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Abstract: This paper presents a zero-dimensional dynamic model of redox flow batteries (RFBs) for
the system-level analysis of energy loss. The model is used to simulate multi-cell systems considering
the effect of design and operational parameters on energy loss and overall performance. The effect
and contribution of stack losses (e.g., overpotential and crossover losses) and system losses (e.g.,
shunt currents and pumps) to total energy loss are examined. The model is tested by using literature
data from a vanadium RFB energy storage. The results show that four parameters mainly affect RFB
system performance: manifold diameter, stack current, cell standard potential, and internal resistance.
A reduction in manifold diameter from 60 mm to 20 mm reduced shunt current loss by a factor of
four without significantly increasing pumping loss, thus boosting round-trip efficiency (RTE) by 10%.
The increase in stack current at a low flow rate increases power, while the cell standard potential and
internal resistance play a crucial role in influencing both power and energy output. In summary, the
modeling activities enabled the understanding of critical aspects of RFB systems, thereby serving as
tools for system design and operation awareness.

Keywords: redox flow battery (RFB); round-trip efficiency (RTE); system energy losses; zero-dimensional
dynamic model; multi-cells system; design and operational parameters

1. Introduction

Demand for electric energy storage systems (ESSs) is constantly increasing to allow for
greater penetration of stochastic renewable energy sources such as solar and wind in order
to match the generation and demand of electricity. In this context, battery energy storage
systems have demonstrated interesting features such as round-trip efficiency, scalability,
fast response time, and adaptability to several applications, from small to large scales [1].

Redox flow batteries (RFBs) are one of the most promising battery energy storage
technologies. The main advantage of the adoption of RFBs compared to different battery
technologies is the ability to decouple power and energy, ensuring a cost-effective solution
for stationary storage, especially for long discharge and storage systems [2].

The term “redox” refers to chemical reduction and oxidation reactions utilized by the
REB to store energy in liquid electrolyte solutions that flow through electrochemical cells
during charging and discharging. The RFB system is made up of “stacked” individual cells
with ion-exchange membranes that physically separate the electrolytes, avoiding species
crossover but allowing for selective ion conduction to maintain the charge balance during
operation [3,4]. Discharge is characterized by the release of electrons from the electrolytes
into the circuit to perform useful work. Conversely, during charging, the reverse reaction
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captures electrons from an external power source to replenish the energy potential. The
passive state of charge (SOC) balance subsists in both directions. The term SOC refers to the
degree of charge (available energy) of an electrical battery relative to its maximum capacity.

Validated models for the simulation of the RFBs, with a suitable computational cost,
are relevant tools to use to investigate the physical behavior of each component of the
battery. Even though the scientific literature is rich in studies investigating RFBs, the
authors identified few works dealing with the simulation of system-based models focused
on the analysis of inherent losses in the system and its ancillaries.

Yu and Chen in [5] used a physics-based model to study the influence of some operat-
ing parameters (e.g., current, temperature, flow rate, state of charge) on the performance of
RFBs considering the overpotential due to mass transfer and crossover effects. They found
that the mass transfer and species crossover negatively affect the battery voltage response.
Konig et al. in [6] developed an analytical model pointing out that shunt current loss and
hydraulic loss depend strongly on the stack series connection in RFBs. They found that the
choice of fewer stacks in series with optimal pipe diameters minimizes the shunt currents.

Several authors adopted models based on an equivalent circuit: Baccino et al. [7]
stated that the RFB’s internal resistances depend on SOC and current density, while Qiu
et al. [8] reported that the RFB system efficiency is dependent on stack current and SOC; as
a result, the RFB round-trip efficiency is highly affected by the operating range, dropping
dramatically at low charging rates. Ye et al. in [9] examined the effects of electrode
thickness and aspect ratio, channel geometry, stack number, and branch geometry on
system performance. They found that to tackle high shunt current loss in an RFB system
containing a large number of single cells in series, the multi-stack configuration is the
most suitable, as well as an optimized piping network. D’Agostino et al. [10] proposed
improvements in the control of RFB electrolyte flow that include more sophisticated pump
management making the pumping rate dependent on the battery load and the current
operating conditions. The aim is to improve the low system round-trip efficiency due to the
significant pump energy consumption. Furthermore, Bhattacharjee and Saha [11] proposed
an optimal range of variable electrolyte flow rates for varying SOC to ensure minimal
RFB system power consumption during charging and maximum power output during
discharging. Chen et al. [12] found that the number of cells is a key factor that dominates
the shunt currents in a single stack: a cell number lower than 20 may keep the charge
transfer efficiency higher than 0.9. Concerning shunt current loss, Barelli et al. [13] pointed
out that they can be reduced by up to 60% by increasing the current density; the wider
the manifold diameter (at channel diameter parity), the greater the shunt currents (and
thus the corresponding loss) and the more sensitive to changes in grouping configuration.
Turker et al. [14] adopted a simple black box technique to investigate the effect of different
powers on RFB system performance. They found that high overvoltage loss causes lower
efficiencies, and a strong dependency of voltage on SOC appears at high power.

Some authors adopted a phenomenological cell-based model: Xu et al. [15] highlighted
the relevance of adopting a dependence between viscosity and SOC in order to simulate, ina
more accurate way, RFB system efficiency and pump consumption. Delgado et al. [16] found
that, to determine the concentration overpotential, an improvement in model accuracy
could be achieved when the reactant concentration as well as the current density are
calculated based on the surface area of the electrode fibers, instead of on the electrodes only.
Nevertheless, this implies a considerable further complexity in the model not suitable for
computationally light models.

