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Abstract

The paper presents a control method of the electrolyte flow factor in kW-class
Vanadium Redox Flow Batteries that minimizes transport losses without affect-
ing the battery’s electrical performance. This method uses experimental data
acquired on a 9 kW/27kWh test facility at varying operating conditions. The
effects of overpotentials on the polarization curves are then modeled as non-
linear electrical resistances that vary with the stack current, state of charge
and electrolyte flow rates. Our analysis of these variables shows that the op-
timal performance is found if the flow factor is modulated during operation
according to stack current and the battery state, so as to minimize the overall
flow-dependent losses. The optimal profiles have been identified as functions of
the battery’s operating conditions. Based on these results, a dynamic control
for the electrolyte flow rates has been implemented at a software level (i.e. with-
out modifying the hardware of the test facility), which is capable of maximizing
the round-trip efficiency and exceeds the performance achieved with a constant
flow factor strategy, as proposed in previous literature. The implementation
of the optimal flow rate control requires a preliminary test campaign to collect
performance data, which are then used in the control protocol to manage the
battery’s operation. This scheme is easily implementable at a software level in
other industrial redox flow batteries.
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Francesco Picano)

Preprint submitted to Applied Energy January 10, 2020

http://www.ctan.org/tex-archive/macros/latex/contrib/elsarticle


1. Introduction

Vanadium Redox Flow Batteries (VRFBs) are increasingly attracting atten-
tion thanks to their intrinsic advantages, such as independent sizing of power
and energy, long cycle life and good energy efficiency [1]. VRFBs are partic-
ularly competitive for long discharges (namely at high energy-to-power ratios)
and also for long storage times (such as in seasonal storage), while being capable
of virtually no self-discharge. Although VRFBs present lower energy efficiency
than Li-ion batteries, they are more competitive in terms of life cycle assessment
(i.e. environmental impact) because Vanadium is completely recyclable, in con-
trast to Lithium [2]. As regards large plants, due to their structure, VRFBs
are better fitted than Li-ion batteries, which involves a very large number of
cells, with a consequently higher fault risk. At present, the largest electrochem-
ical storage plant is the 200 MW 800 MWh VRFB plant under construction by
Rongke Power. In addition, VRFBs are suitable for a wide range of services in
smart grids, both fast (i.e. power quality, such as frequency regulation and peak
shaving) and slow (i.e. energy management, such as load leveling and invest-
ment deferral) [3]. These features entitle the VRFB technology to be a major
candidate in the future energy storage scenarios and to be capable of widespread
commercialization [4]. Extensive research has been carried out in the develop-
ment of advanced materials and significant results have been achieved in the
last years. Recent improvements on the electrolytes have led to higher energy
densities as reported by Choi et al. [5] and by Roe et al. [6], who employed a 3
M vanadium electrolyte. Concerning electrodes, Di Blasi et al. [7] investigated
the charge/discharge performance of a carbon fiber-based electrode in a short
stack, and an experimental comparison of the electrochemical energy conversion
performance of a single-cell VRFB with different flow fields was performed by
Kumar et al. [8]. In addition, Greco et al. [9] and Banerjee et al. [10] stud-
ied the effects of the electrode micro-structure on the overall electrochemical
performance. The undesired crossover of vanadium ions and water through the
ion-exchange membrane and consequent capacity loss have been investigated by
Sun et al. [11] with the aim to obtain a trade-off between high ionic conductiv-
ity and decreased crossover membranes; similar studies were reported by Lei et
al. [12] and Ashraf et al. [13]. The electrolyte transport effects on the battery
performance are also receiving increasing attention [14]. In this framework, the
effect of different cell structure designs was studied by several groups, e.g. Dar-
ling et al. [15], Ke et al. [16] and Zheng et al. [17]. In addition, Arenas et al.
[18, 19] and Xu et al. [20] demonstrated that the battery’s performance strongly
depend on the control of the process variables. Watt-Smith et al. [21] and Pu-
gach et al. [22] achieved similar results in the case of large-scale VRFB systems.
The charging procedure is also responsible for the battery performance, never-
theless it is often borrowed from other batteries, with an operation that consists
in charging the battery under constant current (galvanostatic mode) until the
voltage reaches a given value and then in switching to constant voltage (poten-
tiostatic mode) to complete the charge [23]. In VRFBs, this charging mode as
been claimed to be convenient to prevent hydrogen and oxygen evolution [24].

2



Although this charge profile is convenient in testing cells in a laboratory and in
charging portable electronics and electric cars, it is little applicable to industrial
size batteries operating in grids to compensate the mismatch between the power
generated by intermittent renewable sources and load demand as reported by
Guarnieri et al. [25, 26]. In VRFBs operating at variable charge/discharge cur-
rents, the electrolyte flow rate control assumes a pivotal importance at the aim
of optimizing the battery performance because high flow rates improve the cell
performance by reducing overpotentials but increase the hydraulic losses and
pumping power demand [27].

