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ABSTRACT

Existing models describing the impedance response of vanadium flow batteries typically use a bottom-up approach, incrementally
adding complexity to simple mathematical descriptions to account for missing transport processes. In this study, we present a
reverse, top-down approach by developing a physics-based transmission line model that is general, customizable, and that can be
ultimately simplified to a single equation for the studied electrochemical system. The model incorporates transport through the
ion-selective membrane, electrolyte-filled pores, and diffusion layer, as well as the reaction at the electrode interface, electronic
conductivity of the carbon felt, and contact resistances. This model enables a universal description of flow battery impedance

response, which can help identify bottleneck processes and guide improvements in next-generation battery design.

1 | Introduction

Due to their ability to decouple power from capacity, flow
batteries are attracting significant attention as promising, scal-
able energy storage solutions. Among the possible chemistries,
vanadium-based flow batteries hold a superior position because
the use of vanadium ions as both positive and negative electro-
lyte components reduces cross-contamination problems [1, 2],
decreases degradation compared to other flow battery chemis-
tries [3], and enables the use of less flammable, aqueous electro-

lytes [4].

Targeted improvements in next-generation battery design
require identification of bottleneck processes, which typically
demands in-depth analysis of the origins of internal losses dur-
ing cell operation. Electrochemical impedance spectroscopy
(EIS) is a uniquely suited technique for this purpose, as it allows
for the decoupling of processes based on their characteristic

time scales. In principle, this enables the separation of ohmic
resistance, charge-transfer reaction, and diffusional contribu-
tions. To connect the physico-chemical processes with the
resulting impedance contributions, quantitative modeling of
impedance spectra is essential, although approaches vary
between analytical solutions [5, 6], numerical methods [7-9],
or transmission line models [10-12].

The impedance response of vanadium flow batteries has been
systematically studied in the past, notably by Schneider et al.
[13], who investigated electrode degradation by deconvoluting
EIS spectra using the DRT method (distribution of relaxation
times), and by Sun et al. [14], who determined that the negative
electrode impedance accounts for roughly 80% of total losses,
highlighting significant asymmetry between the two half-
reactions. The initial study by Sun et al. was later expanded
by the same research group through the implementation of a
mathematical model for EIS description [15], which separates
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ohmic resistance from charge-transfer reaction and mass-
transport losses. This model used a simple de Levie model and
enhanced it with a description of diffusional impedance. They
showed that the sum of the ohmic, charge-transfer, and finite
diffusion overvoltages perfectly matches the applied overpoten-
tial and investigated the specific contributions when varying the
flow rate or electrode thickness. They demonstrated that diffu-
sion is significantly affected by both the flow rate and the elec-
trode active surface area, while the charge-transfer reaction
resistance is influenced by the surface area but not by changes
in flow rate. This model was later employed by Pezeshki et al.
[16], who modified it to describe the full cell impedance
response by summing two single electrode impedances (devel-
oped by Sun [15]) with the lead inductance and series
resistance.

Importantly, all currently available model descriptions of the
impedance response of vanadium flow batteries use a bottom-
up approach, starting with a simple model that is incrementally
adjusted to attempt to describe the complex electrochemical sys-
tem. However, these changes mean that the parameters of the
final model can lose direct connection to the physical properties
and processes of the electrochemical system. This article, how-
ever, approaches the problem from a top-down perspective.
We propose a general transmission line model to describe the
flow battery impedance, which encompasses all proposed trans-
port and faradaic processes that occur in such an electrochemical
system. We then demonstrate how this general model can be sim-
plified by neglecting processes that contribute negligible imped-
ance to the specific system under investigation.

