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ABSTRACT

Electrolyte flow rate has a large impact on the overall efficiency and energy storage capacity of all-vanadium
redox flow batteries. This work focuses on the detailed determination of density and viscosity of vanadium
electrolytes as a function of temperature and state of charge, as well as their influence on the actual electrolyte
flow rate. Negative and positive electrolytes present different density and viscosity values and they also evolve
differently, the divergence being especially significant in the dynamic viscosity. Mathematical correlations of
experimental data are provided, and the influence of these properties on both hydraulic and electrochemical
performance of the device is also discussed. An ad hoc experimental facility was manufactured where a 200 W
battery was tested to assess the relevance of the different hydraulic conditions on the pressure drop and effi-
ciency. A notable decrease in the total duration of the 5 charge/discharge cycles when the circulating flow rates
were progressively reduced was observed. The average efficiency of the battery varied from 73.9% to 67.5%
when decreasing the flow rate levels. In addition, a low-cost computational model was developed to estimate the
circulating flow rate of each electrolyte and to discriminate the contribution of the specific pressure loss from the

different components of the facility for a given operating condition.

1. Introduction

The global reliance of energy production on fossil fuels has led to
critical issues related to energy security and environmental pollution,
intensifying global climate concerns. Consequently, terms like “decar-
bonization” and “ecological transition” are now widely adopted by both
experts and ordinary people. Therefore, many regions, including all
European Countries, have proposed a shift towards energy models that
prioritize renewable sources. As an example, renewable energy pro-
duction in Spain has been significantly increased from 94 TW-h in 2015
to 149 TW-h in 2024 [1]. However, the inherent intermittency and
unpredictability of these environmentally friendly sources, due to their
dependence on weather conditions, result in low-quality electrical signal
output and grid instability. To address these challenges, renewable-
based electrical grids must incorporate large-scale energy storage sys-
tems (ESS), capable of accumulating and releasing electricity as
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required, thereby enhancing energy quality, reliability, and balancing
supply with demand [2].

Even though numerous ESS technologies exist at different stages of
development (mechanical, chemical, electrical, or thermal among others
[3]), a variety of rechargeable batteries have been explored due to their
modularity, high energy efficiency and connection versatility. The
widespread adoption of batteries for large-scale ESS has been signifi-
cantly influenced by their capital costs. This is exemplified by the recent
reduction in the price of lithium-ion batteries (LIB), which has enabled
their broader market penetration [4]. Despite their advantages, the
widespread LIB deployment for ESS faces significant challenges in the
coming years. Firstly, the high demand of lithium by the electric vehicle
sector, increases the concern about resource availability and supply
chain stability for large-scale stationary systems. Secondly, large-scale
LIB systems can present inherent safety issues, such as thermal
runaway and fire risks, which become more pronounced with increasing
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system size. These factors underscore the need for finding alternative
storage technologies for these applications.

In this sense, redox flow batteries (RFBs) have gained considerable
attention as large-scale ESS due to their environmental friendliness and
flexible design, notably because power and capacity are decoupled. In
addition, RFBs possess attractive features, including a long operational
lifetime, high safety, and acceptable round-trip efficiency. In recent
years, the all-vanadium redox flow batteries (VRFBs) proposed by
Skyllas-Kazacos et al. [5] have undergone significant development.
Several demonstration projects, spanning from tens of kW to MW, have
been successfully implemented, thereby asserting their technological
feasibility for large-scale applications [6-8]. Unlike traditional batteries,
the energy stored in VRFB depends on the volume of electrolytes accu-
mulated in external tanks. The electrolytes, typically liquid solutions of
active materials, are continuously pumped from the reservoirs to the
electrochemical cells (stacks) during charge and discharge processes,
then returning to the tanks. The energy capacity of a VRFB can be easily
enhanced by increasing the electrolyte volume available in the reser-
voirs. This technology eases the dimensioning and facilitates the
adaptability to industrial-scale conditions without significant additional
costs, since the tanks can be manufactured to the desired size. This
implies that as the energy capacity of a VRFB increases, the price per
kilowatt-hour decreases [6,9].

In the existing literature on VRFBs, detailed studies have been con-
ducted on key materials and components, such as membranes or elec-
trodes. However, despite the critical relevance of the flow conditions
and the physical properties of vanadium electrolytes within the stacks
and pipe network to the battery performance and operation, less
research has been focused on this area. For example, density variations
in the fluid circulating through the battery can result in the formation of
zones with unreacted electrolyte species within the tanks resulting in
subsequent stratification, which may decrease the battery capacity [10].
Several research teams have conducted density measurements for
negative [11], positive [12,13] or both electrolytes [14-16], studying
their dependence on vanadium concentration, sulfate concentration,
temperature, and state of charge (SOC). On the other hand, the elec-
trolyte dynamic viscosity plays a relevant role on the overall VRFB en-
ergy efficiency, due to increased power consumption associated to
electrolyte pumping (especially when circulating through the electrode
porous medium). Moreover, viscosity changes are mainly influenced by
the electrolyte temperature and active species concentration, affecting
ion mass transport and, consequently, the overall electrochemical per-
formance [11,17-19].

In numerous VRFB models, it is usual to treat parameters such as
density and viscosity as constant and equal for both positive and nega-
tive electrolytes. While this simplification may reduce programming
complexity, it can lead to inaccuracies since this assumption does not
fully reflect reality: the physical properties of actual electrolytes differ
and change during VRFB operation. This is particularly critical for the
device control and to optimize the battery energy efficiency. Therefore,
accounting for viscosity and density variations as a function of SOC and
temperature would enable the optimization of flow rates and pumping
power, thereby minimizing not only energy consumption but also va-
nadium crossover resulting from pressure differences between half-cells.