To address this problem, techniques based on numerical algorithms have
been investigated at an analytical level, such as the fuzzy logic controller [28],
and the gain scheduling control [29]. These methods follow synthetic schemes,
which fail to take into account all of the real physical variables of the battery.

Some studies have examined the pressure drops and pumping power demand
under varying electrolyte flow rates in different cell architectures, aiming to
achieve an optimal electrolyte flow bed in the electrodes [30]. To maximize the
battery efficiency, Yang et al. [31] have analyzed the cell performance while
keeping the flow rate constant during operation and only varying the current
density depending on the state of charge (SOC).

Xu et al. [32] developed an analysis of the effect of the SOC-dependent
electrolyte viscosity on the battery’s performance, but they did not proposed a
consequent control strategy.

Ling et al. [33] studied the effect of a pulsating electrolyte flow rate in
a single cell VRFB, showing that a short flow period followed by a long flow
termination can reduce the pumping power demand by more than 50%.

Ma et al. [34] experimented on an electrolyte flow rate control in a 1 kW-
scale VRFB that improved the battery efficiency simply by stepping up the
flow rate at the end of charge and discharge to compensate for low reactant
concentration. They showed that this strategy can increase the system efficiency
by 8% compared to a constant flow rate, showing the advantage of a variable
flow rate.

Fu et al. [35] proposed a numerical analysis of a VRFB for investigating
the effect of the flow rate on the battery efficiency by taking into account the
concentration overpotentials and the related pumping power. They proposed
a framework for determining the optimal flow rate under varying operating
conditions, which can increase the stack efficiency by 3%.

Recently, Xiao and Tan [36] proposed a numerical method for increasing the
efficiency of a complete VRFB system by varying the flow rate within a given
range, such that the pump efficiency maintains high values. Their simulations
indicate an increase of 3.34% and 3.84%, respectively, showing the superior
profitability of a variable flow rate control. However, their analysis is improperly
based on the pump efficiency curve at constant speed for different hydraulic
circuits instead of that at variable speed for the same hydraulic circuit, which
has compromised the validity of their results.

Tang et al. [37] have numerically computed the transport losses in a 40-
cell stack as a function of the flow factor, namely the ratio of flux of electric
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charges (ions) provided by electrolyte flow for electrochemical reactions and the
generated electric current, which is always higher than one to ensure effective
reactions. They investigated the battery’s performance with a constant flow
factor, finding that a value of 7.5 provides the highest system efficiency. König
et al. [38] developed a numerical investigation of the behavior of a 6-kW VRFB,
finding that the efficiency can be improved by varying the flow factor depending
on SOC and the battery’s current.

Nevertheless, experimental studies on flow rate dynamic control in kW-class
VRFB systems depending on the battery performance have yet to be published,
to the best of our knowledge.

This paper reports a study on the modulation of the electrolyte flow rate to
minimize the battery voltage drop without affecting the converted power and
hence to maximize the battery efficiency. This study is based on an experimental
investigation that was carried out on a kW-class VRFB test facility. An optimal
flow rate dynamic control has been identified for the first time and it has been
implemented in the LabVIEW-based battery management system of the VRFB
test facility to assess its effectiveness.

This paper is organized as follows. The kW-class test facility used in the
measurement campaign and validation tests is presented in Section 2. The
measurements of the cell losses are analyzed in Section 3 to correlate them with
the electrical behavior of the VRFB. Section 4 reports the procedure for the
optimal flow factor identification and presents the performance (namely, the
battery’s round-trip efficiency) that we obtained with the control algorithm.
Validation tests and efficiency assessment are reported in Section 5 and the
conclusions are discussed in Section 6.

2. Experimental setup

The Industrial-Scale VRFB (IS-VRFB) test facility (Fig. 1) is in operation
at the Energy Storage and Conversion Laboratory of the University of Padua
[39]. The stack consists of 40 cells with 30 cm × 20 cm cross-sectional area,
and each cell consists of a Nafion R© 212 membrane and two 5.7-mm graphite
carbon electrode (Beijing Great Wall, China) included between two flat graphite
bipolar plates with a flow through electrolyte distribution [40]. The electrolytes
consist of vanadium solutes with a concentration of cV = 1.6 mol L-1 in 4.5 mol
L-1 sulfuric acid solution. Two tanks containing 550 L of electrolyte each store
an energy of 27 kWh. The tanks are hermetically closed and are maintained
in nitrogen atmosphere to prevent vanadium species from atmospheric oxygen
contamination.