2 | Experimental

A single flow battery cell (Pinflow energy storage) with a geomet-
rical active area of 4 x 5cm?® was used to record EIS spectra and
validate the transmission line model (TLM). Considering the
scope of this study, materials are only of secondary importance.
The cell was equipped with copper plates (Pinflow energy stor-
age) stacked on commercial bipolar plates serving as current
collectors, commercial membranes, and commercial activated
carbon felts in flow-through configuration. Membrane 1 was a
30 pm thick anion-exchange membrane and membrane 2 was a
50 pm thick cation-exchange membrane. Both membranes were
used without pretreatment. Vanadium electrolyte (1.6 M V, 4 M
total sulfate, 70 mM phosphoric acid, AMG TITANIUM - GfE
Metalle und Materialien) was used without further purification.
Two in-house produced electrolyte reservoirs made of PVC were
filled with 80 mL of electrolyte each, which was magnetically
stirred and operated under humidified nitrogen (5 N, Linde Gas).
A peristaltic pump (Watson-Marlow 323Du) and Marprene tubes
(Watson-Marlow) were used to transport electrolyte. The whole
setup was placed in a climate chamber (MKB 300, Flohr
Instruments) set to 30°C. After final assembly, the setup was left
with pumped electrolyte for 1-2h to equilibrate in the climate
chamber prior to starting experiments.

An Interface 5000E potentiostat (Gamry Instruments) was used
for electrochemical characterization. Cables were twisted and
directed to reduce inductance [17]. EIS spectra were measured

in galvanostatic mode at open circuit voltage with 6 points per
decade, at 500 kHz-30 mHz, and an amplitude of 0.1 A rms (geo-
metrical 5mA/cm?rms). Unless otherwise specified, a flow rate
of 47 mLmin™" and a SoC of 0.5 were used. For testing and vali-
dating different conditions, flow rates and SoCs were varied to 19,
47, and 85 mL min™" (setup with membrane 1) and 0.017, 0.495,
and 0.940 (setup with membrane 2), respectively. Spectra recorded
directly after first acquisition showed negligible drift effects in the
diffusion region.

Impedance spectra were simulated using custom Python 3 code
with standard scientific packages (Matplotlib and NumPy). The
code was based on the mesh method for solving planar electrical
circuits, as described elsewhere [18, 19]. The electrical circuit
construction is described in the next chapter.

2.1 | Transmission Line Model

In the current transmission line model, we assume the following
electrochemical cell construction: a porous carbon electrode is
placed on top of a nonporous carbon current collector. The elec-
trode pores are filled with electrolyte containing the electroactive
species. On the opposite side, the electrode is in contact with an
ion-selective membrane. On the other side of the membrane, the
second half cell is comprised of similar components with a dif-
ferent chemical composition of the electrolyte. We assume that
the concentration of electroactive species in the bulk of the car-
bon electrode pore is maintained at a constant level by an exter-
nal pump, since the EIS measurement does not change the state
of charge (SOC) significantly. Next to the electrode surface, a dif-
fusion layer forms, where the electroactive species diffuse
between the bulk of the electrode pore (where the species’ con-
centration is constant) and the carbon surface. On the carbon
surface, the electroactive species (i.e., vanadium ions, protons)
undergo a redox reaction (Equations I and II).

Negative half-cell V2t =2 V3t 4e- 0]

Positive half-cell VO +2H* + e~ = VO**+H,0 (1)
The inactive ions contribute to the formation of a double layer.
Electrons reach this point through the electronically conductive
fibers of the carbon felt electrode. The electrons enter the carbon
felt through its contact with the current collector. On the other
side, the ion-selective membrane in contact with the carbon
allows the transport of charge-balancing protons and/or sulfate/
bisulfate ions, depending on whether a cation- or an anion-
exchange membrane is used. Note that this assumes an ideal
ion-selective membrane, which is here modeled by assuming a
large value for element Z;5. If the ion-selective membrane is not
ideal, the said model parameter can be adjusted to smaller values
to allow for membrane “leakage.”

With this description of the internal processes in mind, we built a
circuit for the transmission line model (Figure 1). In the scheme,
the elements of the electrochemical flow battery cell are shown as
shaded areas (current collector, carbon felt, diffusion layer, car-
bon felt pore filled with electrolyte, and ion-selective membrane).
Within these shaded areas, the circuit describes the electronic
and ionic rails with the impedance elements drawn and
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electrons

active ions

inactive ions

Z,/n

Z./n Z,/n

CURRENT CARBON FELT PORE ION-SELECTIVE
COLLECTOR FILLED WITH ELECTROLYTE MEMBRANE (half of it)
FIGURE 1 | Scheme of the transmission line model equivalent circuit for a carbon felt electrode in a flow battery half-cell.

connected as described in the previous paragraph. The contribu-
tions of the other half-cell are a mirror circuit on the right-hand
side of Figure 1.

