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A B S T R A C T

An original multichannel Electrochemical Impedance Spectroscopy (EIS) system operating at high bias current
and suitable for kW-class Vanadium Redox Flow Batteries (VRFBs) is presented. Power and signal connections,
whose stray parameters affected measurements, required a careful optimization and calibration in the
implementation of the measurement chain. In any cases, electromagnetic interferences set an upper limit to
the applied stimulus frequency that limited the set of measurement data at each bias point. The paper provides
early results obtained with this EIS system, which were used to identify an equivalent circuit of the whole
stack in which each cell is represented with a dynamic Thévenin equivalent, i.e. the series of a voltage source,
a variable resistor and a variable RC loop. The dependence of the equivalent parameters on the operating
conditions has been experimentally analyzed, confirming that only the RC-loop resistance is strongly affected
by mass transport. To our knowledge, this is the first dynamic equivalent circuit of a whole stack that has
been validated against EIS measurements taken on a real industrial-scale VRFB. Building on the measurement
methodology here presented, advanced online state of health of industrial flow batteries can be developed and
implemented.
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1. Introduction

Renewable energy sources, particularly wind and solar radiation,
are widely regarded as the most promising solutions to address fossil
fuels depletion and global heating [1] and extensive research programs
aim at matching the increasing power demand with such intermittent
sources [2]. In grid applications, energy storage allows one to cope
with the daily fluctuations of power demand with the intermittent
nature of renewable sources [3]. Several technologies can be used
to address these problems in addition to pumping hydro, e.g. com-
pressed air, flywheels, supercapacitors, electrochemical devices [4] and
hydrogen [5]. Redox Flow Batteries (RFBs) are a promising option,
thanks to their intrinsic advantages, such as independent power and
energy sizing, good energy efficiency and long-life cycle [6]. Among
various types of RFBs, the most researched and successful technology
at present is the all-Vanadium Redox Flow Batteries (VRFBs) [7], but
other RFB systems such as hydrogen-bromine [8], zinc-bromine [9],
and organic electrolyte chemistry [10] are also actively researched.
Twenty-six companies manufacture VRFBs [11], and several plants with
rating exceeding some MW and MWh have been commissioned [12].
The principle of this technology is well known, but more development
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is needed to build high performance industrial-scale plants. Currently,
progress in this field is limited by the scarcity of engineering studies
on cell and stack design, reaction environment, control strategy, and
their relationship to performance and efficiency [13–15]. As a matter
of fact, most studies are carried out on small single cells with the
aim of characterizing and optimizing the materials used in the battery,
i.e. electrodes [16,17], membranes [18,19], bipolar plates [20,21] and
electrolytes [22,23].

Electrochemical Impedance Spectroscopy (EIS) is widely used to
investigate various kind of properties and degradation phenomena
occurring in electrochemical systems [24]. With regards to the use of
EIS in RFBs, the majority of published works are restricted to short
term studies of small cells in the laboratory and, to the best of authors’
knowledge, the direct use of this technique on pilot-scale plants has
not yet been documented. This paper aims to fill this gap by describing
the implementation of a multichannel EIS measurement system on
an Industrial-Scale VRFB (IS-VRFB), with a rated power/energy of 9
kW/27 kWh and by reporting early results. This multichannel analysis
can be important in multi-cell stacks, because it is able to reveal unbal-
ances and the incorrect simultaneous feeding of all cells. Indeed, last
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cells might have insufficient flow at high power and their performance
could be compromised. In addition, the continuous monitoring of EIS
parameters and their evolution allows one to detect a premature aging
and constitute a valuable advantage of the method. In these mea-
surements, stray parameters, like wiring inductances and resistances,
affected measurements and made the diagnostic procedure quite chal-
lenging to implement. On the one hand, the stack size imposed longer
electrical connections which needed a much trickier optimization than
small single cells, being affected by larger electromagnetic interferences
(EMIs) from external devices. On the other hand, the stack had to
be operated at high bias currents, which generated non-negligible
conducted disturbances. Such challenging measurements aimed at iden-
tifying potential critical operating conditions and at driving clues for
optimizing cell design. The paper is structured as follows. Section 2
presents the main features of EIS and the published state of the art of its
applications to VRFBs. Section 3 describes the IS-VRFB test facility on
which measurements were conducted, with a focus on its multichannel
EIS analyzer, calibration procedure and the wiring optimization. In
Section 4 an equivalent lumped circuit and its validation are reported.
Numerical and experimental results are also discussed. The effect of the
battery State Of Charge 𝑆𝑂𝐶, electrolyte flow rate 𝑄 and current 𝐼 on
he lumped circuit parameters are also highlighted. Finally, conclusions
re given in Section 5.

. EIS: background and VRFB applications

.1. Background

The EIS has been taken to maturity since about six decades [25] and
s now widely used in testing electrochemical devices such as batteries,
upercapacitors and fuel cells [26–28]. The success of EIS in many kind
f analyses mainly depends on two reasons. First, with sinusoidal or
arrow-band stimuli, it allows one to precisely activate processes with
given characteristic time, detecting individual process contributors,

hat is, ohmic resistance, interfacial charge-transfer resistance, mass
ransport resistances in the catalyst layer and back-diffusion layer, in a
elatively short measurement time. The second important aspect is that
t can help identifying potential problems or failures within the system
nder test [29].

