Comparison of energy losses in a 9kW Vanadium Redox Flow Battery
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Abstract. An analysis is presented of the losses occurring in a kW-class vanadium redox flow battery due to
species crossover, shunt current, hydraulic pressure drops and pumping, in addition to cell overpotentials. The
study was developed on a 9 kW /27 kW h test facility that includes a stack consisting of a 40 600-cm? cells
and two 550 L electrolyte tanks. The analysis was carried out combining experimental data and model results.
The losses were evaluated as functions of the solutions flow rates at stack currents of 30 A, 50 A and 70 A.
Charge-discharge cycles performed at a constant flow factor equal to 8 and thus at variable flow rate were
analyzed. Results show that shunt currents have a tenfold to twentyfold higher effect than hydraulic pressure
drop inside the stack. As regards cell membranes, it has been found that, in terms of efficiency, the ion
conductivity (i.e. cell overpotentials) counts more than species diffusivity (i.e. crossover). Moreover, it was
found that pumps and their motors can affect significantly the efficiency of a kW-class vanadium redox flow

battery system.
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1.Introduction

Among energy storage technologies, vanadium redox flow batteries (VRFBs) are receiving increased attention
for large-scale applications. The main expectations of this technology are related to its independent sizing of
power and energy capacity, long service life, low levelized cost of energy (LCE), low environmental impact,

and good energy efficiency [1-4].

Since the last decade, research on VRFBs has intensified with the aim that the this kind of battery gain
widespread diffusion worldwide [5]. Several studies concern new cell materials. Advanced electrodes [6,7]
and their treatments [8], are developed as well as new membranes [9—11] capable of improved performance.
New electrolyte compositions are sought in order to achieve stable high-energy density capacity [12—14]. In
addition, a lot of research is carried out on the internal design of VRFB cells, but few studies are reported on

the engineering system aspects of large VRFB systems [15].

A number of effects impact on the performance a VRFB stack, such as shunt currents and hydraulic losses.
The formers are caused by the different cell electric potentials which drive the vanadium charged species to
move along the hydraulic flow paths inside the cells and stack, resulting in electric currents (dubbed “shunt™)

and the related Joule losses [16]. The latter are due to the friction losses in the porous electrodes, in the stack



hydraulic paths and in the external hydraulic piping. In addition, losses are also due to the hydraulic ancillary
devices, to the cell electrochemical overpotentials and to self-discharge effects resulting from vanadium
species crossover through the membranes [17]. Shunt-currents and hydraulic losses can be kept low with a
proper hydraulic circuit design, even if they call for opposite choices. In fact, the trade-off between shunt
current and pumping losses is the crucial issue in designing VRFB hydraulic circuits [18-21]. High electrolyte
flow rates reduce the concentration overpotentials, resulting in improved electric performance [22], but reduce
the system efficiency due to higher hydraulic losses. Some studies analyzed the pressure drops and pumping
powers at varying electrolyte flow rates in the hydraulic circuits [23-25], but they did not analyze the origin

of these losses and how each cause affects the system efficiency.

Several studies on shunt currents have been published. Some models have been developed to assess their
effects on the VRFB operation [26,27]. In particular the effect of shunt currents on the coulombic efficiency
has been investigated by Yong-Song et al. in [28] and by Fink and Remy in [29]. The former paper suggests
to limit the number of cells in the stack below 20 in order to keep shunt current negligible. The latter paper
highlights that the inner cells discharge faster than the outer due to shunt currents and suggests to enlarge the
cell active area in order to reduce the relative effect of shunt currents on the coulombic efficiency. The authors
of the present paper have analyzed how shunt currents may affect the thermal behavior of a VRFB, in both
load [30] and stand-by conditions when pumps are turned off [ 16]. These papers show the non-uniform heating
of the cells inside the stack due to shunt currents and how critical temperatures can be reached in the case of
heavy-duty operations. The shunt currents arising from different layouts of the hydraulic and electric
connections between multiple stacks have been determined and compared by Wandschneider et al. [31] and
[32]. They highlight how shunt currents affect the efficiency of multi-stack VFRB systems. A simple
evaluation of the losses caused by shunt currents in a 2.5 kW/15 kWh VRFB was presented by Tang et al. [33]:
they found that in no-load condition at SOC = 50%, 76% of the heat generated inside the stack were due to the
side reactions deriving from electrolyte crossover. The combined effects of shunt currents and hydraulic losses
were analyzed by Ye et al. [18], for stacks having different number of cells and also for a battery consisting of
several stacks. They conclude that long and narrow pipes are preferable in order to minimize shunt current

losses.