Depending on the relative values of the elements for each half-
cell, one half-cell can dominate the impedance response or the
contributions of both can be of similar values. For the presented
case, we limited the model to processes occurring at the negative
electrode, which likely accounts for about 80% of the total cell
impedance [14]. With this selection, we reduced the number
of unknown parameters to less than 50%, as we could avoid addi-
tional complications from proton transport that must be included
at the positive electrode. Typical values and meanings of the
impedance elements are summarized in Table 1. Despite this
simplified description, we still captured the main trends in the
EIS spectra during systematic variation of the experimental con-
ditions, as shown in the Experimental validation of the TLM
section. In the case that one electrode does not dominate the
impedance response and the simulation of both half-cells is
required, the model can be easily adapted. Nevertheless, such
spectra usually exhibit significant overlap of features and dis-
torted arcs, which complicates the determination of circuit
element values. Dedicated three-electrode measurements or
symmetrical cell measurements are therefore needed to first
determine the range of values for the parameters pertaining
to the positive or negative half-cell. Only after those experi-
ments are conducted can the full-cell response be understood.

In a typical spectrum simulated with such a model (Figure 2), we
see several contributions with their shapes, resistance, and capac-
itance values controlled by a relatively small number of param-
eters. The parameter values for this simulation were assumed but
kept in close range to typical values from Table 1. From high to
low frequency, these are:

« Resistive intercept, which depends on the ion-selective
membrane (R;s). This contribution also depends on the
contact resistance (R,), but we used a negligibly small
value for the contact resistance in the present simulations.

+ Inductive contribution due to wiring, which depends on
the cable inductance (L)

+ A nonsymmetrical charge-transfer resistance arc,
which depends on the electronic resistance of the carbon

felt (Rg), charge transfer reaction resistance (Rcr), and the
double-layer capacitance (Cq). The asymmetry originates
from the limited electronic conductivity of the carbon felt.
This phenomenon is well known from simpler transmis-
sion lines based on the de Levie model. Specifically, the
asymmetry (tailing) occurs because the signal experiences
a distributed resistance as electrons migrate deeper into
the pore, while simultaneously being consumed by the
interfacial capacitance/reaction along the pore walls.

« Low frequency arc due to diffusion in the thin diffusional
layer next to the electrode, which depends on Warburg
resistance (Rw) and capacitance (Cyw).

2.2 | Experimental Validation of the TLM

This model was validated by examining the effects of several
cell design changes on the impedance spectrum and comparing
the results to measured impedance spectra. The effects of ion-
selective membrane type, flow rate, and SOC were investigated.
Only half of the cell is included in the model, effectively modeling
the impedance response of one electrode. In contrast, the EIS
measurements were conducted on full cells due to laboratory lim-
itations. The model can be readily adapted to this by adding a
mirror circuit on the right-hand side of the circuit shown in
Figure 1 and adjusting the values of the elements for the newly
added electrode. However, we did not use this approach to avoid
overparameterizing the origins of the spectral differences, since
previous studies have already shown the prevalence of the nega-
tive electrode impedance [14]. It should be noted that this means
we neglect a possible origin of the asymmetry in the charge-
transfer resistance arc, which could result from differences in
parameters associated with oxidation at one electrode and reduc-
tion at the other.

The effect of the ion-selective membrane was investigated by keep-
ing the cell design constant except for changing the type of ion-
selective membrane separating the electrodes. The measured
spectra show a shift in the resistive intercept and a constant peak
frequency of both impedance arcs, while the resistance of the arcs
changes only slightly (Figure 3a,b). According to the TLM model,
changing the ion-selective membrane type should only change the
value of R; 5, which affects the resistive intercept, while keeping the
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electronic resistance of carbon coupled
10 with charge-transfer reaction
[ Ul
Y/ N
: : 7
ion selective
G membrane
E -10 F(potentially also diffusion in
< contact diffusional layer
- resistance)
£-20f
' . inductance
30} 2 500 kHz of wiring
o 2kHz
a0l ®° 0.1Hz
40 o