In fact, it is used to characterize electrodes, interfaces and ma-
erials properties, to assess the 𝑆𝑂𝐶 and State Of Health (𝑆𝑂𝐻) of
echargeable batteries, modules or packs and the 𝑆𝑂𝐻 and degradation
n supercapacitors and fuel cells. In addition, EIS is used at system
evel for monitoring, diagnostic and fault detection purposes in several
pplications [30–32].

The strategy of EIS characterization of electrochemical devices,
lectrodes or materials, consists in applying a small electrical stimulus
uperimposed to a dc bias operating condition, measuring the device
esponse using a four-wire measurement method, and, finally, comput-
ng a suitable voltage-to-current ratio in the frequency domain. The
ypical stimulus is purely sinusoidal, repeated sequentially at different
requencies in a range that varies with the scope of the analysis and
ype of device and may extend up to a range from 1 mHz to 1 MHz.
n appropriate signal processing, often based on the Fourier transform,
elps extract the fundamental harmonics at the test frequency 𝑓 from
oth input and output signals, to get rid of possible noise.

The EIS experiment is often performed on half-cells, electrodes,
nd single cells with small active areas. However, in industrial-scale
pplications, cells with large cross sectional area are used in stacks and
attery packs are highpowered, so that taking EIS measurements is a
uch more challenging issue than usually reported in the literature.

n these cases, a variable electrical load bank can be used profitably
o apply a bias condition to the device under test. The ac stimulus is
dded and together with the corresponding response are sent to the EIS

nalyzer to compute the impedance 𝑍(𝜔) with 𝜔 = 2𝜋𝑓 .
This approach suffers from a signal degradation at high currents due
o the stray parameters of the power wires, which limits the maximum
requency to a few kilohertz. In some works on heavy-duty applications
or fuel cells, the upper frequency limit is extended to 20 kHz, but in
he presence of a loss of accuracy in the response of the load bank that
mpacted on the results [29].

.2. EIS-derived models

In many researches, the EIS spectrum is used to fit a specific model,
dentifying a few parameters characterizing the dynamics of the elec-
rochemical system [33]. A wide variety of models have been proposed
n the literature to describe processes with long characteristic times,
uch as thermal transport, as well as those with short characteristic
imes, such as gas diffusion. Various reviews have been published,
.g. [30,34,35], the latter treating aspects of EIS applied to VRFBs.

In order to face system-level problems, very often circuit model
f the measured impedance 𝑍(𝜔) are used, which are characterized
y various degrees of complexity. This models must present easy
arametrization, span over wide frequency ranges, and allow a suffi-
ient physical insight. These models include linear resistors, capacitors,
nductors and special elements, such as the Warburg element and the
onstant Phase Elements (CPE). Despite the linear condition of the

requency-domain investigation, the resulting complex impedance is
ar from being synthesized with lumped parameters that results in
inear circuits in time domain. Therefore, simplifications are advisable,
specially for system-level applications, unless a high order linear
ircuit must be specifically implemented to represent the device. As far
s system level targets are aimed, simple few-states linear resistive–
apacitive circuits (RC models) may satisfactorily be used [35,36].
sual dynamic lumped equivalent of electrochemical cells consist of the

eries of a voltage source, a resistance and one or more RC loops, which
re also used in various time-domain simulations [37]. As regards
RFBs, a single RC loop per cell was used by Zhang et al. [38], in
tudying a 1 kW/1 kWh VRFB developed by Kim et al. [39]. Wei et al.
oupled such a model with an online identifier to predict the VRFB
𝑂𝐶 [40], and used it also for real-time monitoring of the capacity

loss [41].
In order to extract the parameters of the circuit model, both the

shape of the impedance plot and the frequency of each measure-
ment are fundamental. Various techniques can be implemented or
used for the identification of the impedance parameters based on the
EIS response. Deterministic approaches are available in commercial
software suites for personal computers, like Matlab®, and are useful
in offline analyses. For online or onboard identification, strict re-
quirements in terms of computational burden or memory may make
preferable alternative approaches, like those based on evolutionary
programming [42].