The objective of this work is to analyze the influence of electrolyte
physical properties and flow rate on the performance of a VRFB. To this
end, a detailed characterization of the density and dynamic viscosity of
vanadium electrolytes as a function of their temperature and SOC was
performed. Moving beyond fundamental property characterization, this
study evaluates the direct impact of these variations on the hydraulic
and electrochemical performance of a 200 W stack. To facilitate this
analysis on actual batteries, a VRFB testing facility was designed and
manufactured. Furthermore, its hydraulic dynamics was modeled to
enable the quantification of different contributions to total pressure
losses and the prediction of the electrolyte flow rate, effectively bridging
the gap between electrolyte physical behavior and operational system
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efficiency.
2. Technology principle

Briefly, a VRFB is a type of rechargeable battery that uses dissolved
vanadium ions in different oxidation states to store energy. It consists of
an assembly of cells, each half-cell separated by an ion exchange
membrane. The typical electrolyte in VRFBs is an aqueous solution of
1-2 M vanadium ions with a supporting electrolyte, usually 1-3 M sul-
furic acid. Some other additives are used to enhance its thermal stability
and other physicochemical properties. Vanadium exists in four oxida-
tion states: VO2* [V(IV), blue], VO3 [V(V), yellow], V2* [V(D), violet],
and V3 [V(II), green]. As depicted in Fig. 1, the positive electrolyte
(posolyte) utilizes the VO?*/VO3 redox couple, and the negative one
(negolyte) uses the V2*/V3*, The charge and discharge of the entire
device involve the oxidation and reduction faradic processes of the
different vanadium ions.

During the discharge process, in the negative half-cell, V(II) ions are
oxidized to V(III) releasing an electron for electrical conduction:

VoV 4e (E°=-0.255Vvs. SHE) €h)

Conversely, in the positive half-cell, V(V) ions are reduced to V(IV),
gaining the electron released from the negative half-cell:

VO} +e” +2H" & VO** + H,0  (E° =1.004 V vs. SHE) 2

Thus, the overall reaction is

VO, + V2" +2H" & VO** + V¥ + H,0 (E° =1.259 Vvs. SHE)  (3)

During the charge and discharge processes, hydrogen ions (H') are
consumed or produced and, consequently, the pH of the positive and the
negative electrolytes change over time. To maintain the balance of
charge within the half-cells, H" transit occurs between the negative and
positive half-cells through the polymeric membrane.

3. Experimental procedure
3.1. Electrolyte characterization and vanadium species generation

According to the supplier specifications (HydraRedox Iberia), the
commercial electrolyte characterized in this study is a solution of 2 M
sulfuric acid (H2SO4), 0.05 M phosphoric acid (HsPO4), and a vanadium
concentration between 1.65 M and 1.75 M, consisting of a mixture of V
(II1) and V(IV) in a 50%-50% proportion. The actual vanadium con-
centration and species distribution were determined via potentiometric
titrations. In this technique, the target solution potential with respect to
a reference electrode (Ag/AgCl) is continuously monitored. Subse-
quently, a solution 0.033 M of potassium permanganate KMnO4 (ITW
Reagents) was gradually added until a sharp change in voltage was
recorded. Prior to this, the potassium permanganate was standardized
using a 0.167 M solution of sodium oxalate NasC204 (Aldrich Chemical
Company) as the primary standard. During the electrolyte titration, two
abrupt voltage changes were observed: the first one indicates the
oxidation of V(III) to V(IV), and the second one the oxidation of V(IV) to
V(V), this one occurring after all V(III) was oxidized. To enhance the
results reliability, three titrations were performed on 1:10 electrolyte
solutions. An aqueous HySO4 2 M solution was used as the supporting
electrolyte to increase the medium conductivity. After these experi-
ments, the vanadium concentration was determined to be 1.70 M, with a
distribution of 54.2% V(III) and 45.8% V(V).

Following the assessment and composition determination of the
commercial electrolyte, sufficient volumes of each vanadium species
were produced by repeated charge-discharge cycles using a 5-cell VRFB
stack with an electrode area of 60 cm?. For charging, a constant voltage
of 8 V (1.6 V/cell), an initial current of 5 A (83.3 mA/crnz), and final
current below 0.24 A (4 mA/cm?) were applied. On the contrary, for
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Fig. 1. Schematic representation of the charging process of a VRFB cell.

discharging, a constant current of 6 A (100 mA/cmz) was demanded
until the voltage dropped below 0.2 V (40 mV/cell). To ensure species
purity, V(V) and V(IV) were prepared with excess negolyte, while V(III)
and V(II) were prepared with excess posolyte.

After the potentiometric experiments, the commercial vanadium
electrolyte underwent further characterization via ultraviolet-visible
spectroscopy (UV-Vis). Each of the generated volumes was analyzed
to ensure their purity [20]. Fig. 2 (top) shows the measured spectra for
wavelengths ranging between 300 nm and 1100 nm, which are consis-
tent with literature reports. Afterwards, samples for both electrolytes
were prepared from the pure species at various known dilution levels to
measure their spectra. Based on these results and applying Beer-Lam-
bert's law, a code was developed to calculate the composition and con-
centration of a posolyte or negolyte sample from its spectrum.

3.2. Density measurements

As previously discussed, the variation of density, p, with temperature
and SOC is relevant not only to optimize the design, but also to accu-
rately simulate the physical and chemical phenomena occurring during
its operation. Density measurements were performed using an oscil-
lating U-tube densimeter (Kriiss Optronic DS7700) equipped with in-
ternal temperature control. Density was measured at each target SOC of
interest (from 0% to 100%, at 10% intervals) for both electrolytes.
Samples were prepared from the pure species and stored in 10 ml ves-
sels. The color variation of the samples is shown in Fig. 2 (bottom).
Additionally, temperature was varied between 10 °C and 40 °C, in 2 °C
steps, covering the recommended safe operating range for VRFB (to
avoid extreme positive and negative temperatures that could lead to
species precipitation). The sample is injected into the densimeter with a
syringe until the tubing is filled, and after reaching the desired

temperature, the density value is directly obtained. Upon the end of each
measurement and before introducing a new sample, the previous sample
is drained, the device tubing is rinsed with deionized water, and it is
further dried using the incorporated drying unit. To enhance accuracy,
eight measurements (by both increasing and decreasing temperature)
were performed to each sample for every temperature and SOC points
considered.

3.3. Viscosity measurements

Vanadium electrolytes are Newtonian fluids and their viscosity plays
a fundamental role in numerous physical processes such as mass transfer
and pressure losses, significantly influencing the performance and effi-
ciency of the VRFB. During battery operation, the viscosity of the elec-
trolytes mainly varies due to the continuous changes in fluid SOC and
temperature. The dynamic viscosity, y, was measured using a Brookfield
RVT rotational rheometer, featuring a spindle immersed in the test fluid
that rotates at a controlled angular velocity. In response, the spindle
experiences a viscous drag force opposing to its rotation. This force is
measured by the device, providing an analog output in 0-100 scale. To
convert this reading into actual dynamic viscosity values, the spindle
must undergo a calibration procedure.