In 2022 Delgado et al. [17] proposed a novel redox flow battery stack design with a
high manifold resistance and a low flow frame channel resistance with the aim of reducing
the shunt currents. When compared to a conventional stack, this new stack produced 24%
lower shunt current loss, 33% lower pressure drop across the stack, and 19% higher nominal
power output at 80 mA cm 2. Trovo et al. [18] investigated the impact of inherent losses on
RFB system efficiency. They identified the critical factors for designing future high-efficiency
systems based on compact stacks. As a compromise between shunt current and hydraulic
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losses, they strongly suggested longer and thinner flow paths, as the hydraulic loss was
found to be largely dependent on the low efficiency of the electric motors and pumps.
However, in order to reduce the effect of shunt currents on stack efficiency and temperature,
Tang et al. in [19] warned that, with longer channels and smaller cross-sectional areas, more
pumping power would be required to circulate the electrolyte through the stack. As a result,
a trade-off between pumping power and shunt current loss must be considered in RFB
systems in order to achieve maximum efficiency. Similarly, shunt currents and hydraulic
pumping are significant sources of loss in RFB stacks. For example, Moro et al. [20] proposed
an alternative stack configuration to address these issues. Though the authors stated that
the alternative topology design had much lower losses than the conventional one, their
findings clearly confirmed the dependence of shunt currents on manifold diameters in
both designs.

It is worth noting that only a few of the presented studies are focused on identifying
the share of cells, stack, and whole system design and operation impact on the round-trip
efficiency (RTE). To date, there has not been enough attention devoted to the system-level
analysis of RFBs with consideration of the associated energy loss and system performance.
Simulating a multi-cell model, including the whole stack and ancillary systems, to tackle
shunt currents, pumping loss, crossover loss, and cell overpotential is a relevant issue. In
addition, the development of a valid model for such system-based analysis is missing in
the available literature.

In this paper, a lumped-parameters (0-D) dynamic multi-cell model for system-level
analysis of energy loss, including ancillaries, is presented. The aim is to upscale the results
of RFBs from single-cell experimental /simulated data to the system level. The proposed
model can be adopted to simulate different RFB technologies with various chemicals.
The model verification is realized considering a Vanadium RFB (VRFB) due to the large
availability of data.

The VREBs are flow batteries that combine four different oxidation states of vanadium
ions to form two distinct redox pairs as electrolytes, anolytes, and catholytes in a solution
with sulfuric acid, with only vanadium serving as an active element on both sides [21,22].
In fact, the VRFB is one of the RFB technologies that has received significant interest
due to its excellent electrochemical reversibility (sustainability), independent energy and
power rating, life span, scalability, and minimal cross-contamination between positive
and negative electrolytes [23]. The electrical energy is stored in the chemical form of a
vanadium solution, transforming it within electrochemical cells and storing the electrolytes
in two external tanks. In addition, it has previously proven its worth in a variety of
grid and renewable integration applications, ranging from rated powers of hundreds
of kW to multi-MW. Sumitomo Electric Industries in Japan, for example, has already
built and commissioned RFB systems rated at 15 and 17 MW (60 and 51 MWh of energy
stored) [24,25], and recently, Dalian Rongke Power has commissioned 100 MW power and
400 MWh energy VREFB in China [26].

The simulations are focused on a multi-cell RFB considering the effect of design and
operational parameters on energy losses such as overpotential, crossover, shunt currents,
and pumping loss, thus enabling a breakdown of loss contributions along with an evalua-
tion of power delivered and RTE. Accordingly, the proposed model will be used to suggest
design modifications and assess operating conditions with the aim of identifying the best
operating points in terms of current and flow rate. This scalable model for the system-level
analysis of RFBs is also a useful tool for techno—economic assessments.

The paper is structured as follows. Section 2 focuses on the modeling formulation
for stack operation and system parameters, while Section 3 centers on model verification.
Section 4 is devoted to the obtained results and analysis, while the conclusions are found in
the final section.
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2. Model Formulation
2.1. Balance Equations

Figure 1 shows a schematic diagram of an RFB system, comprising a stack with N cells
of area A, two tanks of volume Vy,,;, and two pumps to circulate the volumetric flow
rate Q of positive and negative electrolytes (subscripts p and n, respectively). The figure
indicates that the current experienced by each cell (I3, I, ... Iy) can be different from the
stack current I: this is due to the effect of shunt currents, as explained in Section 2.2. Each
cell current I; converts the active species in the electrolyte, changing the inlet state of charge
to the outlet state of charge (SOC?"!, different for each cell i based on the corresponding
current ;). The crossover flux J., reduces the concentration of active species from the inlet
(c) to the outlet (). Notably, while ¢ refers to the total concentration of active species in
the electrolyte (i.e., the sum of the concentration of oxidized and reduced species), c-SOC
represents the molar concentration of the oxidized species in the positive electrolyte and of
the reduced species in the negative electrolyte, respectively. The sign convention used in
this work considers positive currents (I and I;) during discharge and positive crossover flux
Jer to indicate species consumption via crossover.
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Figure 1. Schematic diagram of a typical RFB system. While the current direction within the cells is
displayed in discharge mode only, the movement of electrons in the external circuit is depicted with
solid black lines during charge and grey arrows during discharge.

The model is based on species balance equations applied to the stack and the tanks.
The temperature is assumed to be constant, consistent with the choice of not considering
the cooling systems. In fact, temperature changes are expected to be in the order of a few
Celsius degrees for the currents investigated in this study [27].

