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ABSTRACT Membraneless micro redox flow batteries are an incipient technology that has been shown to
extend some properties of traditional redox flow batteries. Due to their microfluidic scale and the absence of
membrane, the fluid dynamics operation is critical in the electrical response. In this work, an electrical model
is established to evaluate the influence on three battery performance metrics: steady-state power, power
transient dynamics, and mixing and self-discharge losses. First, an equivalent electrical circuit, derived from
a state-of-the-art regular battery equivalent circuit, is defined by studying the influence of flow changes
on its impedances and source, aggregating it as a variable. Then, empirical data are used to demonstrate
the proposed equations defining the variation of the electrical response relative to fluid dynamics, and
their parameters are identified with grey box methods. The steady-state power model incorporates the
interphase position, extending conventionally used redox flow batteries expressions, such as Faraday ‘s
Law and Nersnt’s equation, for the membraneless analysis. A transient response model is built, which
becomes effectively relevant in intermittent power applications (such as many renewable energy storage
ones). Finally, mixing and self-discharge losses are evaluated with the variation state of charge at the outputs
of the cell, using spectrophotometry measurements, and compared with flowmeter mixing values. This
demonstrates that flow-rate values can provide a precise quantification of these losses. The electrical model
with dependent parameters from the three fluid dynamics analyses can be used to evaluate the performance
of micro membraneless redox flow batteries and their response to fluidic operation.

INDEX TERMS Battery efficiency, electric equivalent model, grey box identification, microfluidics, redox
flow battery.

I. INTRODUCTION

Redox Flow Battery (RFB) is an energy storage technol-
ogy with properties such as long life cycle, low degrada-
tion, excellent scalability, cost-effectiveness, high depth of
discharge, and an architecture with power decoupled from
energy [1], [2]. This characteristic has been exploited since
their early developments in the previous decades [3], [4],
and especially in the current global energy transition sce-
nario, where they are one of the preferred solutions for grid
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integration with intermittent energy sources, such as wind
and solar photovoltaic renewable sources [5], [6]. Several
different chemistries exist for RFB electrolytes, but Vana-
dium Redox Flow Batteries (VRFB) have proven to be the
most mature technology in terms of industrialization and
commercial applications [7].

Advances in microfabrication, together with the grow-
ing interest in microfluidics, have enabled the design of
micro-scale redox flow reactors [1], [8]. The most defining
feature of these solutions is the absence of a membrane, made
possible by passing the electrolytes through the reactors in
a laminar regime [9], [10], which prevents the flows from
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mixing and creates an interphase between the two species that
minimizes the advective mixing. Some of these remarkable
works are described in [11], [12], [13], [14], and [15]. These
membraneless reactors can improve some of the character-
istics of conventional RFB by operating with lower internal
ohmic resistance and using a cheaper and simpler manufac-
turing method [16].

Several works have addressed the electric characteri-
zation of conventional redox flow batteries by propos-
ing different equivalent electrical circuits that match the
RFB responses to electrochemical impedance spectrome-
try [17], [18], [19], [20], [21]. These equivalent circuits
consist of a source and a combination of impedances of
different types and in different configurations. The values of
the circuit elements depend on fixed structural parameters
(electrode capacity and resistance, internal resistance, etc.),
and others may also vary with operational variables such as
state of charge (SOC) [19], pumping power, or flowrate [18].
Some works on equivalent electric circuits have used frac-
tional order models for other types of batteries and super-
capacitors [22], [23], which allow a more versatile structure
to better reproduce the real behaviour of physical systems,
using non-integer order derivatives together with traditional
resistors, capacitors, and inductors. This methodology has not
been applied to the equivalent circuits of redox flow batteries.
Specific equivalent circuits for microfluidic membraneless
RFB cannot be found in the literature, as their electrical
dynamic response has not yet been studied in depth for grid
integration.