The original metallic spindles were unsuitable for electrolyte mea-
surements due to its corrosive nature. Hence, it was necessary to design
and manufacture a new spindle to meet two key requirements: chemical
compatibility with the test fluids, and appropriate geometry to ensure
readings within the viscometer measurement range. The spindle was
designed based on the originals, but increasing the wetted surface area
to enhance the force measurement sensitivity, and was machined in
PVC. A comparison between the original metallic and the new plastic
spindles with their relevant dimensions is provided in the
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Fig. 2. Top: UV-Vis spectroscopy spectra obtained for the different vanadium species Bottom: Electrolyte color evolution at various SOC values. The upper row

shows the posolyte, and the lower the negolyte samples, respectively.

Supplementary material (Fig. S1, Table S1). An average electrolyte
viscosity value of 4.9 cP is commonly cited in the literature [21-23]. To
calibrate the new spindle, test fluids with viscosities above and below
the average value were prepared using glycerin-water mixtures, whose
properties have been widely studied [24]. The actual viscosities of the
calibration fluids were determined with an Engler-type rheometer,
ranging from 0.95 cP to 8.86 cP. A linear correlation between the fluid
viscosity and the rheometer reading with the new spindle was obtained.
To carry out the electrolyte measurements, a beaker was filled with the
test sample and immersed in a thermostatic water bath with controlled
temperature. The Brookfield rheometer was positioned in a supporting
arm that eased the immersion and extraction of the spindle into the
fluid. The rotation speed was set to 100 rpm, to ensure an appropriate
scale reading. For each sample, the dynamic viscosity was determined at
six temperatures, namely 20 °C, 26 °C, 30 °C, 34 °C, 38 °C, and 42 °C.
The reported value for each data point is the average of twelve experi-
mental measurements, thereby enhancing the accuracy of the results.

3.4. Experimental facility

To assess the influence of the density and viscosity under actual
VRFB operating conditions, an ad hoc test facility was designed and
assembled. It consists of two 12-liter tanks, two magnetic-drive cen-
trifugal pumps (Plastomec P051) mounting 120 W motors with fre-
quency drive regulators, ancillary valves for independent flow control of
each electrolyte and a 3 kW bidirectional power supply (Elektro-

Automatik EA-PSB 10060-120 2U), featuring an in-house developed
control software to manage the battery electrical operation. Further-
more, temperature (NTC thermistor, TDK) and flow rate (turbine flow
meter, RS Pro) are measured in real-time for both the posolyte and the
negolyte. All wetted parts, piping, and components are made from
electrolyte-compatible materials such as PVC, PTFE or PVDF.

Fig. 3 shows the experimental facility and its piping and instru-
mentation diagram (P&ID). In addition to normal battery testing oper-
ation, the hydraulic system incorporates additional features as the
equilibration of tank levels to compensate volume imbalances resulting
from prolonged battery cycling tests. Fluid can also be pumped between
reservoirs for electrolyte mixing and regeneration. For fluids analysis,
sample extraction ports with needle valves are placed in each main
pipeline to precisely control the extracted volume of electrolytes. In
addition, the piping system can be easily drained when required. To
establish an inert atmosphere inside the tanks and thereby preventing
electrolyte degradation leading to a capacity loss, a nitrogen supply is
available.

To enhance measurement precision, each flowmeter was calibrated
independently, installed in situ, and tested across a range of flow rates
spanning the expected operating conditions. Given the distinct working
fluids for each device and the viscosity-sensitive nature of turbine
flowmeters [25], the negative flowmeter was calibrated using V(II) and
V(III) electrolytes at known temperatures, whereas for the positive
flowmeter, V(IV) and V(V) solutions were used under similar conditions.
The calibration constant obtained for each device was included in the
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Fig. 3. Left: The manufactured experimental facility. Right: P&ID of the hydraulic system.

data acquisition code to enable individual correction during measuring.
Furthermore, composition of the electrolytes at any given moment (and
thus their SOC) was determined by UV-Vis spectroscopy.

3.5. VRFB experiments

One of the crucial parts of this work involved VRFB experiments,
conducted in the test bench described in the previous section. Obtained
results highlighted how sensitive the flow rate is to the operating tem-
perature and physicochemical properties of the electrolytes. To perform
these experiments, a five-cell 200 W stack with an electrode area of 240
cm? was employed. The volume of each electrolyte filling the stacks was
approximately 3 1.

The procedure consisted of five charge-discharge cycles, starting and
concluding with discharged electrolytes. Given the duration of the cy-
cles, they were divided into two consecutive days. During charging, a
current of 19.2 A (80 mA-cm~2) was applied until the stack voltage
reached 8.25 V (1.65 V-cell™!). Subsequently, the stack voltage was
maintained constant as the current decreased. The charging process
concluded when the current was below 1.0 A (4.17 mA cm ™). Similarly,
during the discharge stages, 19.2 A were drawn from the VRFB as its
voltage decreased until down to 3 V. Below this limit, the voltage was
restricted, and the current decreased until reaching 1.0 A. At that point,
discharge ceased. Before the first charge, between each half-cycle, and
after the last discharge, an open-circuit interval of at least 1 min was
established.

Regarding the flow rate regulation procedure, the values for negolyte
and posolyte were adjusted at the beginning of the experiment to be
roughly equal. Afterwards, the pumps remained unadjusted throughout
the experiment, allowing flow rates to freely evolve as the electrolyte
temperature and composition (SOC) varied. This approach was applied
across four distinct flow rate levels. For each experiment, the pump
operating frequencies, the approximate initial flow rates and the elec-
trolyte pumping power are listed in Table 1. Prior to the experiments,
the negative pump frequencies were set to values ranging from 60.0 to
40.0 Hz, whereas the positive ones were in the range 50.8 to 35.0 Hz.

The pump frequency selection was constrained by the Variable Fre-
quency Drives (VFDs) maximum limit of 60 Hz and an operational
minimum of 30.0 Hz to prevent flow instabilities and potential pump
damage. Since the negolyte exhibits higher viscosity, its pump required

Table 1
Flow rate conditions in the VRFB experiments.