Very few papers provide a comparative analysis considering other types of losses in addition to hydraulic and
shunt currents terms in multicell stacks. Zhang et al. [34] presented a hydraulic and electric equivalent circuit
of a 1kW/1kWh VRFB focused to the computation of the stack electrical performance and pump power
consumption. Their model adopted some simplifying assumptions and was supported by a partial experimental
validation based on data provided by Kim et al. [35]. At the best of our knowledge, studies which take into
account in detail all major losses and which are experimentally validated on a kW-class system are missing in

the literature.

This problem is faced in the present paper, that analyses the major losses occurring during charge/discharge

cycles in a kW/class VRFB system, which are due to: cell overpotentials, shunt currents, vanadium species



crossover in the membranes, hydraulic pressure drops in the stack, hydraulic pressure drops in the piping and
ancillary devices (pumps, motors and their inverters). The aim of the study was to assess their relative
contribution to the overall losses and thus their effects of the VRFB system efficiency (SE), in order to identify

the key factors to address the design of future high-efficiency systems based on compact stacks.

The investigation was developed on an kW-class VRFB test facility, dubbed “industrial scale” VRFB (IS-
VRFB), that is fully instrumented for laboratory purposes and is described in Section 2. Some loss
contributions used in the analyses were obtained from experimental data taken on the test facility, while others
were evaluated by means of numerical models, validated on IS-VRFB. These models were used to evaluate
shunt currents, vanadium species crossover, hydraulic pressure drops in the piping and are described in Section
3. Model validations are discussed in Section 4. Section 5 presents the comparative analysis of the loss

contributions and the efficiency assessment in charge/discharge cycles.

Nomenclature
Full symbols | Quantity / parameter unit
A membrane area cm?
Ak cross-sectional area in the k-th direction / of k-th element cm?
C vanadium concentration mol L™
d membrane thickness pm
D pipe diameter mm
E, open circuit voltage (OCYV) A%
E, activation energy of electrolyte diffusivity J mol™
EE energy efficiency
F Faraday constant = 96485 C mol™! C mol™!
f friction factor -
i electric current A
j vanadium ions index -
K universal gas constant = 8.314 J K-'mol! J K 'mol™
k diffusivity coefficient of electrolyte in membrane cm? min™!
/ length m
M electrolyte moles diffusing in the membrane mol
N number of cells -
P power W
0 mass flow rate L min™!
R electric resistance Q
Re Reynolds number
RTE round-trip efficiency %
SE system efficiency %
SocC state of charge %
t time s




T temperature K
u electrolyte speed ms™!
v voltage
Ve cell volume L
w energy Wh
z number of electrons in the electrochemical reaction -
4G Gibbs free energy change J mol™
Greek
o electrolyte flow factor -
Ap pressure difference bar
¢ minor loss coefficient -
n efficiency %
u electrolyte dynamic viscosity kg m's™!
p electrolyte density kg m™3
o electrical conductivity Sm™!
T time duration s, h
Subscripts
- negative electrolyte
+ positive electrolyte
an ancillary
c cell
ch charge
cn concentrated (or localized hydraulic losses)
co crossover
dc discharge
di distributed (hydraulic losses)
h hydraulic
i internal (related to cell overpotentials)
in inverter
j vanadium ion index
electric circuit index
m manifold
mod model
mo motor
n cell index
pi piping
pu pump
rt round trip

sulfuric acid




sc shunt current losses
s stack (hydraulic)

st standard

w wattmeter

X sum index

2. IS-VRFB test facility

2.1 IS-VRFB facility description

IS-VRFB is the kW-class test facility whose performance, parameters and measurements were used in the
present analyses [36]. Its stack consists of 40 cells provided with 600-cm? cross-sectional area and flow-
through electrolyte distribution in 5.7-mm thick porous carbon felt electrodes (Beijing Great Wall) separated
by Nafion 212® membranes. The stack has been tested at currents as high as 400 A (i.e. at current densities as
high as 665 mA cm [37]). The facility presents an open frame structure with the stack positioned above the
two electrolyte solution tanks. The layout of the electrolyte piping is show in Fig.1, together with the 3D
representation of the whole plant. Two centrifugal pumps (PMD 641) provide the electrolyte flows. Their 120-
W three-phase motors are fed at variable frequency in the range 10-50 Hz by means of two static inverters, in
order to control the electrolyte flow rates Q, in the range from 3.0 L min~! to 29.5 L min™! (corresponding to a

specific flow rate range 2.1-20.5-107 cm s') at 50 Hz.