2.3. EIS applications to VRFBs

In the case of VRFBs, the use of EIS has been mainly devoted to
the analysis of single cells with small electrode surfaces, aimed at
investigating cell or material properties, rather then to face system-level
issues of large batteries. Therefore, most of the recent literature deals
with low current tests [43–48]. Sun et al. conduced EIS studies on VRFB
single-electrodes using a dynamic hydrogen reference electrode [43].
The same research group used EIS to measure and resolve the ohmic,
charge transfer and diffusion overvoltages at the negative electrode of a
VRFB as functions of the current density, identifying the parameters of
the equivalent circuit [44]. Derr et al. used half-cell and full-cell EIS
measurements to analyze the electrochemical degradation of carbon
felt electrodes at different 𝑆𝑂𝐶 [45]. In a successive work [46], the
same authors analyzed the electroless chemical aging of the same
electrode through the changes of the charge transfer resistance and

of the double layer capacitance, determined with EIS. In this kind 124
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Fig. 1. The 9 kW/27 kWh IS-VRFB test facility with its main components, on which EIS measurements were performed.
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of works, the EIS spectra are typically fitted with impedance models
including CPE and Warburg elements. The current level is always low,
helping to minimize to a negligible level parasitic phenomena which
instead are significant in large batteries operating at high currents.
In [47], Pezeshki et al. used EIS to quantify the charge transfer, mass
diffusion, and ohmic overpotentials in a VRFB, using the model defined
in [44]. Becker et al. combined EIS with polarization curves (𝑉 vs. 𝐼)
for the characterization of a porous electrode in a VRFB under various
operating conditions [48].

Messaggi et al. analyzed a 10-regions macro-segmented cell with a
25 cm2 active area by means of EIS to obtain impedance spectra, as
well as the polarization curve resolved at active area level [49]. Both
positive and negative symmetric cells for all-vanadium configuration
where studied. This investigation shed new light on the inhomogeneous
distribution of electrolyte over the porous electrode. Despite the struc-
ture was more complex than in the previous papers, the latter approach
is still far from being suitable for high-power applications.

A recent paper by Li et al. investigated the suitability of VRFBs for
power quality control applications, even if the tests were made on a
laboratory scale cell, [50]. Experiments were carried out under dif-
ferent operating conditions and time-domain transient measurements
were fitted with complex-valued impedance models through a frac-
tional order computational approach. EIS was used to validate the
identification results, highlighting that CPE and Warburg elements, as
well as two semi-cell loops, helped achieving accurate model fitting.
Manschke et al. resorted to EIS to test the functionality of RFBs which
used alternative and non-toxic chemistries [51]. The EIS measurements
were performed on full-size batteries with large electrodes and multiple
cells, thus proposing a qualification method for these batteries. The EIS
measurements were able to detect deliberately manipulated cells.

Although the aforementioned single-cell low-current EIS investiga-
tions reported widely different measurements, these kind of analyses
are still embryonic and far from being conclusive for applications of

practical interest, with kW-class VRFBs. q
3. The experimental plant

.1. IS-VRFB test facility

The IS-VRFB test facility has been designed and built to study the
ngineering issues of large-scale VRFB systems and their interface with
he grid [52]. Its stack consists of 40 cells with 600 cm2 active area
nd with a conventional topology, i.e. with series electric and parallel
ydraulic connections. The cells are made of a Nafion® 212 membrane
nd two 5.7-mm thick graphite felt electrodes. The 550-L-each elec-
rolytes consist of 1.6M vanadium dissolved in 4.5M sulfate solutions.
wo closed hydraulic circuits allow circulating the electrolytes between
tack and tanks (Fig. 1).

The centrifugal pumps (PMD-641 by Sanso) are driven by two
nverters (DC1 by Eaton) providing a flow rate modulation based
n a feedback control managed by the Battery Management System
BMS) [53]. The electric power conditioning in charge and discharge
elies on a Power Management System (PMS) made with an ac/dc
idirectional static converter (by Dana) rated ±75 A dc and 0−85 V
c on the battery side. It can be controlled either locally or remotely
y the BMS. A variable passive load allows high current discharges up
o 600 A.

The facility is instrumented with two flow meters, two differential
ressure meters, two tank level meters and seven resistance tempera-
ure detectors (RTDs) (Fig. 1). Alloy C276 rheophores, placed in contact
ith the cell graphite bipolar plates, detect cell voltages which are

ent to the BMS via galvanic isolators (Verivolt IsoBlock). Stack voltage
measured by a LEM CV 3-100/SP3, while a LEM HASS 50-S and
LEM HASS 200-S detect the stack current in two different ranges,

overing 0−600 A. Noise suppression is ensured by a grounding system
uilt around a large copper equipotential bar that provides a common
eference. All signals are treated and normalized in a compact data
cquisition device (Compact DAQ 9179 by Nationals Instruments). Ac-
uisition and control functions are performed by an in-house software
 66
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Fig. 2. Equivalent electric circuit of the multichannel EIS measurements test on
S-VRFB stack.

ackage implemented in LabVIEW 2016 (Nationals Instruments). This
nvironment is based on a state-machine architecture that allowed
lexible implementation of routines for the automatic control of the
xperiment [54]. In particular, a PID controller was developed to
chieve a precise feedback flow-rate control in each pump fed by
he comparison of dynamically BMS-generated settings with the flow-
eter signals. The hardware and software implementing the signal

onditioning, processing and the experiment control constitutes the
MS [55]. The IS-VRFB has already achieved current densities as high
s 665 mA cm−2 and 583 mA cm−2 in fast response and steady-state

conditions, respectively [56].