Experiment  Pump frequency Average initial flow  Electrolyte pumping
[Hz] rate [l-min '] power [W]
Positive  Negative
1 50.8 60.0 0.90 0.82
2 45.6 53.0 0.77 0.70
3 39.7 46.0 0.60 0.55
4 35.0 40.0 0.44 0.40

higher frequencies to achieve equal flow rates, defining the tested range
from 60 Hz down to 40 Hz, with intermediate frequencies of 53 Hz and
46 Hz chosen for uniform spacing. The positive pump frequencies were
then determined experimentally to match the initial flow rates. The
resulting flow rate values remained substantially higher than the stoi-
chiometric minimum for all experiment levels, with initial flow factors
[26] ranging from 25.6 to 12.5.

Additionally, the pump power consumption was measured and found
to be almost constant (approximately 50 W each). This constancy, likely
resulting from the low operating flow rates, indicates that the instru-
mentation was not sensitive enough to detect variations in power con-
sumption arising from changes in the fluids' physical properties.

Throughout the tests, the stack voltage and current, the temperature
of both negolyte and posolyte and their flow rates were monitored in
real-time at one-second interval. Furthermore, fluid samples were
extracted regularly during both battery charging and discharging stages
to determine their composition and SOC. This information enabled
correlating the instantaneous physicochemical properties of the elec-
trolytes and the circulating flow rate.

3.6. Hydraulic model

For a specific piping network, the total pressure drop of the pumping
system can be estimated as a function of the flow rate. Conversely, pump
manufacturers provide performance curves, typically using water,
showing the head output of the device at different flow rates. Using these
two expressions, the circulating flow rate and total pressure losses for a
single operating condition can be determined.

The posolyte and negolyte piping networks of the experimental
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facility were modeled independently. The total pressure drop for each
network was attributed to four main contributions: elevation losses,
friction losses, minor losses, and stack losses. Each contribution is dis-
cussed below.

Elevation losses: Represent the height difference between the free
surface of the electrolyte in the tank and the discharge point of the
piping system, located slightly above the electrolyte level. They can be
estimated by:

APieyation = p §AZ @

where g represents the gravitational acceleration, and Az is the height
difference already mentioned.

Friction losses: They are determined using the well-known Darcy-
Weisbach equation for straight pipe sections (Eq. (5)). In the experi-
mental facility described in this work, multiple pipes with different
lengths and inner diameters are involved. Therefore, to account for all
friction losses, Eq. (5) can be written as a function of the electrolyte flow
rate Q instead of its velocity u by:

Lpu?
APpcaon = f 3 25— ®)
8p QL
APy = fTQ > firs ©)
]

where n, represents the number of different pipes, f is the dimensionless
Darcy friction factor, and L and D denote the length and inner diameter
of the considered pipe. The pressure drop AP, fluid density and flow rate
are expressed in SI units. The friction factor depends on the flow regime
and roughness of the pipe. For laminar flow (Re < 2300), the value of f is
calculated using the analytical expression 7. However, for turbulent flow
(Re > 2300) the friction factor is typically obtained using empirical
correlations or graphs. In the developed model, the Colebrook-White
correlation (Eq. (8)) is employed, which requires iterative solving.

64
f=r @)

1 € 2.51

— = —2lo, —+ 8
VA (m Re\/f)

where ¢ is the absolute inner roughness of the pipe, and Re is the

dimensionless Reynolds number, which can be calculated by:

_puD_4pQ
N u _7r/,tD

Re

9

Minor losses: Here, the pressure losses due to the flow circulating
through valves, elbows, changes in pipe cross-section, fittings, and other
components are included. The general expression to calculate the local
pressure drop in a single piping component is given by Eq. (10). This
expression can be modified to obtain Eq. (11), which quantifies the total
pressure drop in the facility attributable to its fittings and components.

u2

APjoeq = KPT (10)
8p) Q@ & K

APrjgr =225 > "Nz an
z i=1 i

where ny represents the number of different accessories in the facility, N;
is the quantity of units for a considered element and K; is the loss co-
efficient for fitting i, whose values are described and tabulated in the
literature. Due to their complex geometry and features, turbine flow
meters and check valves do not follow Eq. (10). The pressure loss in
these elements is represented by Eq. (12), as specified by the
manufacturers:

Journal of Energy Storage 152 (2026) 120760

Q\~
AP, “flowmeter,check valve — (a) (12)
where ¢; and ¢, are constants obtained from the datasheet curves. In this
case, the flow rate must be expressed in I-min~" and the pressure drop in
bar, for both the flowmeters and check valves, respectively.

Stack losses: This group gathers contributions from the device inlet
and outlet, manifolds, flow frame channels and electrodes. A significant
part of the total pressure drop in stacks takes place at the electrodes, due
to their morphology and porous nature [21,26,27]. The pressure loss in a
porous medium is given by Darcy's law, which, for a rectangular elec-
trode, can be expressed by:

uL.Q

2 13
K te We Ncells

AP, electrode —

where L, t,, w, are the electrode length, thickness and width after being
compressed to enhance the electrochemical performance. N is the
number of cells of the stack, as the electrolyte flow rate Q is distributed
among all cells, which are hydraulically connected in parallel. Finally, «
is the permeability of the electrode, expressed in m?, which quantifies
the resistance of the porous medium to fluid flow.

Given the battery dimensions and internal configuration, the model
considers manifolds as equivalent straight pipes. Thus, the pressure
losses across them are calculated using Eq. (5). The reactor inlet and
outlet zones correspond to an abrupt cross-section expansion and
contraction, respectively. Therefore, these losses are determined using
the Eq. (10) with the loss coefficients defined by Eqgs. (14) and (15) [28].

a\*]’
Kitack inter = |:1 - (E) :| 14)

d 2
Kitack outter = 0,42 |:1 - (B) :l (15)

where d and D represent the smaller and larger inner diameters in the
sudden cross-section change, respectively.

