a flow cell of 2000 cm−2 is employed to facilitate the
simulation of a TIFB. The specific cell geometry and model parameters are provided in
Table 2. In the following sections (Sections 3.2 and 3.3), the key operational factors and
electrode parameters are studied, and their effects are comprehensively discussed.

Table 2. Simulation parameters and cell geometry.

Parameters Value

Electrolyte volume 25 L
Fe-ion concentration 1 mol L−1

Sn-ion concentration 0.5 mol L−1

Electrode size 50 cm × 40 cm × 4.2 mm
Electrode porosity 93%

Temperature 298.15 K
Cell formal potential 0.9 V
Area resistance of cell 0.7 Ω cm2

Diffusion coefficient of Fe3+ 4.0 × 10−12

Diffusion coefficient of Fe2+ 4.8 × 10−12

Diffusion coefficient of Sn2+ 5.0 × 10−12

Cut-off for discharging SOC = 10%
Cut-off for charging SOC = 90%

Pipe length 1 m
Pipe radius 2.5 cm

3.2. Key Operational Factors
3.2.1. Effects of Flow Rate

The applied flow rate of a flow battery should not only be sufficient, thus achieving
a superior concentration potential, but also appropriately lowered to avoid additional
cell pressure. Hence, it is necessary for a battery’s flow rate to be carefully managed for
practical use. Therefore, the impacts of flow rate are investigated in this subsection in
order to determine the optimal flow rate of a TIFB and, subsequently, enhance its overall
performance. To ease analysis, the theoretical flow rate of the TIFB, with the operational
conditions and cell geometries listed in Table 2, is defined to be a flow factor of one. Thus,
the flow factor, which is the ratio of the applied flow rate to the theoretical flow rate (as
depicted in Equation (18)), can be used to quantify the flow rate. Figure 3a shows the cell
voltages with the flow factors from one to five at 100 mA cm−2. It can be observed that a
higher flow rate is of great benefit to realizing longer charging–discharging times and a
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lower cell potential. Thus, capacity and cell efficiency can be greatly improved at a high
flow rate. As illustrated in Figure 3b,c, as the flow factor increases from one to five, the
battery’s capacity and energy efficiency are enhanced by up to 20% and 4%, respectively.
However, the negative impacts of a high flow rate, despite the above improvements, can
still occur, particularly the unwanted loss of cell pressure, pump energy, and, consequently,
the additional loss of system efficiency. The cell pressure at different flow rates is shown
in Figure 3d, which shows that it markedly increased from 15.8 kPa at a flow factor of
one to 79 kPa at flow factor of five, which can not only give rise to excess pump loss
but also induce a risk of electrolyte leakage. The degree of pump loss is analyzed and
illustrated in Figure 3e, where pump loss dramatically increases with the increase in flow
rate. More specifically, the pump loss increases from 0.41 W to 10.28 W as the flow factor
increases from 1 to 5. As a result, the system efficiency while accounting for pump loss
is greatly affected. The system efficiency at different flow factors is demonstrated in
Figure 3f, where optimal system efficiency is achieved at a flow factor of two. Therefore,
although a high flow rate is beneficial for the improvement of cell efficiency and capacity,
the flow rate must be appropriately managed for practical TIFB systems to obtain enhanced
overall performance.
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3.2.2. Effects of Current Density

Since a flow factor of two is favorable for a TIFB to realize optimized overall per-
formance, this flow factor is analyzed in the following investigation. In addition to the
flow factor, current density also greatly influences a flow battery’s performance. Figure 4a
illustrates the cell voltages at various current densities, where the various current densi-
ties result in different cell voltages, which can potentially affect cell efficiency. Thus, cell
efficiency is investigated and shown in Figure 4b. As illustrated, the coulombic efficiency
slightly increases as the current density increases, while the voltage efficiency is notably
decreased. Hence, energy efficiency is significantly decreased with the increase in current
density. Specifically, as the current density increases from 40 mA cm−2 to 200 mA cm−2,
energy efficiency decreases by as much as 17%. Besides cell efficiency, cell capacity is also
studied and shown in Figure 4c, where the capacity at each current density is similar owing
to the fact that the cell is set to be operated in the fixed SOC range and a high flow rate
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is applied at high current densities. However, such a high flow rate can result in safety
risks and additional pressure and pump loss. The observed cell pressure and pump loss
are depicted in Figure 4d,e, respectively, where they increase from 12.6 kPa to 62.9 kPa
and from 0.3 W to 6.5 W, respectively, as the current density increases from 40 mA cm−2 to
200 mA cm−2. As a result, the system efficiency, which is shown in Figure 4f, decreases
by about 20% with this variation in the current density. Hence, even though it is favorable
for large-scale TIFB systems to operate at a high current density to lower their unit cost
and enhance their power density, it is still necessary for the practical current density to be
properly controlled to avoid additional system efficiency loss and safety risks.