The battery is provided with two closed hydraulic circuits, including pumps,
piping and valves for electrolyte circulation between stack and tanks. The two
pumps (PMD-641 by Sanso, Japan) have PVC volutes and impellers, the latter
being magnetically driven by three phase electric motors, which are controlled
by two inverters (DC1 by Eaton, US). The Power Management System (PMS)
that provides the battery charge and discharge consists of a remotely driven
bidirectional static converter that can operate in the ranges ±75 A and 0−85
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Nomenclature
Full names
A cell cross-section area [cm2]
c Vanadium species concentrations [mol L–1]
cr felt compression ratio
cV Vanadium molar concentration [mol L–1]
F Faraday constant [96,485 C mol–1]
Fl flow mater
hcr felt thickness after compression [mm]
h0 felt thickness before compression [mm]
I stack current [A]
In inverter
K gas constant [8.314 J mol–1 K–1

N number of cells in the stack
P power [W]
Pu pump
Q electrolyte flow rate [L min–1]
q specific flow rate [cm s–1]
R electrical resistance [Ω]
RTE round trip efficiency
SOC state of charge
t time [s]
T temperature [K]
V voltage [V]
V a sensorized valves
V0 open circuit voltage (OCV ) [V]
z number of electron transfer
Subscripts
a activation
b bipolar plate
ch charge
dh discharge
e electrode
el electrolyte
w gross hydraulic
i internal
k key
m membrane
o ohmic
opt optimal
Q flow rate dependent
st stack
t transport
+ positive electrolyte
− negative electrolyte
Greek Symbol
α flow factor
∆p pressure drop [Pa]
∆r index of the incidence of Ra + Rt [%]
ε porosity after compression
ε0 porosity before compression

σeff
f effective carbon felt conductivity [S m−1]

σeff
el effective electrolyte conductivity [S m−1]
σs conductivity of the solid carbon felt material [S m−1]
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V in either voltage or current controlled mode (potentiostatic or galvanostatic
mode; Dana, Italy). A passive load made with six variable resistors allows dis-
charges at higher currents (up to 600 A). The facility’s instrumentation provides
the following measurements: stack current and voltage, cell voltages, open cir-
cuit voltage (by means of a small OCV cell), electrolyte flow rates, electrolyte
differential pressures at stack inlets and outlets, electrolyte temperatures at the
stack inlets and outlets, electrolyte level in the tanks, and room temperature.
A wattmeter measures the power fed from the grid to the hydraulic circuits.

The Battery Management System (BMS) that supervises the facility is an
in-house system that is built around a PC with LabVIEW software, a Na-
tional Instruments (NI, US) compact DAC interface, a system of optoisolators
(Isoblock by Verivolt, US), insulation measurement transformers, and a Pro-
grammable Logic Controller (PLC). It has been designed to provide adaptable
high level Supervisory Control And Data Acquisition (SCADA) functions. No-
tably, it ensures a precise flow rate control of each pump through a proportional-
integrative-derivative (PID) controller (Fig.1), in which an analog voltage (0−10
V) signal drives the inverter based on a negative feedback logic that uses the
measured analog signals (0−20 mA) provided by a high performance flow-meter
(Proline Promag by Endress+Hauser, Switzerland). This architecture allows us
to obtain the desired electrolyte flow rates profiles by means of in-house devel-
oped driving algorithms which make use of the experiment measurements, such
as current I and SOC.

The test facility has been already operated at currents up to 400 A in fast
mode and 350 A in steady state mode (i.e. at 665 mA cm−2 and 583 mA cm−2,
respectively) with residual cell voltages of 0.55 V and 0.46 V [41]. Peak powers
of 9 kW and 8 kW were achieved in the two operating modes, at currents of 320
A and 260 A, respectively.

3. Analysis of cell overpotential losses

The analyses presented hereafter have made use of the measurements taken
on IS-VRFB during charge and discharge operations, which were carried out at
different stack currents I, state of charges SOCs, and electrolyte flow ratesQ. In
VRFBs, due to species crossover occurring through cell membranes, the volume
of the positive electrolyte decreases and the volume of the negative electrolyte
increases during the charge phase, and vice versa during the discharge phase.
Models of this effect have been recently reported Wei et al. [42, 43]. The net
effect in a round-trip cycle is that the volume of the positive electrolyte increases
and the volume of the negative electrolyte decreases, as reported in [44]. During
the experiments on IS-VRFB, a volume changes of ' 4 L (i.e 0.7%) in each
charge/discharge cycle was observed. A balancing operation through a bypass
pipe interconnecting the two tanks was operated every 10 cycles to compensate
for this effect [39].