Unlike other contributions, the pressure drop within the flow frame
channels is difficult to determine via standard analytical correlations
due to their complex internal geometries. Based on the authors' exper-
imental characterization and supported by similar trends reported in the
literature [29], these losses are significantly lower than those origi-
nating in the porous electrodes and follow a parabolic relationship with
the flow rate. These losses are modeled using Eq. (16), with a dimen-
sional head loss coefficient (K') of 31.5-10'? Pa-(m®s 1) 2. In summary,
the total pressure losses for each electrolyte are calculated as the sum of
contributions from elevation, friction, minor, flow meter, check valve
(applicable to one circuit only) and stack losses.

APframe = KQZ (16)

The pump output is incorporated into the model as a second-order
polynomial with an appropriate fit. The curve provided by the manu-
facturer is given at 50 Hz. However, during the experiments, the flow-
rate of the electrolytes was controlled by varying the pump frequency.
Using dimensional analysis, it is possible to predict the head delivered
by a pump at a variable impeller rotation speed by:

2
hpump =my (ﬁ) +m <£> Q+ TnZQ2 (17)
@o @o

Here, w, is the nominal frequency (50 Hz),  is the operating fre-
quency and my, m; and m, are the pump curve coefficients obtained at
the mentioned nominal frequency.

The physical properties of the electrolytes are determined through
the experimental measurements. Therefore, for given operating condi-
tions (i.e., pump frequency, electrolyte temperature and SOC), the
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developed model can estimate the circulating flow rate of each elec-
trolyte independently, and decompose the various pressure drop con-
tributions, thereby providing insight into the hydraulic resistance of
each section of the piping network. The qualitative model structure is
shown in Fig. 4.

4. Results

The detailed characterization of each electrolyte density and vis-
cosity, along with their observed dependence on temperature and SOC,
is paramount for a comprehensive understanding of the fluid dynamics
performance of VRFBs. These physical properties directly govern the
hydraulic behavior, affecting the total pressure losses. Accurate
knowledge of these variations is essential for the precise modeling of
flow rates and pressure drops, which are crucial for maintaining
adequate electrolyte circulation and preventing mass transport limita-
tions within the stack.

4.1. Density characterization

The visualization of density measurements for the positive and
negative electrolytes, along with their corresponding contour plots, are
presented in Fig. 5.

Both fluids exhibit values within a similar range, with density
decreasing almost linearly as temperature increases, as stated in the
literature [14]. However, it was found that the dependence of density on
SOC differs between the negative and positive electrolytes. For a fixed
temperature, the posolyte exhibits nearly constant density across the
entire SOC range. On the contrary, for the negolyte the density decreases
as the battery charges, as confirmed by the different slopes of the iso-
density lines shown in the contour plots. At low SOC values, the negolyte
exhibits a slightly higher density than the posolyte up to approximately
SOC = 0.2. Beyond this point, the density gap between the two solutions
widens with increasing SOC values.

The surfaces represented in Fig. 5 were fitted as functions of fluid
temperature and SOC using polynomial equations, as described by:

pr(SOC, T) = ago + @10-SOC + ap; T + a11-SOC-T + az-SOC* + apy-T?
18)

where p is expressed in g~cm’3, T in °C, and SOC is dimensionless,
ranging from O to 1. Subscript “k” denotes the electrolytes, with “n”
standing for negative and “p” for positive. This notation will be main-
tained consistently throughout the whole text. The regression co-
efficients for the positive and negative electrolyte correlations are listed
in Table 2.

While these differences may not be remarkable, they contribute to
hydraulic variations, as density is proportional to pressure losses in pipes
(Eq. (5)) and fittings (general minor losses, Eq. (10)), thereby influ-
encing the actual electrolyte flow rate. Additionally, density also
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influences species diffusion and heat transfer processes [30].

4.2. Viscosity characterization

Maintaining the structure of the preceding section, the results of the
dynamic viscosity measurements are presented in Fig. 6. During the
experiments, the typical Arrhenius-exponential decrease of viscosity
with increasing temperature was observed in all electrolyte samples. In
general, the negative electrolyte exhibits higher viscosity values than
the positive one. Regarding the SOC dependence, both fluids present a
decreasing parabolic trend with increasing charge but the posolyte
shows less dependence on this variable, with comparatively smaller
variations than the negolyte. This is evident from the contour plots
where, despite both fluids showing isoviscosity lines with a similar
trend, their curvature is more pronounced for the negative electrolyte.
The biggest viscosity gap between the two electrolytes occurs at SOC =
0, whereas as the charge increases the viscosity surfaces converge,
yielding nearly equal values at SOC = 1.

Similar to the density analysis, the viscosity measurements were
fitted with a polynomial using the SOC and electrolyte temperature as
variables by:

U (SOC, T) = bgo + b19-SOC + boy1 - T + by1-SOC-T + byy-SOC? + by, - T
19)

where y is expressed in centipoise (cP), where 1 ¢P =10 3 kg-m *.s7, T
in °C, and SOC is dimensionless, ranging from 0 to 1. The regression
coefficients for these equations are listed in Table 3.

In general, the dynamic viscosity of a fluid has a large influence on
both laminar and turbulent pressure losses in pipes, since both are
functions of the Reynolds number, with laminar losses being directly
proportional to u. Viscosity also impacts on the convective heat transfer
(via the Prandtl number) and diffusion coefficients (via the Einstein-
Stokes equation) [31].

The observed differences between our density and viscosity values
and those reported by other authors can be primarily attributed to
variations in electrolyte composition (vanadium and sulfate concentra-
tion, as well as additional additives). Our measurements show good
agreement with the comprehensive study by Prieto-Diaz et al. [16],
whose electrolyte composition falls within our studied range. Specif-
ically, both studies report density values of approximately 1.35 g-cm™>
for the negative and positive electrolytes, with a greater influence of
SOC variation observed for the negolyte. Furthermore, the characteristic
trend of the negative electrolyte exhibiting a stronger SOC dependence
for density and viscosity is consistent across both studies. Numerically,
the results are highly similar, with deviation below 10%, confirming the
general validity of our measurements despite minor compositional
differences.