3.2. EIS equipment

A multichannel EIS was carried out with an ad hoc designed EIS
analyzer (MMulty SP by Materials Mates Instruments) that is capable
of a theoretical frequency range 𝑓 = 0−100 kHz. Twenty cells could be
tested simultaneously by using this analyzer. The electric scheme of the
stack and the EIS analyzer used in these tests is shown in Fig. 2. A real-
time control system monitors and controls the EIS measurements. The
core of EIS analyzer consists of a waveform generator and a frequency
response analyzer. It can operate either in galvanostatic mode (that is,
as harmonic current source) or in potentiostatic mode (as harmonic
voltage source). The galvanostatic mode was used and the 𝑖𝑚(𝜔) stimuli
at angular frequency 𝜔 = 2𝜋𝑓 were added to a common bias dc load
current 𝐼𝑏. In every measurement sequence 𝐼𝑏 was kept constant to set
the cell operating point at which the EIS analysis was done, while the
frequency was varied in a sequence of values in a selected range.

Measurement sequences were repeated at different bias 𝐼𝑏 and
different amplitudes 𝐼𝑚 of the stimuli harmonic current, and were
processed to select the best measurement condition at which the
impedance 𝑍(𝜔) was extracted. At the same time the Fourier analysis
of the stimulus and output signal was performed to verify the absence
of excessive distortion.

Measurements over specified frequency ranges at every 𝐼𝑏 were
automatized by a customized procedure that allows the user to select
the best gain to bandwidth ratio.

The EIS waveform generator is capable of producing different stim-
ulus waveforms, and, in particular, sinusoidal waveforms, in a selected
sequence of frequencies. The stimulus can be added to an external 𝐼 ′𝑏
and/or internal 𝐼 ′′𝑏 to form the dc bias current 𝐼𝑏. These features allow
one to operate the EIS at load currents between 15 A and 90 A. The
main features of the MMulty SP EIS analyzer are listed in Table 1.

3.2.1. Preliminary calibration
A major issue in performing accurate EIS test is the minimization

of stray parameters, like wiring inductances and resistances, which

may jeopardize the cell impedance, particularly at high frequencies.
Table 1
Technical datasheet of MMulty SP EIS analyzer.

Description Value

Number of channels 20
Limiting voltage 100V
Limiting bias current 𝐼𝑏 100A

Limiting power losses 1500W (with water cooling)
800W (with air cooling)

Limiting current signal 𝐼𝑚 ≤ 10% 𝐼𝑏
Nominal frequency range 0 − 100 kHz
Impedance measurement accuracy ± 0.2% at full scale

In the case of small single cells, such minimization can be achieved
by properly choosing the cables, reducing their lengths and reciprocal
distance and optimizing the design of their connection to the cell and
EIS device. Conversely, wiring optimization is a much more elusive
target in the case of a large stack, made with many cells and carrying
much higher currents, as is the case of IS-VRFB, which required long
cables with a large cross section. Wiring of this size may pick up EMIs,
particularly at high frequencies. In order to assess their effect, some
preliminary tests were performed, in which the known impedance of
given test circuits, made with calibrated resistances and capacitors,
were measured with the EIS analyzer. The key points of such calibration
tests are reported hereafter.

• A poor accuracy of the EIS analyzer was observed in the case of
a test circuit with a small resistance (0.01–0.1 Ω) and a relatively
large capacitance (1−20 mF). This effect was attributed to the
wiring inductance that is not negligible with respect to the whole
measurement chain in the frequency range of interest.

• It was found that the solid-state PMS and the pump inverters were
a major cause of the external noise over a frequency range of
0−60 kHz. A compromise between gain and bandwidth in the
analyzer settings provided the best results, with minimized EMIs.

• In addition, the circuits were tested to detect possible differ-
ences among the 20 measurement channels, finding negligible
deviations.

3.3. VRFB stack wiring optimization

A stripboard allowing minimized wiring length was installed atop
the stack as close as possible to the cell voltage pickups (Fig. 3). It
dispatches the cell voltages to the EIS analyzer, to the BMS, and to a
local LED voltage display. The current signal wiring was made with a
twisted pair together in order to reduce the stray inductance as much as
possible (Fig. 3). A litz-like multistrand wire for the power connections
demonstrated to produce the best results as regards minimization of
stray inductances and related EMIs, [57]. In conclusion, the major
issues in performing EIS on the IS-VRFB stack were found in the electri-
cal connections and their inductive nature, which produced increasing
interference with increasing frequency.

4. Results and discussion

4.1. Equivalent circuit

The lumped model representing the 40 cells was a trade-off between
model complexity and accuracy. Each cell was represented as a voltage
source, a linear resistor and a single RC loop [37], (Fig. 4).