0 10 20 30 40 50 60
Re(Z) I mQ

FIGURE2 | A typical impedance spectrum simulated using the trans-
mission line model from Figure 1. The values of the parameters were
the following: Rys=2.5-1072Q, L=13-10"H, Rg=15-1072Q,
Rer=11-107Q, Cy=6.5-10"F, Ryw=12-10Q, Cy=3.7-10°F.
Blue and red colors indicate the largest contributions in the impedance
spectrum, which account for most of the internal resistance of the elec-
trochemical cell.

high-frequency and low-frequency arcs constant (Figure 3c,d).
Although we would therefore expect stable resistances of both arcs
in the measurements, it should be noted that the variations in arc
resistance in Figure 3a,b are within the margin of error for

(a) 15
—— membrane 1
10k —— membrane 2
S . 1.7 kHz
& E s5¢ e
2 N
S Eof
S
5t
0.1Hz 0.1Hz
-10 . . . L
25 30 35 40 45
Re(Z) I mQ
(C) 15
—— membrane 1
10 —— membrane 2
c
9
5
=]
E
7
-10 . . . )

25 30 35 40 45
Re(Z)/ mQ

repeated measurements, suggesting that the transmission line
model successfully describes the expected differences resulting
from the change in ion-selective membrane.

The effect of the change in flow rate was investigated by
increasing the flow rate from 19 to 47 mL min™" and finally to
85mLmin~" in a single cell measurement setup. For this set
of measurements, we observed practically constant values for
the resistive intercept and high-frequency arc, while the diffu-
sional resistance contribution and associated peak frequency var-
ied with the flow rate. The former increases with a decrease in
flow rate, while the peak frequency decreases in the same direc-
tion (Figure 4a,b).

Higher flow rates decrease the Warburg resistance and increase
the peak frequency of the diffusional arc due to a decrease in the
thickness of the diffusional layer. In order to simulate this cor-
relation, we compare the analytical correlation between the aver-
age diffusion layer thickness J,,; and volume flow rate Q of
a simple flat electrode model system (see Appendix A) to the
proposed empirical relations describing real felt electrodes.
Although the flat electrode approximation oversimplifies the
treatment of real (porous) felt electrodes, the correlation in
Equation (1) still provides a fair illustration of the &,,,—Q rela-
tionship for the employed system.

_1
Oavg x Q73 @
(b)
6F membrane 1
—— membrane 2
5 L
)
N3l
E
2 L
1k

Ou L L L L L L
102 10" 10° 10" 10% 10°® 10*
frequency / Hz

6+ —— membrane 1
- ---membrane 2

O| L L L L A A
102 10" 10° 10" 10% 10® 10*
frequency / Hz

FIGURE 3 | Nyquist plots (a, ¢) and imaginary parts of Bode plots (b, d) of impedance spectra for measurements (top row) and simulations (bottom

row) when changing the ion-selective membrane.
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FIGURE 4 | Nyquist plots (a, ¢) and imaginary parts of Bode plots (b, d) of impedance spectra for measurements (top row) and simulations (bottom

row) when changing the flow rate.

Indeed, numerous experimental studies using porous felt electro-
des suggest that the 5,,,—Q relation can be described by empirical
correlations where the average Nernst diffusion layer thickness,
Oavg, Can be expressed by:

d
5avg = S_lfl (2)

where d; is the fiber diameter and Sh is the Sherwood number.
The latter is in general expressed as a function of the Reynolds
number (Re) and the Schmidt number (Sc) (see Appendix B):

Sh = aRe®Sc¢ 3)

with a prefactor a and exponents b and c. Since Re is proportional
to the mean velocity i (Appendix B), 6,y is dependent upon o
(Equation (4)).