The influence of operational variables on viscosity trends is further
supported by the work of Xiao et al. [32], who used a 1.5 M vanadium,

Facility piping Facility losses

curve
i Circulating flowrate
Electrolyte pressure losses:
Iterative - Elevation losses
solver - Friction losses

- Stack losses

T - Minor losses
(Electrodes losses)

Pump output
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Fig. 4. Hydraulic model flowchart of the experimental facility.
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Fig. 5. Results of density measurements. The green surface represents the negative electrolyte, while the blue one corresponds to the positive electrolyte. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Regression coefficients for the electrolyte density correlations (Eq. (18)).
Coefficient Pn P Unit R?
a0 1.364-10° 1.361-10° g-cm™> R2 = 0.989
ao ~2.489-102 -1.3821073 g-em > R2 = 0.988
ag —5.441.10* -5.687-10* g-em3°C7!
an —2.620-107° ~7.699-10~° g-cm3°C7!
az 3.614-107° 2.557.107% g-em ™3
ag -1.939:10°° -1.794.10°° g-cm 320G 72

3.875 M sulfates solution. Our measurements (Fig. 6) exhibit the same
key behaviors reported in their study: for both electrolytes, viscosity
decreases with increasing temperature, and the discharged state exhibits
higher viscosity than the charged one. Notably, the negative electrolyte
consistently shows a larger viscosity difference between the charged and
discharged states compared to the positive electrolyte.

This variability is further corroborated by other studies, including
those by Lawton et al. and Zhao et al. [33,34], which reported that
viscosity and density increase with increasing sulfuric acid concentra-
tion. Similarly, Oriji et al. [35] demonstrated a quasi-exponential in-
crease in the electrolyte viscosity as the sulfuric acid concentration rises.
These findings highlight that even minor compositional deviations can
lead to significant differences in physical properties, making rigorous
direct numerical comparison across the different studies challenging.

Consequently, this discussion underscores the necessity of measuring
the physical properties for the specific electrolyte composition used in
this study and emphasizes the importance of the data presented.

4.3. VRFB experiments

Given the results from the physical properties, particularly the
observed viscosity variation, a noticeable change in flow rates during
the battery operation could be expected. The electrolyte flow rates
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Fig. 6. Viscosity measurements results. Green surface: negative electrolyte, blue one: positive electrolyte. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Table 3

Regression coefficients for the electrolyte viscosity correlations (Eq. (19)).
Coefficient Hn Hp Unit R?
boo 1.261-10" 9.566-10° cP RZ=0.986
bio -5.372:10"" —4.446-10" cP R3 = 0.992
bo -3.088:107! —2.124.1071 cp-oc!
b1y 4.312.102 1.873-1072 cpoc!
b2o —-2.646-10° —-8.839-1071 cP
boa 2.573.10% 1.561:1073 cp-°C™2

monitored in the experiments described in Section 3.5 (Table 1) are
plotted in Fig. 7 (left). Furthermore, the stack voltage recorded during
Experiment 1 is shown together with the evolution of the flow rates in
Fig. 7 (right). The time-flow rate, voltage and current profiles for Ex-
periments 1 to 4 are provided in the Supplementary material
(Figs. S2-S5).

The experimental results confirm that the electrolyte flow rate is a

critical operational parameter. As shown in Table S3 (Supplementary
material), a notable decrease in the total experiment duration was
observed as circulating flow rates were progressively reduced, dropping
from 17.57 h in Experiment 1 to 14.83 h in Experiment 4. This 15.6%
reduction in operating time is primarily attributed to increased mass
transport polarization at lower flow rates, which forces the system to
reach the voltage cut-off limits earlier. Since the electrolyte flow rate
governs the transport of active species to the electrode surface, an
insufficient flow for a given current density leads to local reactant
depletion. This not only results in poor electrochemical performance but
also promotes secondary reactions, such as Hy/O; evolution, which can
cause irreversible damage to stack components (e.g., bipolar plates and
electrodes) through carbon oxidation and mechanical degradation.
Consequently, the energy efficiencies significantly decreased as the flow
rates were reduced (from 73.9% to 67.5% in the studied range). These
efficiencies were calculated for each charge-discharge cycle according to
Eq. (20):
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Fig. 7. Left: Electrolyte flow rates during the VRFB experiments. Right: Electrolyte Flow rates and battery potential during Experiment 1.
& dis
Wd Table 5
t Flow rate behavior of the electrolytes in VRFB experiments.
to,dis
Nenergy = 0‘: (20) Test  Fluid Initial Max. flow  Temperature  Average charge-
e . flow rate rate [°C] discharge flow
W dt [l-min~1] [l-min~'] rate difference
[lmin~"]
toch
1 Posolyte 0.92 1.33 33.6 0.04
where W represents the electric power, and t denotes time. Subscripts ) Iljegollyte g-gs 1?‘1‘ 22(1] g-ii
« pr PR o 6 Jic” PRy osolyte . . . .
.0 .and f’ refer to beginning and end of the test, w}.nl.e dzs and “ch Negolyte 0.7 128 323 018
indicate discharge and charge processes. Energy efficiencies for each 3 Posolyte  0.60 0.85 30.1 0.02
cycle and tests are shown in Table 4. The decrease in average energy Negolyte  0.59 0.98 29.2 0.15
efficiency is noteworthy, becoming more pronounced with each suc- 4 Posolyte  0.45 0.63 28.0 0.02
Negolyte  0.43 0.72 27.7 0.12

cessive experiment. Furthermore, the accumulated electric charge (ca-
pacity utilization) followed a similar trend (see Table S4 in
Supplementary material). The charge capacity decreased from 158.4 A-h
to 115.4 A-h, while the discharge capacity fell from 151.0 A-h to 111.4
A-h. These quantitative findings underscore that optimizing the flow
rate is not merely a hydraulic concern but a fundamental requirement
for maximizing the electrochemical energy density of the VRFB.

As illustrated in Fig. 7, each electrolyte presents different fluid dy-
namics behavior. Both exhibit an increase in flow rate during charging,
reaching a local maximum at the end of the charge, followed by a
decrease during discharge cycles, arriving at a local minimum when the
discharge finishes. For each experiment, the electrolyte flow rates were
initially set to be the same, and subsequently demonstrated a clear
evolution during cycling, far from remaining constant, independently of
the initial flow rate level. However, these flow rate differences are
significantly more pronounced in the negolyte. This result agrees with
observations from the viscosity characterization, where SOC variations
induced greater viscosity changes in the negative electrolyte compared
to the positive one. Table 5 gathers relevant values regarding these ex-
periments, to quantitatively illustrate the non-negligible nature of these
results.