Batteries 2023, 9, 278 10 of 18 
 

studied and shown in Figure 4c, where the capacity at each current density is similar ow-
ing to the fact that the cell is set to be operated in the fixed SOC range and a high flow rate 
is applied at high current densities. However, such a high flow rate can result in safety 
risks and additional pressure and pump loss. The observed cell pressure and pump loss 
are depicted in Figure 4d,e, respectively, where they increase from 12.6 kPa to 62.9 kPa 
and from 0.3 W to 6.5 W, respectively, as the current density increases from 40 mA cm−2 
to 200 mA cm−2. As a result, the system efficiency, which is shown in Figure 4f, decreases 
by about 20% with this variation in the current density. Hence, even though it is favorable 
for large-scale TIFB systems to operate at a high current density to lower their unit cost 
and enhance their power density, it is still necessary for the practical current density to be 
properly controlled to avoid additional system efficiency loss and safety risks. 

 
Figure 4. Effects of current density on (a) voltage, (b) cell efficiency, (c) capacity, (d) pressure, (e) 
pump loss, and (f) system efficiency. 

  

Figure 4. Effects of current density on (a) voltage, (b) cell efficiency, (c) capacity, (d) pressure,
(e) pump loss, and (f) system efficiency.

3.3. Electrode Parameters

The key materials in a flow cell, for instance, the membrane, electrode, electrolyte,
and bipolar plate, often highly influence cell performance. Among them, an electrode
with different dimensions and characteristics can significantly influence the design and
management of flow batteries. For instance, the porosity and compression ratio of electrodes
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can greatly impact the operational strategy regarding flow rate and pressure. Moreover,
the electrode’s dimensions can directly affect the cell’s geometry. Thus, in the design of
TIFBs, it is very important to understand the impacts of the electrode parameters on the
overall performance and, subsequently, to optimize the cell’s design and the operational
strategy. In this section, key parameters of electrodes are investigated by simulating the
TIFB’s behavior at 80 mA cm−2.

3.3.1. Effects of Electrode Dimensions

Both the thickness and aspect ratio (height/length) of electrodes can impact the per-
formance of a flow cell. The cell voltages of a TIFB with electrodes of different thicknesses
are shown in Figure 5a, where significant differences in the charging–discharging curves
occur at the end of the charging period. This can mainly be attributed to the fact that the
concentration potential of a cell with very thick electrodes can be significantly increased at
the end of charge, which is in conformity with Equation (9). Accordingly, it is necessary that
the state of charge (SOC) for practical large-scale TIFBs with thick electrodes is prudently
regulated to avoid overvoltage. Aside from cell voltage, capacity and efficiency are also
investigated and illustrated in Figure 5b,c, in which the capacity and energy efficiency
are increased by 14 Ah and decreased by 1.5%, respectively, with the thickness increasing
from 2 mm to 10 mm. It is shown that the variation in capacity and energy efficiency is
relatively small; thus, the electrode’s thickness can hardly affect the cell’s capacity and
efficiency since the voltage curves (illustrated in Figure 5a) are very similar in most parts.
However, electrode thickness can strongly influence cell pressure and pump loss according
to Darcy’s law [30]. Accordingly, Figure 5d,e illustrate the calculated cell pressure and
pump loss, respectively, which both notably decrease as the electrode thickness increases.
More specifically, the pressure and pump loss of the cell with a 2 mm thick electrode are
about five times that of a 2 mm. Thus, the TIFB with thin electrodes potentially suffers from
decreased system efficiency. The system efficiency of the cell with electrodes of different
thickness is shown in Figure 5f. As expected, the system efficiency is significantly decreased
at an electrode thickness of 2 mm. On the other hand, the cell with a 10 mm thick electrode
also provides relatively low system efficiency owing to its low energy efficiency. It can be
observed that optimized system efficiency is achieved at a thickness of 6 mm. Hence, the
electrodes employed in a TIFB should be neither very thick nor very thin. In practice, an
appropriate electrode thickness, in particular 6 mm or so, is desirable to allow practical
large-scale TIFBs to achieve preferrable system efficiency.

Besides electrode thickness, TIFB cells with the same area but different electrode
aspect ratios (height/length) can have different levels of cell performance, according to
Equations (13) and (14). Specifically, the height of an electrode is the direction parallel to
the flow, and the length of an electrode corresponds to the direction perpendicular to the
flow. To specifically evaluate its effects, the voltages of a cell with an electrode with different
aspect ratios are simulated and shown in Figure 6a. As depicted, the initial cell voltages
are similar; however, at the end of a charge or discharge period, the voltages gradually
differ with the alteration of the electrode’s aspect ratio. This result is in accordance with
Equations (13) and (14), and such a variation in cell voltage can affect the cell’s efficiency.
Moreover, it was observed that the charge–discharge time of the cell shows little difference
as the aspect ratio changes. Thus, the aspect ratio of an electrode only slightly impacts
cell capacity, as illustrated in Figure 6b. Figure 6c shows the cell efficiencies, where, as
the aspect ratio varies from 3:1 to 1:3, the energy efficiency decreases from 81.8% to 80.3%,
suggesting that the use of an electrode with greater height helps allow TIFBs to realize
enhanced energy efficiency. Nevertheless, employing electrodes with greater height in a
flow cell can entail long distances for electrolyte transportation, thus leading to undesirable
cell pressure and pump loss. Figure 6d shows the cell pressure with an electrode of different
aspect ratios, where the cell pressure gradually decreases from 55 kPa at an aspect ratio of
3:1 to 6 kPa for an aspect ratio of 3:1. As a consequence, the pump loss gradually decreases
from 2.3 W to 0.25 W, as shown in Figure 6e. Accordingly, the system efficiency of the cell
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with an electrode of different aspect ratios can also differ. The system efficiency values are
presented in Figure 6f, where the highest system efficiency was realized at an aspect ratio
of 1:1. Hence, electrodes with a similar length and height are preferable for practical TIFB
energy storage systems.
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3.3.2. Effects of Electrode Porosity