The study made use of electric and fluid-dynamic experimental data extracted from the measurements available
on the [S-VRFB test facility. Stack voltage and current were provided by a voltage probe (LEM CV 3-100/SP3)
and two current probes (HAS 50-S and HAS 200-S by LEM), respectively. The positive and negative
electrolyte flow rates were given by two electromagnetic flow meters (Proline Promag by Endress+Hauser)
and the pressure drops of the positive and negative electrolytes inside the stack was measured with two
differential pressure gauges (Deltabar PMD by Endress+Hauser). The power supplied from the grid to the
inverters which feed the pumps was measured with a digital wattmeter (Seneca Z203-1). Details on these
probes, including measurement ranges and accuracies, are reported in [36]. The IS-VRFB battery management
system (BMS) consists of a desktop computer with a LabVIEW environment and of a multichannel interface
built around a compact DAQ device (National Instruments). This BMS acquires and processes all probe signals
and controls the experiment operations as usually performed in a VRFB system [38,39]. In particular, it
controls the pump inverters by means of proportional-integrative-derivative (PID) numerical controllers feed-
back driven by the analog voltage signals generated by the flow meters, thus allowing to implement any desired

flow rate profiles.

A Power Management System (PMS, Fig.1) controls the electric power flowing into/out of the stack during

charge and discharge. This PMS consists of a bidirectional static converter (Dana) with a rated current of =75



A and a rated voltage of 85 V, which is remotely controlled by the BMS both in potentiostatic or galvanostatic

mode, namely as a voltage source or a current source.
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Fig. 1. 3D representation of the IS-VRFB test facility with details of the hydraulic circuit.

2.2 Energy calculations

The study was based on evaluating and comparing the works (energies) converted and/or lost during battery
charge and discharge, which were computed by integrating over time the pertinent powers, given by either
measurements or numerical models:

w=|  pd (M
Numerical integration was performed by the Newton-Cote midpoint rule as W= At Z, P,, at time steps of
At = 0.8 s equal to the sampling time of the BMS, that is four orders of magnitude smaller than the integration
interval, i.e. the charge/discharge durations 7., and 7 which ranged from about 2 to 10 hours, thus making
negligible the numerical integration error. The Newton-Cote midpoints consisted of single measurements

performed in steady-state conditions, thus avoiding electric and hydraulic dynamic effect.



The electrical power converted in the stack to develop the energies W, charged into and W, discharged from

the electrolyte solutions was obtained by multiplying the measured stack voltage v and current i: P=v i.

The total hydraulic pressure drop in each hydraulic circuit Aps+ = Aps+ + Appir (+ and — indicate the positive
and negative electrolyte circuits, respectively) was determined as the sum of a term Ap, in the stack and a term
Ap,i= in the piping connecting the stack to the tanks. Notably, Ap,: were mainly due the porous felts constituting
the electrodes whereas the stack manifolds and channels were responsible for much lower contributions. The
total hydraulic pressure drops Ap;- are equated by the pump heads, in order to circulate the electrolytes at flow
rates Qs so that the total hydraulic power that must be provided by the two pumps, equating the hydraulic
losses, are:

2
Py =0, Ap;, =0, (Ap,, +Ap,.. )= P, + Py,
P =0 Ap, =0 (Ap, +Ap, )=P_+P,.

In order to compute these expressions, O+ and Ap,+ were obtained from measurements provided by the flow
meters and from the stack pressure drop gauges in each hydraulic circuit, thus avoiding the need of a detailed
model of the hydraulic circuit inside the stack. On the other hand, no measurement of the pressure drops Appi-
in the piping connecting the stack to the tanks were available, so that Ap,:+ were determined by means of the
hydraulic model presented in Section 3.1. The total power hydraulic losses P, supplied by the ac grid and
measured by the facility ad-hoc wattmeter were affected by the additional losses P, in ancillary devices,
namely pump impellers, electric motors and inverters (Fig. 2). These losses were accounted for by means of

the efficiencies of the pump impeller #,.+, of the electric motors #., and of the inverters #;,:

B b,

Pw:(f)thJ"PanJr)"'(f)h—"”Pan—): + ~ 3)
Min Mmo npu+ Min Mmo 77pu—
> Ppi+ 60
Nin Nmo Npu —> P, — A+
X
Grid I_): 5307
P, > Ppi- 20} 1
>|Inverters| 1o |
— SN . ok | ‘ ! |
et S Min Tmo e Ly p 5 10 15 20 25 30
Q [Lmin"]
a) b)

Fig. 2. a) Ancillary power losses composition; b) Pump efficiency #,, vs. flow rate O of vanadium solution, computed by
resolving eq. (3) in terms of 7. In order to obtain this diagram, the same flow rates were imposed in the positive and

negative hydraulic circuits.