Table 4
Energy efficiency of charge/discharge cycles.

Energy efficiency [%]

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle5  Average
Experiment 1 72.0 75.6 75.9 71.0 75.1 73.9
Experiment 2 70.8 74.6 75.0 69.5 74.3 72.8
Experiment 3  66.6 73.0 73.2 67.0 72.6 70.5
Experiment 4  64.6 69.3 70.4 64.8 68.4 67.5

10

In addition to electrolytes composition evolution, temperature vari-
ation also influences fluid viscosity, and consequently their flow rates.
Fig. 8 (left) shows the temperature profiles of the negolyte and the
posolyte during Experiment 1, i.e., the experiment with the highest flow
rates. As can be observed, the temperature increases notably during the
initial charging cycle. From that point on, the temperature oscillates
within a bounded range of around 4 °C for the rest of the experiment. In
the discharging cycles, the electrolytes heat up, while their temperature
decreases in the charging ones. This result can be expected, since the
VRFB charging and discharging reactions are endothermic and
exothermic, respectively [36,37].

To investigate the individual contributions of temperature and SOC
to flow rate variation, a sensitive analysis was performed using a relative
influence factor. A detailed description of the methodology and the re-
sults are provided in the Supplementary material. The analysis showed
that the relative influence strongly depends on the operating point (T,
SOC) and differs significantly between electrolytes. For both fluids,
temperature has a dominant effect at low values (T < 27 °C). However,
as temperature increases, the negative electrolyte exhibits significant
regions where SOC predominates, whereas the positive electrolyte
maintains temperature as the dominant factor across nearly its entire
operational range.

To evaluate the contribution of the electric current to the tempera-
ture profile due to the Joule-Thomson effect, two additional experiments
were performed, termed “Circulation tests 1 and 4”. These experiments
involved operating the pumps at the same frequencies of the previous
Experiments 1 and 4 but without electrical operation of the battery,
simultaneously monitoring the electrolyte temperature. The resulting
profiles differ significantly to the temperature evolution in the charging-
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discharging cycles. Circulation tests exhibit an asymptotic temperature
growth until they reach a nearly constant value. When comparing the
two Circulation tests, as depicted in Fig. 8 (right), there is a temperature
gap of about 6 °C between the final values. The asymptotic temperature
is higher in the experiment with greater flow rate, this being expected
since the increase in the circulation rate leads to higher friction and
consequently greater fluid heating.

During the initial charging phase, two opposing phenomena occur
within the electrolyte. On the one hand, the fluid is initially heated as a
result of its circulation through the hydraulic system and, besides, some
heat is absorbed by the charging chemical reactions. A disparity exists
between these contributions, as a portion of friction-generated heat is
consumed by the reacting active species. As a result, the electrolyte
temperature increases during this initial charge cycle, unlike what
happens in the subsequent charging cycles where it decreases. However,
the fluids heat up at a slower rate and exhibit lower temperatures than
the observed in the circulation test as shown in Fig. 8 (left), which is
noteworthy.

The observed dynamic evolution of electrolyte flow rates throughout
charge and discharge cycles, fundamentally driven by the inherent
dependence of electrolyte density and viscosity on both temperature and
SOC, underscores the intricate hydraulic behavior within the VRFB. This
complex interaction needs careful analysis of the electrochemical per-
formance and provides a crucial foundation for understanding the sys-
tem operational conditions.

4.4. Hydraulic model validation

Based on the insights of the electrolyte fluid dynamics, this section
details the validation of the hydraulic model designed to predict and
optimize these complex phenomena. The accurate prediction and con-
trol of the electrolyte flow are paramount for maximizing overall battery
performance and global energy efficiency. Electrolyte flow rates below
the optimal can critically limit the efficient transport of active species to
the reaction sites and significantly contribute to parasitic energy con-
sumption. Conversely, an optimized flow, estimated by a robust hy-
draulic model, ensures the efficient reactant delivery while minimizing
ancillary power consumption, thereby enhancing the battery net energy
output and overall operational stability.

Valuable information was obtained from the VRFB experiments (e.g.,
flow rates, electrolyte temperature and composition), and subsequently
used to validate the computer code. Initially, it was assessed by using the
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average electrode permeability determined at the test facility, through a
series of flow rate-differential pressure measurements between the stack
inlet and outlet for each circuit independently. To obtain these perme-
ability values, it was initially assumed that the pressure drop imposed by
the electrodes constituted the major contribution in the stack, neglecting
the other ones like flow frames and manifolds. This assumption seems
reasonable, as the relationship between the measured pressure differ-
ences and flow rates was virtually linear, corroborating the minor in-
fluence of the other pressure drop sources, since they all scale
quadratically with this variable. However, the permeability values were
further recalculated through an iterative process to improve the accu-
racy of the computational model.

The average permeability obtained for the positive and negative
electrolytes were x, = 7.25.10""! m? and «, = 6.96:10"!! m?, respec-
tively. These values and all other relevant geometric data of the test
facility were introduced into the model, which was computed for the
experimental points listed in Table S2 of the Supplementary material. To
evaluate how well the flow rate of both posolyte and negolyte estimated
by the model fits the experimental data, root mean squared error
(Qrumsg) was calculated as:

18
QRMSEk = \/Tl Z (Qmodel.i - Qexpen‘ment,i)2 (21)
i=1

where subscript k means posolyte (p) or negolyte (n). Using this model
configuration, Qrmsgp = 2.81:102 I-min~! and Qgrumsgn = 8.78-1072
l-min~! were obtained. The flow rate values calculated by this model
and the absolute value of the relative error of each data point are shown
in Fig. 9, labeled as “Approach 1”. As expected, and in good agreement
with existing literature, a significant percentage of pressure losses occurs
within the porous electrodes, according to the model. For the experi-
mental data considered, this analysis indicates that an average of 90.6%
and 90.3% of the total pressure losses in the positive and negative cir-
cuits, respectively, occur in the stack, while the electrodes account for
73.0% and 74.6% of the stack positive and negative pressure drop,
respectively.