This equivalent circuit was used to study the steady-state operation
of an industrial RFB stack under different operating conditions, nev-
ertheless, it can investigate also the transient behavior. The voltage
source 𝐸0 is the open circuit voltage given by the Nernst equation [58].
The resistance 𝑅𝑜 accounts for the cell ohmic losses due to mem-

brane, electrodes, electrolytes and bipolar plates. Experimental and 92



A. Trovò et al.

1
2
3
4
5

r6
o7
r8

9
10
11
12
13
14

m15
o16
s17
k18
a19
d20
m21
m22
i23
l24
m25
a26
i27
Fig. 3. Components of the voltage and current circuits used for EIS measurements. The voltage signals are led to a stripboard atop the stack consisting of four terminal strips: (1)
connections to the 40-cell pickups, (2) connections to the LabVIEW BMS, (3) connections to the local LED display, (4) connections to the EIS analyzer. The current wiring was
made with a litz-like cable, in order to reduce the stray inductance.
t 28
m 29
d 30
t 31
e 32
e 33

34
35
36
37

38

39
𝑍 40

𝑍 41

42
43

44

45
46
numerical investigations in steady-state conditions, previously devel-
oped by Guarnieri et al. in [59], revealed that the electrodes soaked
with electrolytes provide the major contribution to 𝑅𝑜, i.e. at least
70%, while the membrane contributes for about 20%, and, finally, the
graphite bipolar plates for about 10%. The resistance 𝑅𝑎𝑡 is a non-linear
esistance which takes into account the activation and concentration
verpotentials. It depends on the cell current, 𝑆𝑂𝐶 and electrolyte
ate 𝑄, as shown in [59]. The cell capacitance 𝐶𝑑𝑙 represents mainly

the electrical double layers that appears at the interfaces between
porous electrodes and liquid electrolytes [60]. Shunt currents were not
taken into account because they did not affect the accuracy of the fast
response analysis, being one order of magnitude lower than the stack
current 𝐼𝑠 [61].

The model depicted in Fig. 4 is the simplest one to study the
ain dynamics of the system in a frequency mid range, in which only

ne arc appears in the Nyquist plot [62]. Consequently, the model
ynthesizes the cell impedance with only three elements. It is well-
nown that a so-called Zarc element, that is a parallel loop of a resistor
nd a CPE, could replace the RC loop to better describe the typical arc
epression by using one more parameter [33]. This approach has three
ain drawbacks for the application discussed in this paper. First, one
ore degree of freedom in the identification may not be convenient

n the presence of spectra characterized by few experimental points,
ike some of those considered hereinafter. Moreover, the choice of a
ore complicated model is not recommended in literature if the spectra

re already well fitted by a simpler approach, as clearly claimed, for

nstance, in [26]. Finally, the RC model can also be used as it is in the p
ime domain, while the Zarc element would require a more complicated
athematics, such as the fractional order calculus, to extract its time
omain response. For all these reasons, the authors preferred to use
he linear RC model of the cell impedance, avoiding CPE and Warburg
lements. In is worth to consider that the RC model allows one to
asily compute both the high-frequency resistance, that is 𝑅𝑜, and the

equivalent series resistance of the VRFB, that is shown to be related to
the battery cyclic aging, as it is for other electrochemical devices. For
instance, Daugherty et al. have shown this for VRFB in the presence of
various kind of high-performance electrodes in [17].

4.2. Model parameter identification

The cell passive elements of Fig. 4 which form the cell impedance
mod(𝜔):

mod(𝜔) = 𝑅𝑜 + 𝑅𝑎𝑡
1 − 𝑗𝜔𝑅𝑎𝑡𝐶𝑑𝑙

1 + (𝜔𝑅𝑎𝑡𝐶𝑑𝑙)2
, (1)

and are contained in the vector 𝑈 = [𝑅𝑜, 𝑅𝑎𝑡, 𝐶𝑑𝑙] were identified by
means of the optimization algorithm [63]:

𝑈 = 𝑚𝑖𝑛
𝑁𝑓
∑

𝑖=1
|𝑍exp(𝜔) −𝑍mod(𝜔)|, (2)

where 𝑍exp(𝜔) is the experimental impedance provided by EIS analy-
ses and 𝑁𝑓 is the number of sampled frequencies. This optimization
roblem was solved with a Matlab® nonlinear optimization algorithm.
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Fig. 4. Lumped circuit of IS-VRFB stack. Each cell is composed by a voltage source 𝐸0, an internal resistance 𝑅𝑜 in series with a first order RC pairs (𝑅𝑎𝑡 and 𝐶𝑑𝑙).
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The previous investigations was repeated at different values of
𝑆𝑂𝐶, 𝑄 and 𝐼𝑏 with the same stimulus amplitude 𝐼𝑚 = 0.8 A, in the
frequency range between 0.5 Hz and 6 kHz. The upper frequency limit
was chosen to ensure measurement accuracy against the EMI issues
described above, in agreement with the EIS analyzer manufacturer
recommendations.

In must be noted that the 6 kHz limit is usually sufficient to build
full EIS plot in which the high frequency end matches the abscissa
axis [50], nevertheless this may not be the case for large cells, due to
the inherent values of the resistive and capacitive parameters repre-
senting mass transport and double layer events inside the cells, as we
will comment further on.