The inverter efficiency #:,» = 95% was obtained from the device data sheet and was assumed constant in every
working condition and a bench test on a very similar small three-phase motor gave an efficiency #m. = 50%
that was also considered constant in all operations at variable frequency produced by the inverters. Since no
efficiency or losses data of the pumps were provided by the manufacturer, 7,, was evaluated from eq. (3) as
Hpur = (Pp+t Pio) | Py §in imo, Where: (Py++ Py-) was computed according to eq. (2), P,, was measured by means
of the wattmeter and #;, and #.,, were given the aforementioned values. The resulting efficiency #,. as function
of Q is shown in Fig 2b and conforms typical centrifugal pump behaviors [40]. By using the above efficiency
values, the power losses in the inverter, pump motors and pump impellers in any operating condition were

comPUted as Pln = (1_77[11) PW, Pmo = (l_nmo) Hin PW and Ppu = (1_ 71pu) Hmo Nin PW, respectively.
3. Numerical models

Numerical models were used to compute the energy losses not available from measurements, namely the losses
related to: a) hydraulic pressure drops in the piping, b) shunt currents, c) cell overpotentials, and d) vanadium
species crossover in the membranes. Cell-resolved dynamic models of the IS-VRFB system were used at this

aim.
3.1 Hydraulic model

A standard hydraulic analytical model was used to compute the electrolyte pressure drop Ap,:+ in the piping as
functions of the flow rates Q:, for the positive and negative electrolyte hydraulic circuits [18], [34], [41,42].
Each electrolyte piping pressure drop was computed as the sum a distributed term Apg:+ due to friction in the
straight pipes, and a concentrated (i.e. localized) term Ap..: occurring in local components, e.g. elbows,

junctions, T-joints, flow meters and valves: Appi+ = Apaix + Apeq+. The first term was computed as:

[
Apgis =§foxDx ”i “4)

where p is the fluid density and /, D. and u, are the pipe length, pipe diameter and fluid velocity in the x-th
straight segment, respectively. The pipe friction factor f. depends on the pipe roughness and on the Reynolds
number Re=p uy Dx/u, with u the dynamic viscosity, which allows to identify a laminar (Re <2300) or
turbulent (Re > 2300) flow regime in the pipes. The fluid density p and dynamic viscosity x needed to compute
Re were determined experimentally for both electrolytes at SOC = 50%. The measurements were performed
with a 1637/02 U-tube reverse flow BS/IP viscometers (Cannon-Fenske) and a pycnometer (Thomas
Scientific) and provided the results reported in Tab. 1. These values were assumed constant in the model, as
an average during the charge/discharge cycles (i.e. at varying SOC). Consequently, considering that the pipes

have smooth internal surfaces, the following expressions were used for f. [42]:

f=

64/ R Re <2300
®)

[~1.80g(6.9/Re)]” Re>2300



The so-called concentrated (i.e. localized) pressure drops were computed as:

Apcni :%ZX é’x uf

(6)

where ¢, are empirical “minor loss” coefficients whose values were obtained from the literature [42] or from

the manufacturer’s data sheet [43] and are reported in Tab. 1.

Tab. 1: Values of the empirical minor loss coefficient {'used in calculating the concentrated pressure losses.

Component Number in each circuit ¢ Reference
elbows, 90° 3 1.5 [42]
T-joints, 180° flow 5 0.9 [42]
T-joints, 90° flow 5 2.0 [42]
joints 2 0.08 [42]
pipe inlet (tank outlet) 1 0.8 [42]
pipe outlet (tank inlet) 1 1 [42]
flow meter inlet (contraction) 1 0.38 [42]
outlet (expansion) 1 0.48 [42]
valves 2 0.42 [43]

3.2 Shunt current model

In the stack, the cells are connected in series while each manifold segment feds in parallel the cell flow frames

and electrodes with the same polarity, which are at different electric potentials. In the loops thus formed electric

current flow which are dubbed “shunt currents” and cause Joule losses. A number of methods have been

published and patents have been registered for reducing shunt currents. However, analyzing them of the scope

of our study, and we assumed the shunt current effect as a loss term to be accounted for. To this aim, a model

was developed, based on an equivalent electrical circuit [16]. In this model, each cell was represented as an

ideal voltage source E;, in series with an internal resistance R; ,, which represents the cell overpotential voltage

drop, both parameters being SOC dependent [44]. The electrolyte flow segments of the stack, i.e. manifolds,

flow channels and felts, were modeled as resistors [45], as exemplified in the two-cell electric scheme of Fig. 3.
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Fig. 3. Stack equivalent electric model for shunt current calculation — exemplification for two consecutive cells.

The resistance of the n-th segment with length /x, and cross section Ai, was computed as Rix, = lin/ Okt.n Ak,
where £ stands for manifold () and cell flow channel and felts (¢). The dependence of the electric conductivity
ow» on the vanadium species concentrations was accounted for by means of the state of charge (SOC) of

positive + and negative — electrolyte in each cell:
UJr =SOCI1+O-V +(1—SOCn+)0-n/ O_ =S0Cn70-11 +(1_SOC}’I*)UIII (7)

where n =1 ... N is the cell index and o; are the conductivities of species V; (with j = II, IIl, IV, V). The
numerical solution of the equivalent electric circuit yielded the shunt current i, in each segment, from which
the pertinent power losses was computed as Pk = Ris,n ik, [16]. Summing up all the contributions of the
manifolds and cell flow channels and felts, the overall shunt-current power losses were obtained. Similarly,
the cell internal power losses associated with the overpotentials were computed as P;, = R; . i; »>. The complete
description and validation of the shunt current model is provided in [30] and [16], where detailed

representations of the shunt current distributions are provided.