To evaluate the achievable precision of the low-cost computational
model, the permeability values that minimize the root mean square error
of the flow rate (Qgrmsg) were determined. These results were labeled as
“Approach 2” and compared with the original estimates. The optimi-
zation was performed independently for the positive and negative sides
using an exhaustive search technique over a bounded range (from
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Fig. 9. Results obtained from numerical simulations of the hydraulic model. The top panel displays the measured vs. calculated flow rate (left) and the absolute
relative error (right) for the positive electrolyte. The bottom panel presents the corresponding flow rate and absolute relative error for the negative electrolyte.

6:107'! m? to 1.107'° m?) with a fixed permeability increment of
1-107® m? per iteration. The search terminated upon reaching the
upper limit of the range. The optimized permeability values were then
selected as those yielding the minimum global Qgysg. This procedure
produced new permeability values k,” = 7.05107! and x, =
6.27-10711 m? for the positive and negative sides, respectively.

With these new permeability values, Approach 2 significantly
improved the model's agreement with experimental data, particularly
for the negative circuit, as demonstrated by Qgrpsg values of 2.21.102
l'min~! and 3.42:1072 I-min! for the posolyte and negolyte, respec-
tively. In this simulation, the average stack pressure losses accounted for
90.5% and 91.3% of the total losses in the positive and negative circuits,
respectively, with 74.0% and 77.3% of the stack head losses attributable
to the porous electrodes. The numerical values and errors obtained in
this new calculation are presented in Fig. 9, alongside the results from
the initial approach.

Although an exhaustive characterization of the electrolyte density
and viscosity was previously performed, only a few parameters are
required as inputs to estimate the actual flow rate of each electrolyte due
to the simplicity of this model. Consequently, the error in the calculated
values by the model relative to the measured data remains within a
reasonable limit as expected. Even when the obtained results are very

12

accurate, the current model has certain limitations that need to be
further improved such as the actual pressure drops imposed by the
flowmeters when measuring electrolytes and by the complex flow frame
geometry. Despite these uncertainties, the model yielded relative errors
below 5% with a very low computational cost.

The main sources of error inherent to the model are, primarily: (i)
uncertainties in the experimental measurements used to determine the
physical properties, which propagates directly to the model; (ii) the
assumption of constant electrode permeability, which translates the
uncertainty in the calibrated permeability value into flow rate uncer-
tainty; and (iii) the reliance on the manufacturer's pump curve, whereby
the associated uncertainty introduces a direct error in the predicted flow
rate.

Additional sources of error, such as pressure drop in pipes and fit-
tings, sensor readings, or the geometrical simplifications of the stack
channels, have only a minor impact on the flow rate calculation.
Furthermore, vanadium migration across the membranes (crossover) is
an inherent phenomenon in VRFBs, leading to concentration changes in
the electrolyte and, consequently, variations in their physical properties.
However, Noriega et al. [38] reported that crossover induces less than
0.6% change in volume per day in long duration experiments (several
days). In our study, these effects are considered negligible and do not
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significantly affect the accuracy of the model.

Given these uncertainties and the simplifications, the model perfor-
mance with respect to the operational variables has been analyzed. For
the experimental points considered, the model accuracy is not system-
atically correlated with the values of the measured parameters. This
indicates that prediction errors are primarily influenced by stochastic
uncertainties in the input parameters or by the model simplifications
(systemic and calibration errors), rather than by the temperature and
SOC themselves.

The comprehensive characterization of electrolyte density and vis-
cosity presented in this study, together with the computational model,
provide crucial insights into the dynamic behavior of VRFB hydraulic
systems. These findings are pivotal for optimizing the hydraulic system,
as they enable precise modeling of flow rates and pressure losses as a
function of the SOC and temperature. Optimizing pump operation based
on the variation of the physical properties offers a significant way for
reducing parasitic energy losses, thereby enhancing the overall elec-
trochemical energy efficiency of the battery. This understanding allows
the development of more sophisticated control strategies for the dy-
namic adjust of the pump settings to maintain the optimal flow of
electrolyte, ensuring the efficient transport of active species while
minimizing the power consumption.

5. Conclusions

An experimental study was performed for to characterize in depth
the density and viscosity of vanadium electrolytes across the full SOC
range (from O to 1) and the safe operating temperature range (10 °C to
40 °C). The measurements revealed distinct behaviors for the two
electrolytes: the negative electrolyte (negolyte) showed a stronger
dependence on SOC changes, particularly in terms of viscosity,
compared to the positive electrolyte (posolyte).

Accurate empirical expressions for density and viscosity as a function
of SOC and temperature were derived, providing essential inputs for
modeling. Experiments using a 5-cell VRFB stack demonstrated that
variations in these physical properties produced different flow rate re-
sponses for each electrolyte during charge-discharge cycles, with flow
rates increasing during charging (local maximum) and decreasing dur-
ing discharging (local minimum). Importantly, hydraulic conditions had
a significant impact on energy performance: progressively lower circu-
lating flow rates resulted in shorter overall experiment durations and
reduced the average overall efficiency from 73.9% to 67.5%.

A low-cost numerical model was successfully developed to estimate
the electrolyte flow rates under given operating conditions, achieving
relative errors below 5% compared to experimental measurements. The
model demonstrated that accounting for the evolving physical proper-
ties of the electrolytes is essential for accurate flow rate predictions.
Using the model, it was quantified that approximately 90% of the total
pressure losses occur within the stack, with the electrodes contributing
more than 70% of those losses, highlighting the key target for hydraulic
optimization. Furthermore, a sensitivity analysis showed that the rela-
tive influence of temperature versus SOC on flow rate variations strongly
depends on the operating point and the electrolyte type: the negolyte is
primarily temperature-governed by at low temperature but becomes
SOC-dominated at higher temperature, whereas the posolyte remains
largely temperature-dominated across nearly the entire operational
range.

These results validate the hydraulic model, which, together with the
mathematical correlations for the electrolyte physical properties, con-
stitutes a powerful predictive tool suitable for direct integration into the
Battery Management System (BMS) of practical devices. This work en-
ables a novel approach to VRFB control, shifting from traditional
current-based methods to real-time predictive control grounded on the
actual physical state of the electrolyte (temperature and SOC). Such an
approach facilitates the dynamic optimization of pumping power,
ensuring that the circulating flow rate always exceeds the minimum
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required stoichiometric flow while minimizing the consumption of
ancillary system and maximizing energy efficiency.
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