5avg & Qib 4

Whereas the exponent in the flat electrode approach of Equation
(1) is fixed to b=1/3, the exponent in Equation (4) is related to
parameterization of Re. In different studies various values of b
were obtained, typically ranging between the flat electrode
approximation of 1/3 (0.35 and 0.4) [24], 0.66 [25], up to much
larger values reported in some studies (0.9) [26], approaching the
upper bound value of 1 predicted for ideal microchannel elec-
trode geometry [27]. To determine the best value of exponent
b for our experimental data, the peak frequency and arc resis-
tance for the low frequency impedance arc were extracted from

the experimental spectra for all three tested flow rates. The data
were then fitted to the following relationships:

f=kQ* (52)
Ry =kzQ™* (5b)

where f denotes the Warburg peak frequency, Ry the Warburg
arc resistance, and ky and kg the corresponding pre-exponential
factors. The relations were linearized and the best-fit model was
obtained by minimizing a least squares objective function
(Equation (6)), resulting in b=0.61. In Equation (6), f and
Rw were expressed in Hz and mg, respectively, to ensure that
comparable scale of In f and In Ry, values.

3
bnklfulzk(l 1 (In f;— (In ky+2b1In Q;))?

X ©
+Z In Ry, — (In kg —bIn Q,)))

i=

Since both the Warburg resistance (Ry) and capacitance (Cyw)
parameters linearly increase with the diffusion layer thickness,
the correlation in Equation (4) was used to adjust the Ry and
Cw. From the median flow rate (47 mL min™'), the flow was
either decreased for a factor of 0.4 (19 mL min™") or increased
for a factor of 1.8 (85mLmin™"). Consequently, Rw and Cy
parameters were adjusted by factors of 1.75 (0.47%%,
19mLmin™!) or 0.70 (1.87%%', 85 mLmin™!). The simulated
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FIGURE 5 | Nyquist plots (a, ¢) and imaginary parts of Bode plots (b, d) of impedance spectra for measurements (top row) and simulations (bottom

row) when changing SOC.

impedance spectra show changes only in the low frequency
Warburg contribution, with a decrease in resistance and decrease
in peak frequency with an increase in flow rate (Figure 4c,d). The
proposed model enables good prediction of the observed changes
in the low-frequency contribution, while keeping the resistive
intercept and the charge transfer reaction impedance arc the
same.

Change in SOC affects the impedance spectrum by altering the
shape and size of the high-frequency arc, which becomes increas-
ingly nonsymmetrical as the SOC decreases, showing two distinct
contributions with approximately a 20-fold difference in charac-
teristic time constant (Figure 5a,b). The faster process remains in
a similar position, consistent with the assumption that this con-
tribution is due to the electrical conductivity of the felt, as we do
not expect changes in its value. Assignment of the faster process
to distributed resistance is in line with findings of double half-cell
experiments [3, 13, 14, 16]. According to the model, changes in
SOC are expected to change the values of charge-transfer resis-
tance (Rcr), which introduces variations in the high-frequency
arc while other differences are negligible. In the model simula-
tions, Rcr was adjusted so that the values correlate with experi-
mental data. As Rcr is proportional to concentrations of both
reduced and oxidized forms of active species, lowest Rcr is
expected at SOC = 0.5, and Rct should increase when deviating
to more extreme SOCs. Assuming constant non-negligible elec-
trical conductivity of the carbon felt produces simulated imped-
ance spectra, which are well correlated with the cell impedance

measurements (Figure 5c,d). Overall, the agreement between
experimental data and simulations suggests that the present
model is valid in at least the SOC range of 0.017-0.940.

With these investigations we have therefore confirmed that the
present model is robust enough to describe the impedance spectra
sufficiently well for a range of cell conditions spanning different
membrane types, flow rates and SOCs. The use of the model nev-
ertheless necessitates a computationally more expensive approach
than commonly desired in the experimental field, especially if it is
adapted to fitting of experimental data. Interestingly, the proposed
transmission line model can be simplified due to the negligible
values of certain elements (in particular, Z; and Zs; see Table 1),
which allows for a closed-form analytical expression to be derived
for the total impedance response. We show the approach and val-
idate it in the next chapter.