At the cell level, the polarization curve of an electrochemical device (namely,
the voltage as a function of the current density) depends on three overpotentials
that are responsible for energy losses [45]. Activation overpotentials appear at
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low current density and have typically a minor role in VRFBs, in which the
dominating effect in a large range of current density consists of the linear ohmic
overpotentials. Concentration overpotentials may prevail at high current den-
sity, causing a dramatic voltage drop and the rapid vanishing of voltage at
the limiting current densities. At a battery level, similar polarization curves
correlate the stack voltage and current. The relative effects of the three overpo-
tentials in a VRFB depend on several parameters, such as current collector and
electrodes design, membrane composition and thickness, electrolyte flow rates,
and state of charge.

Fig. 2 shows the discharge polarization curves taken on the IS-VRFB in
steady-state operating conditions at stack currents up to about 350 A. They
have been obtained at SOC ranging between 10% and 90% and at electrolyte
flow rates Q = 10 L min−1 and Q = 29.5 L min−1 (i.e. at a specific flow rates
q = 6.9× 10–3 cm s–1 and q = 20.8× 10–3 cm s–1, respectively).

Given that the scope of our analysis was to investigate the steady-state per-
formance of the battery expressed by these curves, the dynamic capacitive effects
of the electrodes were neglected and only the steady-state adynamic effects re-
lated to overpotentials were taken into account. As shown in Fig. 2, in general
these polarization curves are non-linear over the whole electric current ranges.
For the purposes of the following analysis, the overpotetials were modeled by
means of non-linear electrical resistances so that the stack voltage drop ∆V was
expressed as:

∆V = V0 − V = (Ra +Ro +Rt) I = Ri I (1)

where Ra, Ro and Rt are the activation, ohmic and transport equivalent resis-
tances, respectively, and their sum Ri is the internal stack resistance as reported
by Fu et al.[46] and Ontivoros et al. [47]. Although the representation of over-
potentials by means of electrical resistances may seem a strong simplification,
it was convenient in this study because it allowed a straightforward quantifica-
tion and comparison of the intrinsically different overpotentials. This approach
conforms similar modeling technique used in other VRFB electric performance
investigations [48] and is commonplace in modeling electrical devices such as
induction motors, negative-resistance amplifiers and active resistors. The resis-
tances Ra, Ro and Rt are functions of I, due to the non-linearity of the V (I)
curves, and also of SOC and Q. Ra mainly affects the polarization curve at
small I values, Ro in the medium range and Rt at high values, consistently with
the aforementioned overpotential features.

Fig. 2 shows that the curves at different Q and at the same SOC present
the same open circuit voltage (OCV ), i.e. V0(SOC) at I = 0. Fig. 2 also shows
that most polarization curves V (I) of IS-VRFB exhibit a linear behavior at low
I values, indicating that the activation losses are small compared to the other
two terms, as reported in the literature for other VRFB systems by Chen et al.
[49], Ressel et al. [50], and Pugach et al. [51], so that we can assume:

Ri ≈ Ro +Rt (2)

In addition, most curves present a sudden voltage drop as I increases and
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this drop occurs as sooner as SOC is smaller, in both cases at Q = 10 L min−1

and Q = 29.5 L min−1. In polarization curves at low SOC and low Q, these
dramatic voltage decreases present an early occurrence. This behavior is due to
transport losses and is represented by a strong increase of the electrical resis-
tance Rt. This indicates how crucial the flow rate control is to pump the optimal
amount of electrolyte that ensures proper electrochemical reactions while avoid-
ing wasting pumping power, so that the battery electrical performance are kept
at the highest levels (i.e. the internal resistance remains as low as possible). The
flow factor α is a useful parameter to correlate electrolyte flow rates and electric
performance. As already stated, this is given by the ratio between the flux of
charges provided by the electrolyte flow for the reactions and the electric cur-
rent generate in all the cells. In the charge/discharge phases, it is respectively
expressed as:

α =
QF cV (1− SOC)

NI
(3)

α =
QF cV SOC

NI
(4)

with F the Faraday constant, cV the Vanadium total concentration and N the
number of cells in the stack. Eq. (3) and eq. (4) show that, during an
operation fixed Q, α changes because of SOC and I variations. In particular,
α depends linearly on I and inversely on Q. The flow factor cannot be smaller
than α = 1 because in this condition the electrolyte flow rates provide exactly
the ions needed to produce the electric current I. Therefore, α = 1 would be the
ideal condition as regards minimizing the pumping power but it would be very
dangerous operating the battery at such α value because it is almost impossible
that all reagent ions reach the active sites: α = 1 would cause reactions in
cell materials other than the electrolytes, resulting in cell malfunction and even
battery failure as reported in [52] and [53]. Consequently, α is usually kept at
values of 7−8, to ensure proper electrolyte reactions [37].