Analysis, simulation, and mathematical modelling have
been an important field of research for conventional RFB.
Multi-physics and multiscale models cover areas such as elec-
trochemical reactions [24], flow rate optimization [25], [26],
state of charge [27], [28], open circuit voltage [29], as well as
thermal effects [19]. These models range from pure analyt-
ical approaches such as [24], to parameters estimation with
techniques such as extended Kalman filter [30], or more
recently to the use of machine learning structures such as
deep neuronal networks [31]. Likewise, for membraneless
microfluidic reactor designs there has been an important
effort to model their behaviour, not only with the aim of
using them in these micro reactors, but also to extrapolate the
knowledge from a more controlled and reduced experimental
framework to the conventional batteries. This is especially
notable in the study of mass transfer [32], [33] and diffusive
mixing and self-discharge reactions [34]. The effects of chan-
nel and the electrode geometrical configurations have also
been analysed [35].

In this work, the influence of the fluid dynamics of a
membraneless microfluidic redox flow battery on its elec-
trical response is studied. It is intended to demonstrate the
critical need for optimal fluid operation and characterize the
electrical performance by modelling the steady-state power
value, the dynamics for transient power response, and quan-
tifying the mixing and self-discharge losses. This can be used
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to obtain battery efficiency metrics with parameters that are
not linked to the fluid dynamics in previous state-of-the-art
models.

Furthermore, it is noted that previous designs [11],
[12], [13], [14], [15] show the need of a deeper analysis of
the influence of flow control due to their known suboptimal
operating conditions: use of syringe pumps that may intro-
duce pulsations, not considering possible manufacturing dis-
turbances or any change in fluid properties. Different designs
have been compared [36], but how operating conditions of
the same design influence the electrical response has not been
modelled.

As for the steady-state power, the conventional analysis
consisted of using Faraday’s law as the expression defining
the electrical power associated with certain reactor electrolyte
flows [37]. However, in this work, it is proven that the rela-
tionship of steady-state power to the net renovation flow in
the reactor is incomplete for the membraneless case. Exper-
imental data are used to compare the two proposed models,
one that only depends on the net renovation of the species
in the reactor (as indicated by the flow term in Faraday’s
law), and another that adds the interphase position correc-
tion. Both models are identified with grey box modelling
techniques [38]. A model for the transient dynamic power
response is proposed using a similar methodology, with its
parameters identified and validated using experimental data.

Mixing and self-discharge losses are critical for reactors
in which there is no separating membrane to prevent them.
Therefore, they have been carefully studied in works consid-
ering mass transfer and diffusive mixing [32], [34]. In this
work, the objective is limited to obtaining a model that
correlates flow measurements with the change in electrolyte
species concentration (state of charge), using spectrophotom-
etry techniques as in other works [39], [40]. This correlation
then can be incorporated into the fluid dynamics analysis of
battery electric performance.

Hence, the contribution of this work to membraneless
redox flow batteries is to present for the first time an equiva-
lent electric circuit model for this type of batteries by adapting
models of regular ones. The other main contribution is to
study empirically the influence of fluid dynamics on this
circuit. Electrochemical impedance spectrometry is used to
identify which elements of the novel equivalent circuit vary
with fluid dynamics. Empirical power experiments show the
influence of the position of the liquid interphase on the avail-
able power beyond the conventional Faraday’s law analysis
for steady state response. Dynamic response is also mod-
elled from experimental data. Spectrophotometry measure-
ments correlate state-of-charge changes due to mixing and
self-discharge with the working flows. It is demonstrated how
critical fluid operation is and how this model can be used in
optimizing battery performance.

This paper is organized as follows. Section II details
membraneless micro redox flow batteries, the cell and com-
plete system used in this work, and the equivalent electrical
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circuit employed. Section III describes the models for the
influence of fluid dynamics on the electrical power, both
steady-state value and transient response dynamics, and the
methodology for identifying the parameters of the proposed
grey box model equations. Section IV explains how mixing
and self-discharge losses are modelled from experimental
data, correlating flowmeter and spectrophotometry data. The
results of the identification of the proposed models, validation
with real data, and comparison among different hypothetical
operating conditions are discussed in Section V. Finally,
conclusions are detailed in Section VI.

Il. MICRO REDOX FLOW BATTERY

Membraneless microfluidic redox flow batteries share the
same basic structure as conventional ones. They consist
of two liquid electrolytes flowing from two separate tanks
through a reactor where electrochemical charge or discharge
reactions take place, and back to their respective tank. In these
tanks, electrochemical energy is stored as a difference in
the redox potential of the species present in each of the
electrolytes. Therefore, battery capacity is proportional to the
volume of electrolytes in these tanks, while battery power
depends on reactor design (internal single cell design, elec-
trode active area, number of cells, etc.) and the number of
these reactors (more than one may be used for a battery
system) [1]. Their architecture scheme is shown in Fig. 1.