3.3 Species crossover model

The cell membrane has the function of separating the positive and the negative half-cells while allowing
hydrogen ions to pass thorough during charge and discharge [45]. However, as a side effect, also the vanadium
species permeate through the membrane, thus affecting the overall performance [11]. These permeations were
modelled by means of the first Fick’s law, that involves the diffusivity coefficient in the cell membrane of each
species. The variation with temperature of these coefficients was taken into account with Arrhenius-like

dependence:

E,

__*a

k. =ke*" (8)
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where k; are reference diffusion coefficients of the species V; (with j = I1, IIl, IV, V) and E, is the activation
energy (Tab. 2). As the vanadium ions permeate through the membrane and reach the other compartment, they

react as reported in [46]; in particular the V**and V**ions arriving at the positive compartment, react with

VO] :

V** +2VO; +2H" —»3V0" + H,0 9)
V¥ +VO; - 2V0" (10)
While the VO** and VO; ions arriving at the negative compartment react with V**:

VO™ +V* +2H" »2V* + H,0 (11)

VO, +2V* +4H" > 3V" +2H,0 (12)

These exothermic reactions occur without electric energy generation, and result in crossover energy losses
[47—49]. By combining the species permeation equations and the reactions (9—12), the mass balance equations
were derived. The complete description and validation of the crossover model is reported in [16]. As a result
of crossover, the vanadium species permeating through the membrane at a rate dM;/dt reduce the reacting
moles available in the proper compartments. Since V2" presents the highest crossover rate, it drives the battery

energy reduction rate, that was expressed as:

aM AN
F,=-AG 1 =zFE, ;anl(kll,ncll,nf —2ky ,Cp s _2kIV,nCIV,n+) (13)

0 —

where 4G = —zFEy, is the total Gibbs reaction energy, with Ey the cell Nernst potential and z =1 stated the

number of charges involved in the electrochemical reactions [50].

Crossover also consists of water dragged by protons constituting the electric current through the membrane.
The overall crossover effect is a change of volume in the tanks: the positive electrolyte volume decreases and
the negative electrolyte volume increases during charge, and vice versa during discharge. The net effect in a
charge/discharge cycle is that the volume of the positive electrolyte increases and the volume of the negative
electrolyte decreases, as reported in [51]. During experiments on IS-VRFB, we observed a volume changes of

up to 4 L in each charge/discharge cycle.

Tab. 2. Parameters and physical constants used in the numerical models.

Symbol | Parameter /constant value
A membrane active area 600 cm?
C vanadium concentration 1.6 mol L1

Cy sulfuric acid concentration 4.5 mol L!




d membrane thickness 50 um

D pipe diameter 27 mm
E, activation energy of electrolyte diffusivity 17340 J mol™!

ky reference diffusivity of V2% in Nafion 212 [47] 5.76 10 cm?min~?!
feu reference diffusivity of V3* in Nafion 212 [47] 2.1 103 cm?min~?!
Ky reference diffusivity of V02" in Nafion 212 [47] | 6.26 X107 cm?min~?!
ky reference diffusivity of VO3 in Nafion 212 [47] 3.84 x107 cm?min~?
Lyi total length of straight pipes 3.96 m

N number of cells in the stack 40

Ve electrolyte volume in each cell 0.4968 L

Vi tank volume 550 L

I positive electrolyte average dynamic viscosity 0.007 kg m's!
U= negative electrolyte average dynamic viscosity 0.0055 kg m st
P+ positive electrolyte average density 1350 kg m™
p— negative electrolyte average density 1350 kg m

o conductivity of V2% 27.5 Sm™?!

O conductivity of V3* 17.5 Sm™?!

o conductivity of VO?* 27.5 Sm™?!

ov conductivity of VOF 413 Sm™!