3.1. Optimal flow rate identification

To investigate this behavior, a new set of polarization curves V (I) was built
by using the measurements of a new experimental campaign carried out at dif-
ferent SOCs, in which Q was continuously varied so as to keep α constant
while increasing I, exploiting the operational flexibility allowed of the pumps
feedback control. In these tests, the BMS controlled the pumps and also the
PMS that was operated as a controlled electronic converter both in charge and
discharge. This operation mode limited the stack current to the PMS rated
current of ±75 A, but also provided some advantages. In fact, it allowed ex-
ploring a conveniently wide range of SOCs in each charge/discharge test, e.g.
SOC = 13%−87% at 30 A and SOC = 28%−72% at 70 A, which would be un-
accessible at higher currents, because of limitations deriving from the maximum
available flow rates and from the risk of hydrogen evolution [24]. Moreover, the
maximum current density achieved of 116 mA cm−2 was comparable with the
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values obtained in similar analyses reported in the literature [54], [55]. Several
α values could be explored (up to nine for each SOC) with the lower and upper
limits imposed by the minimum and maximum pump flow rates; that is, Q = 3
L min–1 and Q = 29.5 L min–1.

Fig. 3 shows these polarization curves drawn at constant α for four SOCs.
Each curve appears linear, resulting in a constant internal resistance Ri, with
no dramatic increases at high currents. In addition, the reduction of the slope
with increasing α results in a lower and lower Ri. As α increases and approaches
a key value αk, these polarization curves converge to a limit linear profile with
a minimal slope, namely with minimal internal resistance Rk = −∆Vk/∆I and
the cell electrical performance cannot be enhanced any further by increasing α.

According to these results, transport losses are important as long as α < αk.
Conversely, when α is higher than αk the ohmic losses are the dominant effect
that produces the linear behavior of V (I). Once the concentrations of the reac-
tant ions supplied at the active sites in the porous electrodes exceed the values
needed to efficiently sustain the reactions, a further increase of the flow rate can
no longer improve the reaction rate. In these conditions, the transport equiva-
lent resistance Rt becomes much smaller than the ohmic equivalent resistance
Ro. This latter resistance depends on the cell and electrolyte electric properties
but not on the electrolyte flow rate, in such a way that at constant SOC the
relationship between voltage and current results linear. Fig. 4 shows that αk is
a weakly increasing function of SOC.

We infer that controlling Q according to each different operating condition
(namely, according to SOC and I) to maintain α ' αk constitutes an optimal
strategy for maximizing the electrical performance of a VRFB (i.e. for minimiz-
ing the hydraulic losses without affecting the power conversion performance).

3.2. Characterization at α ≥ αk

Because the convergence profile of all polarization curves at Q = const and
α ≥ αk is linear, it is characterized only by its slope; that is, by its key internal
resistance, Rk = ∆Vk/∆I that is a function of the SOC only: Rk(SOC). Sim-
ilarly to the ohmic losses that it represents, the resistance Ro included in eq. 2
depends on the resistive behavior of the bipolar plates, of the electrolyte-soked
porous electrodes, of the ion-exchange membrane and of the contacts between
these components. Instead, Ro does not depend on α and, consequently, any
increase of Ri that occurs when α is smaller than αk can be attributed to the
transport losses represented by Rt. Hence, we can assume that:

Ro ' Rk (5)

At different SOC, the electrolyte concentrations in the porous electrodes
change, causing a variation of the ohmic resistance Ro = Ro(SOC), because
the conductivities of the electrolyte species differ. Fig. 4 shows that Ro is
a decreasing function of SOC, due to the higher concentration of V (II) and
V (V ) at higher SOC. To check the consistency of the previous assumptions,
Ro was evaluated as due the series of the cell membranes, with total resistance
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Rm, of the cell porous felt electrodes, with total resistance Re, and of the the
graphite bipolar plates, with total resistance Rb. The contact resistances were
neglected:

Ro = Rm +Re +Rb (6)

Rm was determined from the area specific resistance (ASR) data of Nafion R© 212
[56] and Rb from the conductivity provided in graphite plate data sheet (TF6
fluor polymer bipolar plate by SGL Carbon, Germany) [57]. The calculation of
the carbon felt resistance Re took into account the electronic conduction in the
solid phase (i.e. the porous felts) and the ionic conduction in the liquid phase
(i.e. the electrolytes). For the sake of simplicity, the Bruggeman correlation

was used to evaluate the effective conductivity σeff
f of the porous felts [58]:

σeff
f = σs(1− ε)1.5 (7)

where σs is the conductivity of the solid material constituting the felts and ε is
their porosity after compression [59]:

ε =
ε0 − cr
1− cr

(8)

In eq. (8), ε0 is the porosity before compression and cr is the felt compression
ratio defined as:

cr = 1− hcr
h0

(9)

where h0 and hcr are the average electrode thickness before and after compres-
sion, respectively. By again taking into account the Bruggeman correlation,
the effective electrolyte conductivity σeff

el at the positive and negative compart-
ments was evaluated as:

σeff
el =

F 2

KT

∑
j

cjz
2
jσjε

1.5 (10)

where K is the gas constant, T is the temperature, z is the number of electrons
transferred in the reaction, c is the concentration and σ the conductivity of
the reacting species; the subscript j stands for the species V (IV ), V (V ) in the
positive electrode and for V (II), V (III) in the negative electrode. Given the
state of charge of the positive and negative electrolytes SOC+ and SOC− and
their total concentrations c+ = c− = cV , each species concentration is given by:

cII = c−SOC− cIII = c−(1− SOC−) (11)

cIV = c+(1− SOC+) cV = c+SOC+ (12)

10



Table 1: Stack components physical properties

Component Property Value Reference

Nafion R©
212 membrane

Membrane area resistance
(ASR) [Ω cm2]

0.41 [56]

Beijing Great Wall,
carbon felt electrode

Solid electrode
conductivity σs [S m−1]

1000 [58]

/
Felt porosity before
compression ε0

0.94 [60]

/
Felt thickness before
compression h0 [mm]

8.1 /

/
Felt thickness after
compression hcr [mm]

5.7 /

/ Felt compression ratio 0.3 /

TF6 fluor polymer
bipolar plate by
SGL Carbon

Bipolar plate resistivity
σb [Ω cm]

7.6 × 10−4 [57]

Liquid electrolyte
V (II) conductivity
σII [S m−1]

27.5 [40]

/
V (III) conductivity
σIII [S m−1]

17.5 [40]

/
V (IV ) conductivity
σIV [S m−1]

27.7 [40]

/
V (V ) conductivity
σV [S m−1]

41.3 [40]

The resistances Re of the porous electrodes soaked with liquid electrolytes
were obtained as the parallel resistances of the two phases, for each cell com-
partment:

Re = (
1

σeff
f + σeff

el+

+
1

σeff
f + σeff

el−
)
Nhcr
A

(13)

The parameters used in these calculations are listed in Tab.1. The measured
and computed values of Ro present an acceptable agreement for the aim of this
analysis. The results show that the electrodes provide the major contribution
to the ohmic resistance, being Re at least 70 % of Ro. The membrane resistance
Rm contributes for about 20% and the graphite bipolar plate resistance Rb only
for 10%. This evidence is in agreement with the results reported by Ke et.
al. [16], indicating that in the flow-through distribution the contribution of the
electrodes to the ohmic resistance is much higher than in other distributions,
such as flow-by. In addition, the dependence of Re on the SOC, expressed in
eqs. 10, 11, 12 and 13 explains the behavior of Ro shown in Fig. 4.

3.3. Comparison of the loss equivalent resistances

The minimum internal electrical resistance Rk(SOC) = −∆Vk/∆I involves
that, at a given SOC, Rk presents the same linear behavior of V (I) for any Q
with α ≥ αk. In this condition, the electric power delivered by the battery at a
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given SOC can be expressed as P = V0I −RkI
2 with a constant Rk ≈ Ro. To

characterize the activation and transport losses in any conditions with α ≤ αk,
eqs.(1), (2) and (5) can be combined to obtain:

∆V = Ri I = (Rk +Rt +Ra) I (14)

As far as Rk(SOC) is known, by measuring Ri = ∆V/I at different SOC
and Q, and thus at different α, from eq. (14) we obtain:

Ra +Rt = Ri −Rk (15)

Because Rk = −∆Vk/∆I expresses the local slope of the polarization curve
at α ≥ αk starting from a current value I > 0 (i.e. in the full linearity ohmic
region) and Ri expresses the mean slope of the polarization curve starting from
I = 0, eq. (15) and also the relative difference ∆r = (Ri −Rk)/Rk constitutes
an index of the incidence of Ra + Rt and also of the non-linearity of the po-
larization curves. The plot of Fig. 5 also confirms that transport losses are the
leading effect at small α: in these conditions Rt increases as α reduces and it
can become even one order of magnitude larger than Rk. Furthermore, when
both I and Q are small and α→ αk transport losses are small (i.e. Rt vanishes)
and activation losses (i.e. Ra) become not negligible. It must be remarked at
this point that once α reaches αk, ensuring that the dominating resistance is
Ro, increasing the flow rate only results in an increase of the hydraulic losses
with no beneficial effect on the power conversion.