Figure 7a illustrates the cell voltage with an electrode with different porosities. It can
be observed that the cells with electrodes of different porosities achieve similar voltages,
which is in accordance with Equations (13) and (14). Thus, the similar cell voltages result in
similar cell capacities and efficiencies, as depicted in Figure 7b,c. Nevertheless, the overall
performance can still differ with the variation of porosity. For instance, an electrode with
greater porosity is thought to be beneficial in terms of cell pressure and pump loss. Figure 7d
shows the cell pressure, which is notably lowered as the porosity increases. Similarly, the
pump loss illustrated in Figure 7e also significantly decreased as the electrode porosity
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increased. Thus, high electrode porosity can greatly aid the realization of enhanced system
efficiency. Unsurprisingly, system efficiency, as shown in Figure 7f, is greatly improved
as the electrode porosity increases. More specifically, the system efficiency increases from
78% to 81% as the electrode porosity increases from 87% to 99%. Nevertheless, it is not
recommended to adopt electrodes with extremely high porosity in practice since such
porosity can potentially degrade the mechanical properties of the electrode. Thus, it is
necessary for the electrodes in TIFBs to have proper porosity to realize superior overall
performance for practical large-scale applications.
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3.3.3. Effects of Compression Ratio

Aside from the factors that have been analyzed, the compression ratio of an electrode,
which is the ratio of the electrode thickness in an assembled cell to the electrode thickness
in its initial state, can also affect a TIFB’s performance. The charge–discharge voltages of
a cell with an electrode with different compression ratios are illustrated in Figure 8a. As
depicted, the cell voltages hardly differ as the compression ratio changes. As a consequence,
the cell capacity and efficiency are also similar, as shown in Figure 8b,c, respectively. The
main influence on cell performance is cell pressure, pumping energy loss, and system
efficiency. Figure 8d,e present the observed cell pressure and pump loss, respectively. As
depicted, pressure loss and pump loss both noticeably increased with the increase in the
electrode compression ratio. Specifically, they both increased by up to several hundred
times at a compression ratio of 25% compared with that of 5%. Hence, it is not desirable for
a TIFB to employ an electrode with such a large compression ratio. The system efficiency
of a cell with electrodes of different compression ratios was simulated to investigate its
effects on system efficiency (Figure 8f). It can be observed that the system efficiency is
notably decreased at a high compression ratio. However, employing an electrode with an
extremely small compression ratio is also not preferable for practical applications owing to



Batteries 2023, 9, 278 15 of 17

the significantly enlarged contact resistance between the electrode and the bipolar plate.
Hence, an electrode with a moderate compression ratio is preferrable for a TIFB to realize
optimized overall performance.
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3.4. Stability Evaluation

In order to evaluate the stability of TIFBs, cycling performance was simulated using the
above optimized parameters, and the results are depicted in Figure 9a,b. Figure 9a shows
the cell efficiency versus the cycling number, where the coulombic efficiency is stabilized at
about 97% during the 100-cycles test. The voltage efficiency and energy efficiency decreased
by 7.7% and 7.4%, respectively. Figure 9b shows the discharge capacity of the TIFB, where
the capacity decreases from 287 Ah to 168 Ah, with a capacity retention of about 60%,
indicating that the TIFBs with optimized operational parameters and cell design present
superior stability during long-term use.
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4. Conclusions

This work proposed a dynamic model based on mass conservation to thoroughly
investigate the characteristics of acidic tin–iron flow batteries and further optimize their
performance. To facilitate the simulation, a TIFB flow cell with a 2000 cm−2 effective area
was employed, and the results show that a flow factor of two is favorable to allow TIFBs to
realize optimal system efficiency. Moreover, the system efficiency at 200 mA cm−2 is nearly
20% lower in comparison with that at 40 mA cm−2. In addition, it was determined that
the optimized thickness and aspect ratio for an electrode are 6 mm and 1:1, respectively.
Furthermore, a small compression ratio and high porosity are highly beneficial for the
reduction in pump loss for TIFBs. This work represents the first effort to evaluate tin–iron
flow battery performance on the basis of a dynamic model, thus avoiding repetitive field
trials, the consumption of a considerable amount of electrical energy, and extensive testing
times. Furthermore, such thorough investigation, especially with respect to the effects of
electrode parameters, is greatly helpful to the comprehension and optimization of TIFBs.
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