3.4 Model validations

The validations of the shunt current and crossover models are provided in previously published papers [30]
and [16] as already stated. As regards the hydraulic model, it must be pointed out that the pump manufacturer
provides only few data for such a small pump model, namely the characteristic head as a function of the flow
rate only at the 50 Hz nominal feeding frequency, and the pumps reach only one point of those curves when
operated in a given circuit at a fixed frequency. Conversely, the IS-VRFB pumps are operated at variable
frequency from 10 to 50 Hz in order to modulate the electrolyte flow rates. Consequently, only one point in
this operation range could be compared with the manufacturer date sheet. In addition, the intrinsic accuracy of
the computation could hardly exceed few percent when carried out with a conventional hydraulic model as
that used in this study (which corresponds to the good practice of hydraulic engineering). Given these
constraints, the hydraulic circuit model was validated by considering the pump head value Ap,- = 0.45 bar
indicated in the data sheet at a flow rate O = 29.5 L min™! (violet points in Fig. 4a and Fig. 4b). At this same
flow rate, the measured stack pressure drop in the negative electrolyte was Ap,- = 0.28 bar. From the previous
data, the piping pressure drop was derived as Appi- = Aps- — Aps— = 0.17 bar and this value was compared with
the model results. At the same Q = 29.5 L min!, the hydraulic model gave a pressure drop in the negative
electrolyte piping Appi- = 0.19 bar, with an error of 0.02 bar, that was sufficiently small for the aim of the

analysis. A validation in the positive electrolyte piping provided very similar results.



Fig. 4b shows the negative circuit total pressure drop Ap, and its contributions in the stack Aps— and in the
piping Ap,i—. The former provides the major contribution even in the case of the complex IS-VFRB piping
geometry. However, the relative contribution of Ap,. with respect to Ap,_ increases at higher flow rates,
because a turbulent regime occurs in the piping earlier than in the stack, where it remains laminar longer. The
pressure drop Ap,- never reduces below 58% of the total Ap;-. This result is consistent with data reported in
the literature, which indicate that porous electrodes and cell flow channels inside the stack are responsible for
pressure drops much larger than those in external piping. For instance, 70% of the whole hydraulic losses
occurring in the porous electrode were reported in [35]. In the case of industrial designs with minimized piping

lengths, the Ap; relative contribution is expected to be higher.
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Fig. 4. a) Pump characteristic curve by the manufacturer (Sanso PMD 641); b) Pressure drop profiles in the negative
electrolyte circuit vs. flow rate O at SOC = 50% (the positive electrolyte piping pressure has a similar profile.) Violet dots
identify the same pump working condition and the brown dot the derived piping pressure drop that was used for validation

the hydraulic model, i.e. Ap,; of the yellow line.

4. Result analyses

The measured and model-computed losses terms were used to assess the performance of the IS-VRFB facility,
in the conceptual framework of the Sankey diagram of Fig. 5, that provides a quick grasp of how the different
losses terms impact on the energy efficiency, showing, in particular, that the pumping power P, was

independently supplied, as often happens in flow batteries of this kind.
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Fig. 5. Sankey diagram of the power flows and loss terms which impact on the energy flows and on the energy efficiency.

4.1 Hydraulic losses analyses

Fig.6 shows the pressure drop in the negative piping Ap,. as a function of Q. The pie diagrams present the
relative contributions to Ap,- of the different effects at 10 L min™ (i.e. at a specific flow rate of

6.9-1073 cm s™') and 29.5 L min™! (20.5-107 ¢cm s7!). Similar values were obtained for the positive electrolyte.
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Fig. 6. Negative electrolyte piping pressure drop profile vs. flow rate with pie chart of its contribution in laminar and

turbulent flow at SOC = 50% (the positive electrolyte piping pressure has a similar profile.)

Fig.6 shows that the transition from the laminar to the turbulent flow in the piping occurs at

0 =12.8 L min". In all cases the concentrated pressure drop Ap..+ in the local elements of the hydraulic circuit



has a major effect on the total piping pressure drop Ap,:: it amounts at 63% at 10 L min~! and to 58% at 29.5
L min!, the remaining being ascribed to the distributed term Apa:. The 90° T-joints give a higher contribution
(25% and 24%) than the 180° T-joints and elbows, because the latter present a smoother curvature.
Approximately 7% of the pressure drops occur in the flow meters, due to their reduced internal cross-section.
As already noted, the piping pressure drops Appi+ and their contributions are expected to be lower in an
industrial design, because the piping of the IS-VRFB facility is fully instrumented and designed for a high

accessibility and flexible operation, resulting in increased layout complexity and pressure drops.

Fig. 7 shows the hydraulic power losses P; and their contributions P,; and P, together with the power losses
P,, measured by the wattmeter (Fig. 2a), summed up for the positive and negative circuits as functions of the
flow rate O at SOC = 50%. These profiles, which are similar to those published in [35], highlights the low
impact of the net hydraulic power losses compared to the ancillary devices, namely inverters, electric motors
and impellers, which, due to their relatively small sizes, are responsible together for 72% of the total losses at

0 =29.5L min"!, and of an even larger portion at lower flow rates.
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Fig. 7. Profiles of power losses for electrolyte circulation vs. flow rate at SOC = 50% in both positive and negative
compartments. The difference between the total value P, measured by the wattmeter and the hydraulic circuit losses

Py = Ps+ P, is due to P, in the pump impeller, electric motor and electronic inverter.