Instead, once the optimal flow regime is achieved (i.e. the battery opera-
tion is optimized) a further reduction of the internal losses (i.e. of Rk) can
be obtained from an improved cell design. Consequently, tortuous porous mi-
crostructure of the electrodes, if properly designed, can promote a more efficient
macroscopic diffusion of the species flowing through the electrodes: the faster
the electrolyte mixes in the electrode pores, the higher the reaction rate. Recent
studies of Maggiolo et al. [61] and Dentz et al. [62] indicate that this process
involves an anomalous diffusivity, namely that the diffusion process presents a
non-linear dependence on time. This means that the mean squared displace-
ment (MSD) of the fluid particles varies more that linearly with time, whereas
in a classical diffusion process this increase is linear [63]. However, to ensure an
easy calculation, an effective diffusivity coefficient in the porous electrode can
be used that, for liquids, is proportional to the average flow velocity (i.e. to Q),
as usually done when the Bruggeman correlation is adopted [64].

The performance of a VRFB also depends on temperature: our tests were
performed at a room temperature of 20 ◦C and the losses heat was removed by
natural convection at piping and tanks. Temperature measurements picked up
by the stack inlet and outlet sensors showed that the solution over temperatures
during charge and discharge operations remained in the order of few degrees.
More extended investigations on the correlation between battery performance
and temperature are out of the scope of this paper and are reported elsewhere
by means of a validated dynamical model which is generally described in [65],
with a focus on high-current operations [66] and stand-by conditions [67].
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4. Identifying optimal flow rate modulation

It is worth noticing that the global optimization of the flow rates, capable
of minimizing the device losses and maximizing its efficiency, have to take into
account all the flow-rate-related losses, which leads to modulate the flow rate
according to the operating conditions. These Q-dependent losses consists of the
internal losses due to cell overpotentials, which we have previously expressed
as Pi = RiI

2, together with the total losses Pw in the hydraulic circuits and
their ancillaries, which occur in the stack, in the piping connecting stack and
tanks, in the pumps, in the driving motors and in the controlling inverters. In
IS-VRFB, Pw is measured by a specific wattmeter interposed between grid and
inverters [68]:

PQ = Pi + Pw (16)

On the one hand, PQ also depends on the stack current I and on the SOC;
while on the other hand, the battery electric performance is also affected by the
losses due to species crossover through the membranes, shunt currents and the
losses in the power management system PMS. However, these losses do not vary
with Q, so that they were not taken into account in the optimization of the flow
rate.

Fig. 6 shows the profiles of PQ as functions of the flow rate Q at different I
and SOC values and Tab. 2 presents the combination of Q, SOC and I values
used to build such profiles. The profiles highlight that every curve presents a
minimum that identifies the electrolyte flow rate Q capable of minimizing PQ

for every SOC and I couple. Dynamically imposing these optimal Q results in
the modulation of α, instead of a constant α: this modulated flow factor αopt

assures optimal operation, i.e. minimal losses and maximum efficiency. The
results in Fig. 6 regard discharge operations, but similar considerations hold in
the case of charge.

5. Implementation and validation

5.1. Implementing the control algorithm

The optimal control was made at a software level, by developing an apposite
LabVIEW algorithm in the BMS of IS-VRFB. This algorithm uses the exper-
imental data illustrated in Fig. 6 and Fig. 2, which were arranged in a 3-D
matrix, as functions of Q, SOC and I values. The algorithm uses the matrix as
a look-up table to identify the optimal Qopt that minimizes PQ for each couple
of SOC and I operating values. Qopt is then compared with the actual Q mea-
sured by the flowmeters and error signals are created which feed back the pump
inverters with PID control routines. Consequently, the actual Q, and hence
the actual α, is continuously modulated to match the minimum PQ during the
whole battery operation.
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Table 2: Experimental campaign for optimal flow rate identification

SOC [%] Applied current I [A] Flow factor α [-]
20 10 4, 6, 8, 10, 12, 14, 16, 18, 20
20 30 4, 6, 8, 10, 12
40 10 6, 8, 10, 12, 14, 16, 18, 20
40 30 4, 6, 8, 10, 12, 14, 16, 18, 20
40 50 4, 6, 8, 10, 12, 14
40 70 6, 8, 10
60 10 8, 10, 12, 14, 16, 18, 20
60 30 4, 6, 8, 10, 12, 14, 16, 18, 20
60 50 4, 6, 8, 10, 12, 14, 16, 18, 20
60 70 4, 6, 8, 10, 12, 14, 16
80 10 12, 14, 16, 18, 20
80 30 6, 8, 10, 12, 14, 16, 18, 20
80 50 4, 6, 8, 10, 12, 14, 16, 18, 20
80 70 4, 6, 8, 10, 12, 14, 16, 18, 20

Table 3: Round trip efficiency (RTE) at different SOC range and current I at fixed α and
modulated αopt.