4.3. Early results

Early experiments were devoted to validate the equivalent circuit
of Fig. 4. With the aim of investigating how transport losses affect the
circuit parameters, several tests were performed at different flow factor
𝛼 which is given by the ratio between the flux of charges provided by
the electrolyte flow to the electrochemical reactions and the charge rate
effectively produced by the reactions:

𝛼 =
𝑄𝐹 𝑐𝑉 (1 − 𝑆𝑂𝐶)

𝑁𝐼𝑏
(charge) (3)

𝛼 =
𝑄𝐹 𝑐𝑉 𝑆𝑂𝐶

𝑁𝐼𝑏
(discharge) (4)
with 𝐹 = 96 485 C mol−1 the Faraday constant, 𝑁 = 40 is the num-
ber of cells in the stack, and 𝑐𝑉 = 1600 mol m−3 is the vanadium
total concentration. In addition, by varying the initial 𝑆𝑂𝐶 and bias
load current 𝐼𝑏, the influence of the ohmic and activation losses is
respectively analyzed.

For the sake of simplicity, Fig. 5 shows the experimental and
numerical Nyquist and Bode plots of cell no. 10 only, at different
setting:

(a) 𝐼𝑏 = 35 A, 𝑆𝑂𝐶 = 30%, 𝑄 = 10 L min−1 (i.e. specific flow rate
𝑞 = 6.9⋅10−3 cm s−1);

(b) 𝐼𝑏 = 10 A, 𝑆𝑂𝐶 = 30%, 𝑄 = 20 L min−1 (𝑞 = 13.8⋅10−3 cm s−1);
(c) 𝐼𝑏 = 35 A, 𝑆𝑂𝐶 = 30%, 𝑄 = 20 L min−1;
(d) 𝐼𝑏 = 10 A, 𝑆𝑂𝐶 = 60%, 𝑄 = 20 L min−1;
(e) 𝐼𝑏 = 80 A, 𝑆𝑂𝐶 = 60%, 𝑄 = 20 L min−1.

These operating conditions were chosen to produce flow factors in a
wide range (between 5.5 and 77). For each setting, the EIS impedance
was determined at several frequencies shown by blue circles in Fig. 5.
The average duration of each frequency sequence is about 30 min, that
is 2 min per frequency, allowing a 𝑆𝑂𝐶 variation not exceeding 4%,
due to electrolyte discharging [64].

The diagrams at 𝑆𝑂𝐶 = 30% indicate values of 𝑅𝑜 higher than
those at 𝑆𝑂𝐶 = 60%. This behavior is due to electrolytes which fill the
electrode pores and to the higher conductivities 𝜎𝑉 = 41.3 S m−1 and
𝜎 = 27.5 S m−1 of the positive and negative charged electrolytes, with
II 37
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Fig. 5. IS-VRFB: impedance (Nyquist and Bode plots) of the 10th cell out of 40 in the frequency range 0.5 Hz−6 kHz with a stimulus amplitude of 𝐼𝑚 = 0.8 A, 𝑆𝑂𝐶 = 30%,
60%, 𝑄 = 10 L min−1, 𝐼𝑏 = 10 A, 35 A, 80 A. The corresponding flow factor range was 𝛼 = 5.5−77. Tests were performed at a constant room temperature 𝑇 = 21 ◦C.
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respect to 𝜎IV = 27.5 S m−1 and 𝜎III = 17.5 S m−1 of the corresponding
discharged species.

The diagrams of Fig. 5 show also that 𝑅𝑎𝑡 = 2.12 mΩ at 𝑆𝑂𝐶 =
30%, 𝑄 = 10 L min−1 and 𝐼𝑏 = 35 A, i.e. at 𝛼 = 5.5, and 𝑅𝑎𝑡 = 1.39
mΩ at the same testing conditions except double 𝑄, i.e. 𝛼 = 11). Since
𝐼𝑏 mainly affects activation losses, 𝑆𝑂𝐶 mainly affects ohmic losses and
𝑆𝑂𝐶 and 𝐼𝑏 are the same in the two cases, such difference in 𝑅𝑎𝑡 is due
to transport losses. This evidence is consistent with the results reported
in [59], which highlights that transport losses are important as long as
𝛼 is lower than a value 𝛼 at which polarization curves converge to
𝑘 10



A. Trovò et al.

t

1
2

83
C4
t5

6
t7
m8
a9
t10
f11
o12
L13
l14
m15

16
T17
a18

19
p20
𝜏21

𝑍22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

c 48
m 49

50
𝑆 51
v 52
( 53
l 54
c 55
i 56

57
m 58
a 59
a 60
s 61
m 62

4 63
Table 2
Average values and standard deviations of the identified parameters of the IS-VRFB
stack at frequency range from 0.5 Hz to 6 kHz, with variable flow factors 𝛼 between
5.5 and 77, by varying the initial 𝑆𝑂𝐶𝑠, bias load current 𝐼𝑏 and electrolyte flow rates
𝑄, at stimulus amplitude 𝐼𝑚 =0.8 A. The tests were performed at a constant room
emperature 𝑇 =21 ◦C. In the last three rows, 𝜎 stands for standard deviation.
𝑆𝑂𝐶 [%] 30 30 30 30 30 60 60 60