4.2 Losses comparison in charge/discharge cycles



The battery losses have been analyzed in charge/discharge round-trip operations at different current levels. A
useful parameter driving these cycles is the flow factor, that expresses the ratio between the flow rate of the
electric charges moving in the stack with the electrolytes and the electric current generated in the cells from

the electrochemical reactions [22]:

OF Cg\lf— SOC) charge
“=1 0 F csoc (1
QT discharge
i

where F is the Faraday constant, C is the total vanadium concentration and A is the number of cells in the
stack. Experiments were performed at stack currents of 30 A, 50 A and 70 A while the flow factor was kept
constant at o = 8. This figure is close to the value of 7.5 reported as an optimal value in a study carried out on
a 40-cell stack by Tang et al. [52]. Round-trip cycles were performed in the SOC ranges shown in Tab. 3,
whose limits were chosen for avoiding any dangerous cell condition, mainly resulting from pump constraints.
The battery loss contributions in these charge/discharge cycles are shown in Tab. 3. Among the reported values,
measurements provided the electric energy supplied to the stack in charge W.;, the electric energy released
from the stack in discharge W,. and the total hydraulic energy demand W, in the whole cycles, measured by
the wattmeter. Instead, the models provided the round-trip energy losses due to: cell internal overpotentials

W, shunt currents Wi, and species crossover We, ..

Tab. 3. Numerical and experimental energy terms and system efficiencies during charge/discharge cycles.
%= duration of round-trip cycles, W, = converted electric energy in charge, W, = converted electric energy in discharge,
Wy = round-trip total hydraulic losses (i.e. for electrolyte circulation), Wi.,, = round-trip losses due to cell internal
overpotentials, Wj..,, = round-trip losses due to shunt currents, W.,.» = round-trip losses due to species crossover. * =

obtained by time integration of experimental data ** = obtained by time integration of model data.

I | SOCrange | 1, Won * Wae* Wrt | Win** | Ween®* | Weorn **
[A] [70] [h] [Wh] [Wh] [Wh] [Wh] [Wh] [Wh]
30 | 13.1-87 192 | 17941 | 13610 1205 1991 2049 2771
50 [ 19.9-785 | 8.7 14273 | 10165 717 2473 985 1340
70 |28.0-72.7 | 4.65 | 10809 | 7133 492 2406 515 699

The comparison among these values are more evident in the bar and pie diagrams of Fig. 8. The pie diagrams
show that the contributions to the total hydraulic losses W,, did not present significant differences in the three
cases at different stack currents. The hydraulic losses in the stack and piping account for 10%—12% of the
overall hydraulic losses, whereas a large part of the hydraulic losses was due to inverters, electric motors and
impellers, namely ancillaries which do not depend on the design of stack and hydraulic circuits. The two small

electric motors were always responsible for almost half of the losses (48%), followed by the impellers (=37%).



This evidence highlights that high-efficiency devices (pumps, electric motors and inverters) can contribute

significantly to the overall system efficiency.
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Fig. 8. Battery energy losses contributions in charge/discharge cycles performed at stack currents of: a) 30 A, b) 50 A, ¢)
70 A in the SOC ranges shown in Tab 3. The bar diagrams account for all loss terms, whereas the pie diagrams show the

sharing of the hydraulic losses among their contributions.

In addition, the bar diagrams show that the total hydraulic losses W, were more important when
charge/discharge cycles were performed at low-current: W,, was 1.205 kW h in the round-trip operation at 30
A, that is more than twice the value at 70 A. This effect is due to the longer duration of the operation and to
the low pump efficiency #,. at low flow rate (Fig. 2a). The losses due to shunt currents and crossover were also
observed to increase with decreasing stack current, due to the longer duration of the operation (Fig. 8). It must
be noted that shunt current losses must also be taken into account duly, although some studies claim that they
do not affect markedly the electrical performance of a VRFB, being two order of magnitude lower than the
nominal stack current, as reported by Zang et al. [34] and Bhattacharjee et al. [53]. Conversely, our results
show that in a compact VRFB stack they have an influence comparable to other losses, especially at low load.
In particular, we found shunt-current losses greater than the total hydraulic losses in the 30 A and 50 A
operations. In addition, combining the percentage of the pie diagrams with the total hydraulic losses value of
Tab. 3, it can be found that the stack hydraulic losses W are 4.1% (84 W h out of 2.049 kW h), 4.3% (43 W h
out of 985 W h) and 6.7% (34.4 W h out of 985 W h) with respect to the shunt current losses W;. in charge-



discharge cycles at 30 A, 50 A and 70 A, respectively. These results highlight that shunt currents can
significantly affect the efficiency of an industrial VRFB.