Here are the considered species balances:

e balance equations of total active species concentration:

in the stack : Qc — Qc®™ — J, AyN =0 (1)

in the tank : Vt,mk% = Qc™™ — Qc ()
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e balance equations of active species:

) QC Qcout out Ii
in the stack : WSOC BN, soc" — prei Jer AcernSOC = 0 for each cell  (3)
in the tank : ankw — Qe™S0C™ — QeSOC @)
where we define the outlet SOC® as:
1N
SOCH = NZ socyt (5)
i=1

Equation (1) states that the inflow of total active species to the stack (Qc) is consumed
(i.e., the total concentration of active species in the electrolyte decreases due to the crossover
effect, which means that the capacity of the electrolyte and the energy it can release are both
decreasing) in the outlet (Qc®*) due to the crossover flux ], across the N cells of area A;;.

Equation (2) is a dynamic molar balance applied to the tank, which is considered well
mixed at concentration c. The same rationale is used in Equation (4).

Equation (3) describes the molar balance of the active species in each cell i, where the
inlet flow rate (Q - c- SOC/ N) is converted by the current circulating in the cell (I;) according
to the Faraday law, where 7 is the number of electrons exchanged per mole of active species
and F is the Faraday constant, and is consumed by the crossover flux (Jor Ace;iSOC).

Equation (4) is analogous to Equation (2) (as for Equations (1) and (3)) when applied
to the active species rather than to the total concentration.

The currents I; are evaluated according to the resistor network model presented by
Trovo et al. in [18], which takes into account the polarization behavior of each cell linking
the current I; to the cell potential. Notably, in the model, the current is considered positive
during discharge and negative during charge.

The dynamic model is implemented in COMSOL Multiphysics 6.1. In the following,
the step-by-step procedure adopted in the software to compute the simulations is described:

(1) the stack current is set as an input parameter at the beginning of each simulation.

(2) The stack potential is calculated as the sum of the cell potentials (see Equation (6))
since cells are connected in electrical series and are evaluated at each instant ¢. The
number of cells is forty.

N
Prot = Y @i (6)
i=1

(3) Stack potential and current are combined to evaluate the electric power of the stack
(positive for discharge, negative for charge).

Por = @ror] )

(4) The effective electric power produced or required by the system, denoted with Py,
is equal to the difference between the electric power P, produced or required by the
stack and the electric power Py, required by the pumps.

Pprg = Poy — Ppu 8)

(5) Finally, the RTE is calculated: the round-trip efficiency is defined as the ratio between
the effective electric energy released by the system during discharge (Weg gischarge) and
the effective electric energy (in absolute value) required during charge (Wefcrarge),
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both evaluated as the time integrals of the instantaneous effective powers during the
discharge and charge times ({4ischarge and tcparge, respectively):

tdischarge
Weff,discharge _Jo ’ peffdt
B Eeharge
fO 8 Peff‘dt

As a side note, the AC-DC conversion efficiency of the stack electric power P,;, which
is present when the system is used for stationary storage (while it is not strictly required
when renewable energy sources are directly used in DC), is assumed to be unitary for
simplicity; nevertheless, the effect of the AC-DC conversion efficiency is quantitatively
discussed in the next sections.

The step-by-step process described above highlights the relevance of the calculation of
the energy losses that affect the system’s effective output power. For this reason, it is neces-
sary to model all the major energy losses related to the stack and the auxiliary components:

RTE =

©)

‘ Weff,charge

1.  overpotential loss (Wyy) due to the sum of activation, concentration, and ohmic
overpotentials in each cell;

2. crossover loss (W) due to the undesired species crossover across the membrane in
each cell;

3. shunt current loss (W) arising from the parasitic currents within the electrolytes in
the stack manifolds;

4. pumping (or hydraulic) loss (W) due to the electric energy required by the pumps
to overcome the electrolyte pressure drop across the system.

Additional losses, such as the hydrogen evolution reaction [28] and other degradation
phenomena, are not accounted for in the present study. In fact, taking into account these
phenomena require advanced and chemistry-specific model equations [29], while this work
aims at presenting a lumped and agnostic framework; moreover, including such specific
phenomena would require a challenging parametrization with experimental data at the
system level. The detailed description of the implementation of the four energy losses
listed above is reported in the following sections.

2.2. Cell Overpotential Loss

In electrochemical cells such as the RFBs, the overpotential is the potential difference
between the actual voltage under operating conditions and the theoretical equilibrium volt-
age. As such, the overpotential loss is evaluated from the polarization behavior of a single
cell, which is based on the relationship between cell potential and current density. A simple
but effective strategy to model the cell polarization behavior relies on the linearization of
the current-voltage relationship, polarization curve, shown in Supplementary Materials
“Benchmark scenario and parameters”, around the open circuit voltage with an internal
area-specific resistance r;,, which can be a function of SOC and of the area-specific flow
rate g = Q/(N-Acenn), i-e., 1i,(SOC,q). The open circuit voltage (OCV) is the maximum voltage
of a battery when it is not connected to any load.

The limiting current densities during discharge (ij;,, 4) and charge (ij;, ), which repre-
sent the maximum current density that the cell can achieve due to mass transfer limitations,
are also taken into account by setting the voltage to minus or plus infinity, respectively.
In fact, at the limiting current, the concentration of a reacting species drops to zero at
the electrode surface, so that, according to the Nernst law, the voltage changes abruptly,
negatively or positively depending on whether the species is a reactant in the forward or
backward reaction. Such an approximation is fairly accurate for representing the experi-
mental polarization data of the RFB chemistries under consideration. Notably, experimental
data on single cells obtained at a laboratory scale can be effectively used thanks to the
area-specific normalization of current and flow rates.
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Therefore, the voltage—current relationship of each cell in the stack is represented
according to Ohm’s law:

¢ = OCV —riyifor ijjy, . < i <ippq, (10)

with ¢ — +oo fori < iy, and ¢ — —oo for i > iy, 4, where the OCV is calculated
according to the Nernst equation based on the inlet SOCs:

1—50C,\ % (1—SOC,\ ™ )
S0OC, 50C,

where E° is the standard potential of the redox couple, R is the universal gas constant, T is

the operating temperature, and 7, and 1, are the number of electrons exchanged by redox

reactions at the positive and negative sides of the battery, respectively, both equal to 1 for
a VREFB.