2.3 | Simplification of the TLM

For this purpose, the rails in the “carbon felt pore filled with elec-
trolyte” are simplified to a single rail without elements.
Additionally, the rails in the ion-selective membrane are reduced
to a single Z;5 element. This results in a de Levie type of trans-
mission line (Figure 6a), which relates to the general solution for
the impedance response of a planar electrochemical cell involv-
ing four terminals [28]. Impedance of this circuit equals and can

be simulated using Equation (7), where g=+/Z,/Z,.
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FIGURE 6 | (a) Simplified equivalent circuit describing the flow battery electrode impedance response. Parameter meanings are the same as in

Figure 1 and Table 1. (b and c) Comparison of spectra simulated with the full and simplified models shown on a Nyquist plot and the imaginary

part of the Bode plot, respectively.

+8(Z1Z,(Zp+Z15) + ZaZg(Zing + Z15) + ZpZiniZ1s + ZpZinsZ15) Sinh g

ym : =
SPICd = 7 (Za+ Zp + Zig + Z15) COSh g+ 8(Z12, + (Za + Zp) (Zig + Z15)) sinh g

Using Equation (2), we simulated the impedance spectra and
compared it to the full transmission line model from Figure 1.
The resulting impedances match perfectly (Figure 6b,c), validat-
ing the approach. This simplified circuit therefore yields a single
governing equation that retains the essential physicochemical
interpretation of the full model while being more practical for
experimental use.

3 | Conclusions

In this study, we developed a transmission line model to charac-
terize the impedance spectra of vanadium flow batteries. The
framework demonstrates broad applicability to various flow bat-
tery chemistries. We validated the model by establishing a strong
correlation between experimental observations and simulated
trends under systematically varied conditions, including mem-
brane type, electrolyte flow rate, and SOC. The proposed model
is highly versatile; it can be configured to simulate either full-cell
or single-electrode responses and is amenable to model reduction
by neglecting insignificant impedance contributions. This capa-
bility was demonstrated by reducing the general framework to a
de Levie-type transmission line for the system under investiga-
tion. Finally, we provided an analytical solution for this simpli-
fied case to facilitate its straightforward implementation in future
research.
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Appendix A

Diffusion Layer Thickness for Flat Electrodes With Area
A=Lxw

If on the scale of diffusion, electrodes can be considered flat (with Nernst
diffusion layer thickness smaller than electrode curvature) the following
derivation can give important illustration of the system. In this strongly
simplified model system we consider steady laminar Poiseuille flow
between two parallel plates (separation h, mean velocity u). The wall
shear rate is

_du 61
r= dy
Local diffusion layer thickness

From the Leveque approximation for the convection-diffusion equation,
the local mass-transfer coefficient is

k(x)=0.538 D3 y1/3x~1/3
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where D is the diffusivity and x is the streamwise distance from the
channel entrance. Defining the Nernst diffusion layer thickness by
k(x) = 51 gives

Sy (x) = % —1.857 (%) v

Substituting y = 61/h:

1/3
Sy (x) = 1.02 (D?xh)

In terms of the volumetric flux per unit width, g =uh, this becomes

2\ 1/3
Sy(x) =1.02 (DXh )

Now, we express the flow in terms of the total volumetric flow rate Q. The
cross-sectional area for flow is h X w, so

Q=ux (hw) = (uh)w=qw

Thus, q = Q/W. Substituting into the expression for n(x):

210\ 1/3
Sy (x)=1.02 <DXh W)

Average diffusion layer thickness over length L

The average mass-transfer coefficient is defined by

1 (L
kavg = Z/) k(x) dx
Substituting the local expression for k(x):
1 (L
Kayg = —/ 0.538 D?/3 y1/3 x=1/3 dx
L Jo
Carrying out the integral:

Kayg =0.807 D?/3y1/3 L=1/3

Thus, the average diffusion layer thickness is

D DL\ 1/3
Spye = — =1.238( =
kavg 14

With y=61/h,

DLh\ /3
Bug =0681( ——

In terms of volumetric flux per unit width q = Uh,

DLh? 1/3
Savg =0.681
q

Substituting q = Q/w:

DLRw\1/3
Save =0.681( )

Appendix B
The Reynolds Number (Re) and the Schmidt Number (Sc)

ud
Re= i §
7
Sc=
pD

Here p is the electrolyte density, 4 the dynamic viscosity, and u the mean
velocity (flow rate divided by the cross-sectional area of the felt).
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