< Negative Tank |
Pump 1: Negative Valve 1: Negative
Electrolyte Inlet Ql Q3 Electrolyte Outlet
——
= Reaction
Cell

Electric contact -

Qout=Q3-Q4

Electric contact +

Pump 2: Positive Q2
Electrolyte Inlet

Valve 2: Positive
Electrolyte Outlet

== S
" ]

A

Positive Tank g

FIGURE 1. System scheme, with reaction cell, tanks, pumps connected to
the inlets of the cell, valves at the outlets, and flowmeters and arrows
signalling negative and positive electrolyte flows (Q1 to Q4).

The differences between conventional and micro concepts
become more significant in the fluid system that pumps
and controls the electrolytes and in the reactor design.
For the fluid system, the micro membraneless designs use
microfluidic technology and instrumentation, which means
that pumps, valves, and all the possible actuators required,
as well as sensors, tubing, and piping are built to operate in the
microliters per minute range or less, with a Reynolds number
below 1000 that can guarantee laminar flow regime.

The reactor design consists of two symmetrical halves in
which each electrolyte flows in contact with an electrode
that drives the reaction energy to the external electric circuit
during discharge operation, or vice versa when charging.
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Conventional batteries use a selective ion-exchange mem-
brane that keeps the two electrolytes physically separated,
but ionically connected, so that protons can be exchanged
across them. The absence of this element in micro designs
determines the entire reactor design, since the flows through
the reactor need to be in contact at a controlled interphase that
keeps electrolytes separated. The internal ohmic resistance
can be reduced with this configuration. In terms of cost, it also
benefits from savings in membrane costs, both in terms of
material and replacement of this element [41]. This, coupled
with rapid fabrication and on-chip integration capability, can
lead to a more cost-effective solution [12]. However, these
designs have presented drawbacks for their industrialization,
as it becomes challenging to ensure the correct distribution
of reactants as the number of cells increases [8]. Applica-
tions that benefit from their higher surface to volume ratio
in micro solutions, as well as the general characteristics of
conventional RFB, need to scale up several cells in a stack to
achieve higher power configurations.

In this work, the reactor design is a Y-junction cell based
on the one presented in [42], which is a continuation of the
work done in [14] and [15]. Further details on the fabrication
of the device can be found in this literature, although the
main structure is presented below. The reactor consists of
three parts: microfluidic channel structure, electrodes, and
glass substrate. The microfluidic channels are made of poly-
dimethylsiloxane (PDMS), which by soft lithography repli-
cates the channels of a plastic template (fabricated with the
Asiga Max UV photolithography 3D printer). This PDMS
structure has four holes to place tubing for the two inlets
and two outlets. It also has two channels to place electrodes,
which are made of carbon paper (Toray TP-090-TS5). The
dimensions of the electrode are 10 mm long, 1 mm wide,
and 0.28 mm thick. They are spaced 0.75 mm apart. Finally,
the PDMS microchannels with the electrodes placed in their
respective channels are bonded to the glass (regular micro-
scope glass slide) by applying a vacuum plasma treatment
(using Harrick Plasma cleaner PDC-32G-2) to both surfaces.
This seals the microfluidic cell. A scheme of the cell and an
actual image of the cell are shown in Fig. 2.

FIGURE 2. (Left) Schematic of the reaction cell with electrolytes
interphase (diffusion is not depicted) (Right) Actual cell during operation.