OCV =E° — gln

2.3. Crossover

The crossover takes into account the undesired flux of active species that cross the
membrane and thus reduce the concentration of active species in the electrolytes. This
is typical for vanadium-based chemistries due to molecule sizes [19]. In particular, for a
constant crossover flux, the integration of Equations (1) and (2) gives:

B JerAcen N ¢
Vtunk

c(t) =co (12)
which indicates a linear decrease in the total concentration of active species with time, thus
implying a loss in capacity and in the available energy in the stored electrolyte.

Modeling the dependence of the crossover flux on operating conditions and membrane
characteristics is arguably a complicated task; thus, a simplified approach, suitable for the
present needs, consists of assuming the crossover flux as the sum of a constant factor b
(equivalent to a constant crossover flux irrespective of system operation) and a term linearly
dependent on the current density (regardless of its sign, so obtaining the same J., upon

application of the same current density during charge or discharge) as follows:
]cr:ﬂ“i|+b (13)

Equation (13) provides a simplified empirical approach to account for species crossover
induced by concentration gradients across the membrane (taken into account by factor
b as long as the concentrations of active species ¢ do not vary significantly) and species
migration (i.e., related to the current density circulating across the membrane). This
approach, however, is not meant to exactly describe the real physics of crossover, but rather
to adopt an empirical framework to capture, in a nutshell, the effect of the main factors
affecting the crossover flux. For VRFBs, by fitting the crossover loss measured by Trovo
et al. [18] for different currents, the factors a and b are equal to a = 3.883 x 10~7 mol/C and
b=1.032 x 10~* mol/(m?s). As a first approximation, these factors can be assumed to be
constant also upon catholyte and anolyte rebalancing, provided that the total concentration
of active species is restored on both sides of the system.

2.4. Shunt Currents

In a stack, shunt currents arise from the potential difference between cells arranged in
electric series, which induce parasitic ionic currents circulating within the internal channels
of the stack, which feed the electrolytes in parallel to each cell. Thus, the hydraulic circuit
of the stack depicted in Figure 1 can be effectively reduced to a resistor network [20]. The
potential difference across the cells is equal to the cell potential, determined as indicated
in Equations (10) and (11), while Kirchhoff laws are used to solve for the current and
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potential distribution in each branch and node of the network, see Supplementary Materials,
“Resistor network”. The abovementioned resistor network part of the RFB model is thus
solved by using COMSOL Multiphysics 6.1, which provides all the unknown shunt currents
at each time ¢.

2.5. Pumping Loss

Pumping loss takes into account the electric power required to pump the electrolyte
in the stack and the pipes of the system. The calculation of pumping loss starts from the
evaluation of the pressure drops in the hydraulic circuit of the positive and negative sides
of the RFB and considers the efficiencies of all associated ancillary devices, namely the
pump, electric motor, and inverter.

For negative and positive sides, the pressure drop Ap is evaluated as a function of flow
rate Q:

Ap = apQ + PpQ* + v (14)

taking into account laminar contributions, which scale linearly with Q and depend on
electrolyte viscosity p, and turbulent contributions, which scale quadratically with Q and
depend on electrolyte density p. The factors «, 8, and -y are dimensional constants whose
values are specific to the stack and hydraulic system under consideration while being
independent of electrolyte properties. For the 40-cell stack used in this work, the factors are
equal toa = 6.53978 x 10° m~3, B = 9.13147 x 10’ m~*, ¢ = 362.95 Pa as obtained from the
interpolation of the pressure drop data of the hydraulic circuit of the negative electrolyte
of the VRFB system investigated by Trovo et al. [18]. In the Supplementary Materials
“Pumping losses”, is show how starting from circuit pressure drop are determined electric
losses related to the pump.

3. Model Verification
3.1. Reference VRFB

Among the various RFB technologies, vanadium redox flow batteries (VRFBs) are the
most mature [30]. For this reason, VRFBs are utilized to calibrate and validate the model
presented in this paper, suggesting the possibility of generalizing the modeling process to
other chemistries [31].

Since the modeling framework is independent of battery chemistry and VRFBs are the
more established RFB technology, the model has been calibrated to vanadium chemistry,
including the crossover loss, and the selected size is a kW size widely deployable, as in the
case of domestic applications from Trovo et al. [18]. The model verification is carried out by
comparing the calculated and experimental data regarding energy loss.

3.2. Breakdown of Performance Loss

The ability of the model to correctly estimate the distribution of energy loss in an
RFB system is assessed by comparing the breakdown of performance loss in a 40-cell
stack used in the VRFB system analyzed by Trovo et al. [18]. The model shares the same
parameterization as the reference experimental study in terms of stack and system geometry
(reported in detail in Section 4.1), as well as for pumping and crossover losses, as already
discussed in Sections 2.3 and 2.5.