𝑄 [L min−1] 10 10 20 20 20 20 20 20
𝐼𝑏 [A] 10 35 10 35 60 10 35 80
𝛼 [–] 19 5.5 38 11 6.5 77 22 9

𝑅𝑜 [mΩ] 1.85 1.88 1.79 1.80 1.90 1.61 1.63 1.675
𝑅𝑎𝑡 [mΩ] 1.45 1.94 1.48 1.53 1.71 0.82 0.9 1.13
𝐶𝑑𝑙 [mF] 65.7 65.9 61.9 68.6 69.3 67.6 60.3 68.5
𝜎𝑅𝑜

[mΩ] 0.159 0.106 0.122 0.190 0.230 0.120 0.157 0.185
𝜎𝑅𝑎𝑡

[mΩ] 0.176 0.198 0.150 0.194 0.197 0.094 0.089 0.142
𝜎𝐶𝑑𝑙

[mF] 13.4 9.899 11.257 15.736 9.369 8.451 6.924 5.472

the same minimal-slope linear profile. This 𝛼𝑘 is a weakly increasing
function of 𝑆𝑂𝐶, being 𝛼𝑘 = 12 at 𝑆𝑂𝐶 = 30% and 𝛼𝑘 = 14 at 𝑆𝑂𝐶 =
0%. Increasing 𝛼 beyond 𝛼𝑘 only results in a useless hydraulic losses.
onversely, transport losses increase as 𝛼 becomes smaller and smaller
han 𝛼𝑘. For the sake of example, at 𝛼 = 5.5 corresponding to 𝛼𝑘 =

12 and 𝑅𝑎𝑡 = 2.12 mΩ exceeds 𝑅𝑜 = 1.85 mΩ, while, at 𝛼 = 11,
hat is close to 𝛼𝑘 = 12, 𝑅𝑎𝑡 = 1.39 mΩ is smaller than 𝑅𝑜 = 1.90
Ω. Finally, 𝐶𝑑𝑙 remains fairly constant in all tests. This capacitance

rises from the double layer at the surface electrode interface (SEI), and
here is a consensus in the literature that it depends on the electrolyte
low condition within the porous felts. Advanced simulations based
n CT meso-scale medium reconstruction and lattice-Boltzmann and
agrange particle tracking methods have shown that the flow remain
aminar with minor changes within the pores [65], confirming the
inor variability of 𝐶𝑑𝑙 observed in our tests.

Similar considerations can be drawn by analyzing the results of
able 2, which shows the average values of the identified parameters
mong the first 20 cells out of 40 at varying operating conditions.

Fig. 5 shows that at the upper frequency limit of 𝑓max = 6 kHz all
lots are quite far from matching the abscissa axis. In fact, introducing
= 𝑅𝑎𝑡𝐶𝑑𝑙, and given the loop impedance:

𝑅𝐶 = 𝑅𝑎𝑡
1 − 𝑗𝜔𝜏
1 + (𝜔𝜏)2

, (5)

such matching imposes 𝜔𝜏 ≫ 1, whereas the parameters synthesized for
IS-VRFB (Table 2) roughly approach this condition at the maximum fre-
quency: 2𝜋𝑓max𝜏 ≈ 2.2, due to the size and physical–chemical properties
of its electrodes.

𝑅𝑎𝑡 drastically decreased with 𝑆𝑂𝐶 at fixed 𝑄 and 𝐼𝑏, e.g., it was
found 𝑅𝑎𝑡 = 1.48 mΩ at 𝑆𝑂𝐶 = 30% and 𝑅𝑎𝑡 = 0.82 mΩ at 𝑆𝑂𝐶 =
60%, both at 𝑄 = 20 L min−1 and 𝐼𝑏 = 10 A. This strong dependence
can be ascribed to the different viscosities of the vanadium species, and
thus of the electrolytes at varying 𝑆𝑂𝐶, because viscosity affects the
diffusion coefficient that govern electrolyte transport. To confirm this
correlation, the kinematic viscosity of the electrolytes was measured
by means of a U-tube reverse flow viscometer BS/IP/RF - size 2 (by
PSL Rheotek). It was found that the viscosity of the positive electrolyte
containing V(V) and V(IV) showed a small decrease at increasing 𝑆𝑂𝐶,
being ca. 3.45 mm2 s−1 at 𝑆𝑂𝐶 < 40% and 3.06 mm2 s−1 at 𝑆𝑂𝐶 ≥
60%. Instead, the viscosity of the negative electrolyte containing V(III)
and V(II) presented a significant decrease at increasing 𝑆𝑂𝐶, being ca.
5.45 mm2 s−1 at SOC < 30% and dropping at 3.71 mm2 s−1 at 𝑆𝑂𝐶 =
90%. A similar strong decrease of the viscosity the negative electrolyte
at increasing 𝑆𝑂𝐶 was found by Li et al. [66].