I [A] SOC range [%] RTE [%] RTE [%]
fixed α modulated αopt

30 13.1 − 87.0 70.35 72.41
50 19.9 − 78.5 67.10 69.05
70 28.0 − 72.7 62.42 63.95

5.2. Validation tests

An experimental analysis of the effectiveness of the proposed optimal con-
trol of the electrolyte flow rate was performed [68]. These validation tests were
carried out on IS-VRFB in charge/discharge cycles and the round-trip efficiency
(RTE) was considered as the performance figure (the cost function of the opti-
mization procedure). Consistent with the scope of this investigation, a definition
of RTE was assumed that includes all Q-related losses PQ [69]:

RTE =

∫
tdh

[P (t)− Pw(t)]dt∫
tch

[P (t) + Pw(t)]dt
(17)

where P (t) = V (t)I(t) is the electric power converted (consumed/delivered)
by the stack. The results of the charge and discharge tests were compared
with similar tests performed at constant α. In particular, a benchmark α was
adopted, in accordance with the optimal α = 7.5 reported in the literature
[37]. Comparative tests showed that there was an RTE increase of around 2%
when operating the VRFB at modulated αopt with respect to the operation at
constant α, as shown in Tab.3.
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6. Conclusions

The experimental study that we performed on the 9 kW / 27 kWh IS-VRFB
test facility has shown the effectiveness of modulating the electrolyte flow rate
and flow factor to minimize the stack transport losses without affecting the
electrical performance of a redox flow battery during charge and discharge cycles.
This maximization of the efficiency requires control of the electrolyte flow rates
so as to minimize the flow-rate depended losses under the constraint of providing
a key flow factor to properly sustain the stack current at every electrolyte state
of charge (i.e. with minimized transport losses). We have found that operating
the battery at a modulated αopt allows us to minimize the cell internal losses,
which leads to an increase of the round trip efficiency of around 2% with respect
to an operation at optimal constant flow factor (i.e. at α = 7.5 as proposed in
previous reports [37]).

Notably, the proposed flow factor modulation can be implemented at a soft-
ware level in the control routines of the battery management system, without
modifying the system hardware. This procedure required a preliminary exper-
imental campaign that consists in mapping the flow factor values at different
Q.

It is worth noting that the procedure presented here has a wide applicability
and can be adopted in other RFBs, made with different materials for membranes
and porous electrodes and even based on other chemistries.

In addition, two directions for future development emerge from the present
study. On the one hand, the ohmic resistance results the leading parameter at
optimized flow rate: reducing it will allow us to achieve larger limiting currents
and higher deliverable powers. This target can be achieved by focusing on
the electrode resistance that can constitute the major contribution to the total
ohmic resistance, particularly in the case of flow-through architecture as in IS-
VRFB. On the other hand, a reduction of the value of αk and of the consequent
pumping power can be achieved by using specifically designed porous electrodes
with a microstructure that is capable of enhancing electrolyte dispersion to
minimize the transport losses [60].
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Figure 1: The 9 kW/27 kWh IS-VRFB test facility with its subsystems and scheme of the
facility control system. The industrial-scale laboratory VRFB was used in the experimental
campaigns which provided the data upon which the study was developed.
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Figure 2: Experimental polarization curves (V vs. I ) during discharge obtained on the IS-
VRFB test facility at different flow rates: Q = 10 L min−1 (q = 6.910−3 cm s−1) and 29.5
L min−1 (q = 20.510−3 cm s−1): a) SOC = 10%, 20%, 30%; b) SOC = 40%, 50%, 60%; c)
SOC = 70%, 80%, 90%.
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Figure 3: Experimental polarization curves (V vs. I ) during discharge obtained on the IS-
VRFB test facility at fixed flow factors α at different SOC: a) SOC = 20%, b) SOC = 40%,
c) SOC = 60%, d) SOC = 80%.

Figure 4: Key flow factor αk and corresponding key electrical resistance Ro ' Rk vs. SOC.
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Figure 5: Relative difference between resistance Ri and Rk at different flow rate Q, different
flow factor α and different SOC. Data point are code-colored as function of α, showing that
as α increases this fraction ∆r tends to a minimum value dependent on Q and independent
of SOC.
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Figure 6: Flow-rate dependent losses PQ by contours plotted for different current I and flow
rate Q: a) SOC = 20%, b) SOC = 40%, c) SOC = 60%, d) SOC = 80%.
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