Figure 2 compares the pie charts of energy loss contributions in a charge/discharge
cycle at 50 A. The RTE estimated by the model is 67.6%, which is reasonably close to the
experimental value of 67.1% measured by Trovo et al. [18]. The distribution of energy loss
is also in good agreement, with minor discrepancies that are considered acceptable due to
the complexity of the system and the necessary model simplifications required to reduce
the computational cost of the model. The model correctly predicts that overpotential loss
Wiy is the main contributor to energy loss and that the pumping loss Wy, represents a
minor contribution, albeit still relevant.
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RTE=67.1% RTE=67.6%

45%

23%

16%

‘ = Wov = Wcr = Wsh leu‘ = Wov = Wcr mWsh =mWpu

(a) (b)

Figure 2. Comparison of the breakdown of energy loss between (a) experimental data and (b) sim-
ulated results for a charge/discharge cycle at 50 A for the 40-cell VRFB system investigated by
Trovo et al. [18].

The satisfactory comparison between experimental and simulated results on the
breakdown of the four energy losses considered by the model indicates that the model
developed is sufficiently accurate to assess the performance of RFBs at the system level and
can be used to investigate the effect of operational and design parameters in order to guide
system design.

4. Results and Discussion
4.1. Stack and System Design

The results presented in the next section for the multi-cell RFB system refer to the
design of the vanadium battery system reported in Table 1, which comes from the experi-
mental work performed by Trovo et al. [18]. The system under consideration consists of a
stack made of 40 cells of flat-type design with an active area of 600 cm?, with electrodes and
membrane 5.7 mm and 50 um thick, respectively. The manifold diameter is 60 mm, and the
tanks used to store the electrolytes have a volume of 550 L. According to the simulations of
Moro et al. [20], the equivalent resistance of the cells and feeding ports can be approximated
as R;qc = 2600.05]“, where ¢ is the electrolyte conductivity and L and S are the length and
cross-section area of the feeding port, respectively.

Table 1. Parameters of the stack and system design.

Cell Type Flat Design
Cell number, N 40
Membrane thickness, t;; 50 um
Electrodes thickness, t, 5.7 mm
Cell area, Acj 600 cm?
Manifold diameter, dy; 60 mm (down to 20 mm)
Tanks volume, Vi,,x 550 L
Total vanadium concentration, ¢ 1600 mol/m?3
State of charge, SOC 0.8—0.2
Electrolytic solution density, pp and pn 1350 kg /m3
Positive electrolytic solution dynamic viscosity, jp 0.007 Pa-s
Negative electrolytic solution dynamic viscosity, yin 0.005 Pa-s

The pumping loss in this system is calculated according to the expressions and param-
eters reported in Section 2.5, whose values come from [18]. For simplicity, a constant value
of flow rate is considered during charge/discharge. Thus, the parameterization reported in
this paper is used for vanadium and can also be used, to some extent, for other RFBs.
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4.2. Manifold Diameter Effect

The first application of the model is devoted to the reduction in shunt current loss.
The impact of manifold diameter on shunt current, overpotential, crossover, and hydraulic
losses is investigated because of its large shunt current loss implications. Emphasis on
design choice for manifold diameters is crucial to RFB performance. Based on these
considerations, the effect of reducing the manifold diameter from 60 mm to 20 mm is
evaluated by using the model presented in Section 2. The comparison of energy loss
between the reference manifold diameter of 60 mm and the reduced one of 20 mm is shown

in Figure 3 as the breakdown of energy loss during charge and the energy in the round-trip
atI =50 A and Q =25 L/min.

RTE=60.3% Charge Discharge
30 3.0
25 24.24 25
— 20 = = 2.0
E Z -
= 15 = w12
: E E
2 10 s =10
5 0.5
0 0.0
charge discharge Wpu Wov Wer Wsh Wpu Wov Wer Wsh
(a) (b) (9
RTE=70.4% Charge Discharge
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Figure 3. RTE, energy, and breakdown of energy losses during charge and discharge at (a-c) 60 mm
and (d—f) 20 mm manifold diameters, at I =50 A and Q =25 L/min.

The results show that using a smaller manifold diameter decreases shunt current loss
by ca. 73% at constant charge and discharge currents of 50 A (Figure 3), from 2.72 kWh
to 0.73 kWh. Since shunt currents lead to loss in active species, reducing the manifold
diameter has a positive impact on the operation times: the charging time was reduced from
79 hto 7.2 h, and the discharge time was increased from 6.2 h to 6.6 h. This means that, due
to the reduced charge time, the pumping and crossover losses are also reduced, as shown
in Figure 3.

Consequently, reducing the manifold diameter from 60 mm to 20 mm leads to a
significant increase in the RTE, from 60.3% to 70.4%, which corresponds to a relative
increase of ca. 17%. Less energy is required during charge (22.32 kWh vs. 24.24 kWh),
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Input Energy
100.0 kWh

Charge
100.0 kWh

and more energy is provided by the battery during discharge (15.72 kWh vs. 14.63 kWh).
This indicates that the stack released around 7.5% more stored energy when the manifold
diameter was decreased, despite a slight reduction in cycle time. Pump loss decreased
by about 8.6% when a smaller manifold diameter of 20 mm was used while charging,
but it increased by about 6.2% while discharging. This effect, however, is negligible in
comparison to the benefits of the reduced manifold diameter, which resulted in lower shunt
current loss, improved RTE, and improved energy release.

These results indicate that an effective strategy to reduce shunt currents in an RFB
stack consists of reducing the manifold diameter as much as possible, at least until a further
reduction does not cause an increase in pressure drops high enough to nullify the benefits
of the reduced shunt current loss. This has a beneficial effect on system operation, in that
the RTE increased by more than 10 percentage points compared to the reference scenario.
Thus, from now on, the manifold diameter considered in all the following simulations will
be equal to 20 mm.