4.3 Energy efficiencies

A number of efficiency indicators are proposed in the literature for assessing the performance of VRFBs:
voltage efficiency [52], coulombic efficiency and current efficiency [54]. The round-trip efficiency (RTE) is a
figure of merit that summarizes the others and is presented in the literature in different forms. A common
definition, also dubbed energy efficiency (EFE), consists of the ratio between the energy released from the stack
during discharge with respect to the energy released to the stack during charge:

EE= f e P dt/ J en P dt = Wa./ Woy, . In this expression, the energies converted by the stack account for the loss

terms due to overpotentials W¥;, shunt currents W;., and species crossover W,. This figure can be convenient
for qualifying a single cell, but can be less significant if referred to a stack, because it neglects the pumping
power W,, when independently supplied. A more comprehensive definition of the efficiency suitable for
stacks, sometimes dubbed system efficiency (SE), was used in our analyses, that includes the energy demand

from the hydraulic circuit [54]:

P—Pdt W

- w W —
SE — '[dc — _dc w
[ P+pdt W, +W,

(15)

The values of this SE, obtained for measurements of the stack and pumps powers according to (15) are reported
in Tab. 4. The table shows also the SE...q efficiency values computed with the following expression that uses

the numerical data provided by the models:

SEmud = VV(:/’ — I/I/i”'[ — VV;C*” - VV(?U*H — Vwadc (16)
Wo + Ww—ch

ch

Tab. 4. System efficiency figures obtained from energy measurements and computations. z:= duration of round-trip
cycles, SE = system efficiency computed by using measurements in (15), SE,u04= system efficiency based on model data
used in (16), £ = discrepancy between SE and SE .4 values.

I | SOCrange Tt SE SE od £
[A] [%] [h] [%] [%] [%]
30 | 13.1-87 19.2 | 7035 | 70.72 | +0.53
50 | 19.9-78.5 8.7 67.10 | 66.67 | —0.64
70 | 28.0-72.7 | 4.65 | 6242 | 62.81 | +0.62

As indicated in Tab. 4, the relative errors between the two set of SE and SE..q values were always lower than
1%, which provided a further validation of the model reliability. In addition, the SE values presented in the
table are in agreement with the efficiencies reported in the literature for kW-class VRFB systems [55,56].



5. Conclusions

The losses and efficiency analysis here proposed provides results which, strictly speaking, hold for the IS-
VREFB system on which they have been measured and computed. Nevertheless, some general considerations
can be drawn which apply also to any other large industrial-scale VRFB system. Firstly, the design of a
compact VRFB stack provided with a quite large number of cells should be addressed to reduce shunt currents,
by increasing the electrolyte electric resistances in the internal manifolds and flow channels, with marginal
consequences on the hydraulic performance. In other words, longer and thinner flow paths should be preferred
in the trade-off between shunt current and hydraulic losses, in the limit that flow channels do not risk to be
clogged by electrolyte impurities. For example, the flow channels of the flow frame (e.g. those represented in

[36]) could be lengthened without significant effects on the hydraulic losses.

Secondly, at high-current operations the cell overpotential losses are larger than crossover losses.
Consequently, the cell internal equivalent resistances (which are mainly due to the membrane ohmic
overpotentials as reported in [22]), impacts on the efficiency more than the membrane species permeability
from which the crossover losses originate, particularly in a compact VRFB stack with a smaller cell active area
capable of operating at higher current density than those usually reported in the literature (e.g. the 19-cell stack
with 1500 cm? area of the 2.5 kW/15kWh reported by Tang et al. [33]). As a matter of fact, in our study
crossover losses were a little higher than the overpotential losses only in the 30 A operation (Tab. 3).
Consequently, increasing the membrane ion conductivity is a more important issue than reducing its vanadium
species permeability, especially in a high current operation. In addition, since the effect of the relatively thick
electrodes (5.7 mm) of IS-VRFB on the cell internal resistance was not negligible, a reduction of the internal

losses can also be achieved with thinner electrodes provided with high reaction activity.

Thirdly, hydraulic losses were found to depend largely on the low efficiency of the electric motors and of the
pumps as typically occur in small size devices (e.g. 50% and 20%—55%, respectively, in our study).
Conversely, we found that only less than a quarter of overall hydraulic losses were due to the hydraulic circuit,
i.e. to stack and piping. It must be noted, however, that ancillary device efficiencies can be much higher in
larger units fitted to larger systems. For instance, a 5-kW motor suitable for a 150-kW VRFB can have an
efficiency above 75% and larger motors can easily exceed 90%. At the best of our knowledge, similar analyses

of the effect of ancillary losses were largely overlooked in the existing literature.
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