Different groups of cells were then tested in the same conditions
as those in Table 2 and no significant discrepancies were found. Since
𝑅𝑎𝑡 depends on the electrolyte flow rate, these minimal discrepancies
proved the homogeneity of the electrolyte flow rate among cells. Sim-

ilar considerations can be drawn for 𝑅𝑜 that, being dependent on the
Fig. 6. Average values of the identified parameters of the IS-VRFB stack at frequency
range from 0.5 Hz to 6 kHz at 𝑆𝑂𝐶 = 30% by varying bias load current 𝐼𝑏 and
electrolyte flow rates 𝑄, at a stimulus amplitude 𝐼𝑚 = 0.8 A and constant room
temperature 𝑇 = 21 ◦C: (𝑎) 𝑅𝑜 distribution, (𝑏) 𝑅𝑎𝑡 distribution, (𝑐) 𝐶𝑑𝑙 distribution.

ell structures (materials and assembly), proved the repeatably of the
anufactured process.

Fig. 6 allows a quick gasp of 𝐼𝑏 and 𝑄 on the identified parameters at
𝑂𝐶 = 30%. The previous considerations on 𝑅𝑎𝑡 hold also at different
alues 𝑆𝑂𝐶, 𝐼𝑏 and 𝑄 which produce values of 𝛼 in a very wide range
from 5.5 to 77) inside which VRFB practical operating conditions are
ocated. Tests at 𝛼 < 3.5 were not performed in order to avoid critical
onditions related to insufficient electrolyte feeding, that may lead to
mproper cell reactions [55].

In all cases, numerical and experimental results were in good agree-
ent, with a maximum error of ±2% in the module of the impedance

nd ±25% in the phase, occurring at the maximum frequency of 6 kHz,
s shown in the Bode plots of Fig. 5. Such errors are sufficiently
mall for the aim of the analysis, considering the hurdle of the such
easurements at high frequency at large VRFBs.

.4. Steady-state dc analysis

An additional validation aimed to verify the adequacy of the equiv-

alent circuit of Fig. 4 to describe the steady-state performance of large
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VRFBs has been performed. In dc condition, the lumped circuit of Fig. 4
reduces to a dc Thévenin equivalent, whose parameters are determined
as:

𝐸0,𝑠 =
𝑁
∑

𝑖=1
𝐸0,𝑖 (6)

𝑅𝑠 =
𝑁
∑

𝑖=1
(𝑅𝑜,𝑖 + 𝑅𝑎𝑡,𝑖) (7)

The equivalent resistance 𝑅𝑠 obtained from the EIS measurements
was compared with the stack internal resistance in dc condition at the
same 𝑆𝑂𝐶 and 𝑄, which was deduced from the slope in the central
linear region of the polarization curves (𝑉s vs. 𝐼𝑏 curve). Only the con-
ditions at 𝛼 ≥ 𝛼𝑘 were considered in these validations. Fig. 7 compares
the two internal resistances in five operating conditions at 𝛼 = 11−77,
whereas 𝛼𝑘 was between 12 and 14. The maximum error between these
two experimental values was below 32 mΩ, with a relative error of
±19%. This results is acceptable for this kind of problems and has to be
attributed to the intrinsic uncertainty of the overall EIS measurement
chain, as argued above. In conclusion, dc measurements provided a

straightforward confirmation of the EIS measurements for 𝑓 → 0 Hz.
5. Conclusions

The implementation of an original multichannel EIS measurement
chain at high bias currents, in a 9 kW/27 kWh VRFB, has been de-
scribed, highlighting issues and corrective actions. Stray parameters,
like wiring inductances and resistances, strongly affect the results and
made such procedure quite challenging to be implemented. On the one
hand, the battery size required longer connections which involved a
more difficult circuit optimization than similar analyses in small single
cells because they are affected by electromagnetic interferences (EMIs)
from external devices, particularly at high frequencies. On the other
hand, the stack had to be operated at high current, which generated
non-negligible conducted disturbances, which had to be properly tack-
led. A careful wiring optimization design also resorting to litz-like cable
connections and a signal configuration with a compact design partially
solved these problems. An equivalent circuit of the stack, with each
cell represented as the series of a voltage source, a linear resistor and
an RC loop, was proposed. Early results on the cell passive elements
identification by means of a numerical optimization procedure were
presented. The stack model, that is widely used in the literature in
numerical simulations evaluating the performance of large VRFB stacks,
was newer validated before. In fact, this study presents the first ex-

perimental validation on real industrial-scale VRFB stack resorting to a 34
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multichannel EIS analyzer. With the aim of investigating how transport
losses affect the circuit parameters, several tests were performed at
different operating conditions in terms of battery state of charge, elec-
trolyte flow rates and stack current, showing that only the resistance
of the RC loop strongly depends on them, as widely documented in
the literature in the case of single cells. The measurement methodology
here presented can provide insight on arising critical conditions during
battery operation and can be implemented in automatic procedures for
the state of health assessment of industrial VRFB.
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