The results of Figure 3 underline that RFBs are energy systems with energy loss; for
the sake of clearness, Figure 4 reports the Sankey diagram of energy flow and loss terms of
the RFB system reported in Figure 3d considering 100 kWh as the input energy.

Discharge ?(;:Ep:vt.;nergy
84.2 KWh '
Energy losses charge |— Energy losses discharge
15.8 kWh 13.8 kWh
W_ charge W_ discharge
6.5 KWh —
W_ charge
o W, discharge
W N 38'kwh
charge )
— o W W, discharge
- 22kWh
. Charge W_, discharge
1.7 KWh 1.0 kwh

Figure 4. Sankey diagram of energy flows and loss terms of a characteristic RFB.

4.3. Current and Nominal Flow Rate Effect

An RFB system can be operated in different conditions by varying some operational
parameters, such as the current I and the flow rate Q. Broadly speaking, increasing the
current leads to a general increase in rated power, although at the expense of larger
overpotential loss [32], while increasing the flow rate leads to an increase in limiting current
densities and thus an extension of the current range, despite requiring more pumping
power. The optimal operation of an RFB system can target the maximization of the round-
trip efficiency or the achievement of a desired rated power (or energy), just to name a
few options.

The effect of stack current and flow rate for the 40-cell VRFB system is examined in this
section and summarized in Figure 5. For simplicity, in each charge/discharge round-trip,
the same current and flow rate is used during charge and discharge, although the model
can use even different operating conditions in the round-trip cycle. Figure 5a shows the
RTE and the discharge power in matrix form for five values of stack current (from 30 A to
70 A) and four values of flow rate (from 15 L/min to 30 L/min). Each cell in the matrix
is color-coded from green to yellow to emphasize data from high to low values; red cells
indicate that the system cannot be operated in such a combination of current and flow rate
since the limiting current density is exceeded during at least a fraction of operation.
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Figure 5. (a) RTE and power discharged for different values of current and flow rates. (b—d) RTE,
energy, and breakdown of energy losses during charge and discharge at the nominal operating point
of 2.5 kW discharge power (i.e., I =51.5 A, Q =20.5 L/min).

Figure 5a shows that, given the current (i.e., moving from left to right in the matrix),
both the RTE and P, decrease as the flow rate increases due to the increase in pumping loss;
on the other hand, increasing the flow rate expands the limiting current density window,
so that higher currents can be accessed at a higher flow rate. This indicates that the flow
rate can be tuned to operate the system at different currents [20]. Once the flow rate is
selected (i.e., moving from top to bottom in the matrix), increasing the current causes an
increase in the effective discharge power, while the RTE has generally a local maximum at
intermediate currents.

Figure 5a shows that the maximum RTE, equal to 75%, is obtained at 40 A and
15 L/min, corresponding to an effective discharge power of 1.99 kW, marked with a blue
box. Such a rated power is acceptable for some domestic use of RFBs [18,33-35], although
one may want a system with higher power, e.g., 2.5 kW, which is denoted with a light blue
star. More specifically, the 2.5 kW operation point corresponds to 51.5 A and 20.5 L/min,
with an RTE of 72.8%, which is only marginally smaller than the maximum RTE identified
above. Therefore, the nominal operation point of such a VRFB system can be considered to
be the one indicated by the light blue star, corresponding to a nominal effective discharge
power of 2.5 kW.

The figures indicate that the system delivers 15.96 kWh during discharge and requires
21.93 kWh during charge. The main source of energy loss is attributed to the cells’” overpo-
tential, which dissipates 1.54 kWh during discharge, which is ca. 50% of the energy loss
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during discharge; the other contributions to energy loss are in the order of ca. 0.5 kWh
each or below during discharge. A similar breakdown of energy loss is present in charge
mode, although there is a decrease in overpotential loss and an increase in shunt current
loss due to the larger stack voltage, which induces higher shunt currents and thus higher
corresponding energy dissipations.

4.4. Energy-to-Power (E-P): Effect of Tank Sizing under Optimal Conditions

One of the favorable characteristics of RFBs is that energy and power can be easily
decoupled by independently changing the tank and stack sizes, respectively, in order to
achieve the desired nominal energy-to-power ratio. As shown in the previous section,
the VRFB system under consideration can be operated at a nominal discharge power of
2.5 kW to deliver 15.96 kWh using tanks of 550 L each. This allows for 6.4 h of the nominal
energy-to-power ratio. In this section, while the stack size and operating conditions are
kept the same as indicated in the previous section, different tank sizes are explored to
analyze the effect of the energy-to-power ratio on the RTE. In particular, the larger the
tank size, the larger the amount of electrolyte stored in the system, thus resulting in higher
capacity and higher energy theoretically stored in the tanks, with a corresponding increase
in charge and discharge times.

The numerical results are reported in Figure 6. The red solid curve indicates that, by
changing the tank size within the energy-to-power range from 1 h to 10 h, the RTE remains
constant at around 72.8%. The blue curve reports the RTE in the ideal scenario of no
crossover (i.e., for |, = 0); crossover is typical for vanadium-based chemistries. Also, in this
case, the RTE remains constant, being ca. 2-2.5% larger than the nominal case in red. While
researchers typically assume inverter efficiency of 95% [17], practical implementations
typically achieve much lower rates of performance. As a result, the load condition has
a significant impact on inverter efficiency [32]. Finally, the dashed red curve introduces
the loss due to the AC-DC inverter, assumed with an efficiency of 98%. Since the VRFB
system requires and provides DC current, the efficiency of the AC-DC inverter considers
the energy loss when the VRFB system is interfaced with the grid in AC both in input and
in output, leading to a reduction in RTE by a factor equal to the inverter efficiency squared,
as shown in Figure 6.

80
No crossover
——— With crossover (reference)
- - - . AC-DC mverter considered
75 4
g
- 7LV
[_q
=4
65 -
60 T T T T T T ‘ T

Energy-to-Power ratio [h]

Figure 6. RTE as a function of the energy-to-power ratio (i.e., tank size) at the nominal operating
conditions of 51.5 A and 20.5 L/min.

4.5. Sensitivity to Electrolyte Viscosity and Density

Electrolytes serve as an energy storage medium in VREFBs, while pumps play an
important role in electrolyte movement throughout the system. As a result of the elec-
trolyte’s properties, electrochemical activity and stability have a substantial impact on the
performance of VRFBs and pumps that consume energy. Therefore, the active electrolyte
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used in the VRFB must meet several criteria, including high solubility, superior electro-
chemical kinetics, good stability, and a broad operating potential, while being relatively
inexpensive [2].

Here, an attempt to isolate the contribution to system performance of electrolyte
viscosity and density is carried out. In particular, these properties are assumed to vary
independently while keeping the others unaffected. Three test cases were realized:

e Case 1: density p = 1350 kg/m?, viscosity of positive electrolyte yp = 0.007 Pa-s and
negative electrolyte iy = 0.0055 Pa-s

e Case 2: density p = 1350 kg/m?, viscosity of positive electrolyte i, = 0.014 Pa-s and
negative electrolyte u, = 0.0011 Pa-s

e Case 3: density p = 1000 kg/m?, viscosity of positive electrolyte y, = 0.001 Pa-s and
negative electrolyte yn = 0.001 Pa's

Case 1 considers the design parameters, while Case 2 doubles the viscosity of the
positive electrolyte. Case 3 is a hypothetical case in which we imagined the electrolyte
properties to be similar to water.

The results are reported in Figure 7 for 2.5 kW discharge power with an energy-to-
power (E-P) ratio of 6 h (a representative time for RFB long discharge applications). Results
show that only the pumping loss is greatly affected, with the hydraulic pump losses of
90.45 W, 134.43 W, and 41.75 W, respectively. In the third case, where the density is assumed
to be that of water, the hydraulic energy loss is low thanks to the minimized pressure drop
caused by the small viscosity. Conversely, the hydraulic energy loss increased by a factor
of 1.5 when viscosity was doubled together with a drop in the RTE. As such, consciously
improving the electrolyte properties by reducing the viscosity and density will greatly
reduce pumping loss while significantly boosting the RTE of the RFB system.
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Figure 7. RTE, energy, and breakdown of energy losses during charge and discharge for three
couplings of electrolyte viscosity and density (a—c) yip = 0.007 Pa.s, pn = 0.0055 Pa.s, p = 1350 kg/ m3
(d—f) pp = 0.014 Pas, pn = 0.011 Pas, p = 1350 kg/m? (g—i) y1p = pin = 0.001 Pa.s, p = 1000 kg/m? at
E-P ratio of 6 h for a 2.5 kW power discharge.

4.6. Sensitivity to Standard Potential

As previously stated, the performance of an RFB is determined by a variety of factors,
including the standard potential. The cell voltage and energy density of an RFB are
determined by the standard potential of ions on each electrode. The values can typically
range from 1.1 V to 1.6 V depending on the chemistry, as explained in [36]. Therefore, this
section evaluates the sensitivity of an RFB with vanadium-like properties to the standard
potential, representing different values: 0.6 V, 1.0 V, and 1.37 V.

The three different potential voltages are simulated at the E-P ratio of 6 h for a 2.5 kW
power discharge operated at a stack current and tank volume of 51.5 A and 516 L, respec-
tively. As seen in Table 2, an increase in the standard potential results in a corresponding
increase in the power and RTE. If the standard potential (E°) increases from 0.6 V to 1.37 V,
the discharge power increases by over 170%, while the RTE increases by 31%. This means
that, if the standard potential is raised, this can also be used to meet the power need during
the design of the cell stack. Thus, a chemistry with higher standard potential is desirable,
leading to enhanced efficiency and performance, as long as water electrolysis is prevented.
As shown in Table 2, it can be seen that the standard potential also affects the energy losses
due to crossover and shunt currents. Reducing the E° from 1.37 V to 0.6 V reduced the
energy losses due to crossover and shunt currents by 58% and 84%, respectively. As a result,
while lowering E° may benefit energy loss reduction, it does not benefit both power and
energy output.

Table 2. Parameters of the stack and system design.

E° [V]

Crossover Loss, W, [KWh] Shunt Current, W}, [kWh] Power [kKW] RTE [%]

0.6
1.0
1.37

0.10 0.07 0.92 55.4
0.17 0.22 1.74 67.2
0.24 0.44 2.50 72.6

4.7. Sensitivity to Internal Resistance and Limiting Current Window

The variation of the internal resistance affects overpotential, shunt currents, charge
and discharge power, stored energy, and RTE. Consequently, a comparison between design
internal resistance and halved internal resistance is carried out. Practically, it is supposed
to have a suitable chemistry or an improved electrode design for the halving of the internal
resistance. The results are reported in Figure 8. By halving the internal resistance (r;,), the
energy required during charge dropped by approximately 3.5% (from 20.63 to 19.90 kWh),
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while during discharge, the amount of energy released increased by around 4.5% in relative
terms. In addition, the overpotential loss was lowered by 50%, which can invariably
increase the stack’s RTE. The RTE increased from 72.6% to 78.7% (a relative increase of
8.3%), suggesting that decreasing internal resistance while maintaining the same operating
parameters and tank volume would increase overall performance.
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Figure 8. RTE, energy, and breakdown of energy losses during charge and discharge at different
internal resistances (a—c) default r;,, and (d—f) half r;, at current, flow rate and E-P ratio of 51.5 A,
20.5 L/min and 6 h.

Figure 9 illustrates the effect of limiting the current density on the system performance
by assuming, as an example, a hypothetical increase in species diffusivity by an order of
magnitude, which results in an increase in the mass transfer coefficient (and thus in limiting
current density) by a factor of 10>/3 according to the scaling between the Sherwood number
and the Schmidt number at the laminar boundary layer within the electrode fibers [37].
The limiting current density was therefore increased by a factor of 10%/3 for two cases with
stack currents of 51.5 A and 62.5 A, respectively, using the same tank volume of 516 L
(energy-to-power = 6 h) and a flow rate of 20.5 L /min.

Increasing the stack current, as shown in Figure 9, increases energy during charging
by 0.18 kWh while incurring little energy pump loss. However, the decline in RTE is due to
the higher overpotential recorded during both charge and discharge.
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Figure 9. RTE, energy, and breakdown of energy losses during charge and discharge for limiting the
current window of ijy, x 10%/3 at current (a—c) 51.5 A and (d—f) 62.5 A based on flow rate and tank
volume of 20.5 L/min and 516 L, respectively.

5. Conclusions

A zero-dimensional multi-cell model for system-level analysis of energy loss was
developed and implemented. The model considered the energy losses ranging from
vanadium crossover and overpotential at the cell level, up to shunt currents at the stack
level, and finally to pumping loss looking at the whole system, thus enabling a breakdown
of loss contributions along with an evaluation of system energy, power, and round-trip
efficiency. The model was verified at the system level with vanadium redox flow battery
(VREFB) literature data on energy loss and round-trip efficiency (RTE), and an analysis
of VRFB enabled the quantification of system performance and the effect of design and
operational parameters. The selected VRFB is a kW size widely deployable in the case of
domestic applications. The verification exhibits good agreement between simulated and
experimental results.

The contribution of each loss to the total energy loss is also discussed. The main
conclusions can be summarized as follows:

1. The cell electrolyte distribution manifold diameter has a significant impact on mini-
mizing shunt currents, despite a slight increase in pumping loss. As shown, the choice
of a smaller manifold diameter (from 60 mm to 20 mm) increased the RTE by about
10% with a drastic drop in shunt current loss by factors of almost 4 and 3 during
charge and discharge, respectively.
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2. The model can also be used to explore the impact of electrolyte properties on RFB
performance, namely viscosity, density, standard potential, internal resistance, and
limiting current density. The results indicate that, by synthesizing electrolytes with
reduced viscosity (halved value) and density (water value), the RTE and energy
output can be improved by ca. 3.6% and 2%, respectively.

3. The results of sensitivity analyses show that tailoring the standard potential of the
redox couple (from 0.6 V up to 1.37 V) would improve the overall performance of the
stack (RTE increase of 31% compared to the lowest standard potential simulation),
whereas cells with a lower internal resistance would considerably improve stack
performance (the RTE changes from 72.6% to 78.7% by halving the internal resistance)
due to reduced overpotential and increased energy release.

4. It was possible to study the effect of current and flow rate on the system energy
performance; the higher the charge/discharge current, the greater the power and, to
some extent, the RTE. When the charge/discharge current is increased from 30 A to
50 A, the electrolyte can release up to about 3% more energy.

Overall, the developed modeling framework proved to be an effective tool for mod-
eling RFB performance at the system level. This allows for the upscaling of data related
to a single cell for an understanding of the key factors influencing battery performance as
a whole. The analysis shows that the model can investigate the effect of different design
conditions and guide the user to the selection of the operational scenario that achieves
the desired target, such as a nominal power or the maximization of the RTE. In addition,
the breakdown of energy losses is an effective tool to understand which phenomenon has
the largest impact, thus complementing the characterization of the design point. Such a
framework could be also adopted to investigate different RFB chemistries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en17215324 /51 [38,39], Figure S1: Polarisation behaviour of
a single cell in the VRFB system for different SOCs at (a) Q = 10 L/min (i.e., g = 6.94 x 107> m3/(m?s)),
(b) Q =20 L/min (i.e., q = 1.39 x 10~* m3/(m?s)) from experimental data (symbols) and linear fit
(solid lines); Figure S2: RFB scheme and resistor network arrangement for the evaluation of shunt
currents; Figure 53: Geometrical representation of the i-th cell in RFB stack and its resistor network
analogue; Figure S4: Exploiting symmetry to simplify the network; Figure S5: Final resistor network
with equivalent resistances; Figure S6: Current direction in cell stack and Kirchhoff laws for current
distribution applied to the i-th cell; Figure S7: Pressure drop data of the 40-cells stack considered
by Trovo et al. [18] for the negative electrolyte of VRFB at SOC = 50%, for which p = 0.055 Pa-s and
p = 1350 kg/m?3; Figure S8: Pump hydraulic efficiency flny as a function of flowrate as reported by
Trovo et al. [18], along with the interpolating function used in this report; Figure S9: Pumping power
losses as a function of flow rate at SOC = 50% in both positive and negative compartments for the
40-cells stack VRFB system investigated by Trovo et al. [18].
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Ptot Stack potential \%
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Subscripts and superscripts
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