The electrolytes are vanadium redox couples, commonly
denominated as V(II)/V(III) and V(IV)/V (V). The anodic and
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cathodic reactions for them, described in [43], are:
V3t pem o v EY = —0.496V vs SCE
()
VO, +2H e™ < VO** +H,0 E° = —0.750V vs SCE
(2)

The system architecture also includes pumps at the inlets,
propelling each electrolyte from its respective tank to the cell.
These micropumps (Bartels-mikrotechnik Mp6-liq) operate
on a peristaltic principle, with two chambers deflecting a
membrane by the force of a piezoelectric. The high frequency
pulses and small displacement of the piezoelectric generate a
differential pressure that produces an effective flow. By modi-
fying the frequency and voltage of the electrical wave applied
to the piezoelectric, the flow rate can be regulated. These
flow rates at the inlets, as well as that of the cell out-
lets, are measured with microfluidic flowmeters (Sensirion
SLI-1000) to give feedback to the actuators and close the reg-
ulation loops. The electrolyte flow on the negative inlet side
is denoted Q1, the electrolyte flow on the positive inlet side
is O», and the difference between the flows on the negative
(0Q3), and positive (Q4) sides at the outlets is denominated
Qour- The outlet flows are regulated by pneumatic valves
that narrow their internal channel proportionally to the air
pressure applied to them. These valves are manufactured in an
original design using 3D printing methods. The use of all the
described instrumentation allows a continuous recirculation
operation of the electrolytes. The actual system used is shown
in Fig. 3.

CONTROL
BOARD

VALVE —f

REACTION
CELL

AIR COMP. &

FIGURE 3. Actual photo of the system, with reaction cell and its electrical
contacts; and the negative and positive parts, each with tank, pump,
valve, flowmeters, micro air compressor, and control board.

A. ELECTRICAL EQUIVALENT CIRCUIT MODEL STRUCTURE
In this section, a proposed electrical equivalent circuit [20] of
a conventional RFB is adapted and used as an approximation
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for the microfluidic membraneless case. This circuit consists
of a structure that is repeated for each cell of a conventional
battery stack, so only one of these structures is used as shown
in Fig. 4. for the micro-cell.

Ro I

MV R

Je :

Ey(flow, SOC, s) = Ey(flow, SOC) - D,(s)

W~

L O+

O -

FIGURE 4. Equivalent electrical circuit of the membraneless micro redox
flow battery based on the conventional model.

The circuit integrates a voltage source that models the ideal
electromotive force of the battery, Es, an ohmic resistance Ry
corresponding to the internal ohmic losses of the electrodes,
electrolytes, and all electrical contacts (not the membrane in
this case), and a parallel resistance-capacitance pair, in which
the resistance R,; models the concentration and activation
overpotentials, and the capacitance Cy; takes into account the
electrical double layers at the contacts between the porous
electrodes and the liquid electrolytes. The voltage at V. cor-
responds to the accessible output of the cell. This is a simple
model which, like other works in the literature [20], does
not reflect shunt currents and the output power is consid-
ered before auxiliary power consumption (pumping system).
In addition, mass transfer diffusion is excluded, which is
usually modelled with a Warburg impedance. Electromotive
force Ej is separated in the steady-state value E,, and the
time-dependent dynamic transfer function D,.

The operating conditions have an impact in the parameters
of the circuit. Temperature affects the voltage source Ej.
State of charge and concentration again influence the voltage
source and the resistance R, and capacitance Cy. These
variables modify the voltage source, which in open circuit is
set by the Nernst “s equation (here in its simplified form [19]):

2RT SocC
Eocy = E° l , 3
ocv t= n(l—SOC) 3

where E? is the standard reduction potential for the given
electrode, R is the universal gas constant (8.314 Jmol ~'K~1),
T the temperature in Kelvin, F the Faraday constant
(96487Cmol~"), and SOC the state of charge of the battery
which varies from 0 to 1.

The state of charge of a battery is usually defined [44]
as the stored capacity (Qgoreq) Over the total theoretical

capacity (Qrotal):

Qstored

SOC = “

total
In practice, it can be calculated in the negative electrolyte
(SOC-) as the concentration of the most negative vanadium
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oxidation state (Cy,,) over the total concentration of all vana-
dium species (Cii—) in this negative electrolyte; or equiva-
lently in the positive tank (SOC.) as the concentration of
the most positive vanadium oxidation state (Cpos) over the
concentration of all vanadium species (Cio+) in the positive
electrolyte:

SOC_ = %, (5)
Cror—
C

soC, = = (6)
Ct0t+

In an ideal device with membrane these two equations should
express the same SOC: only protons are exchanged across
the membrane, so that concentrations vary at the same rate
for both electrolytes. However, in real operation there are
imbalances that are more pronounced in the membraneless
case. This imbalance makes it useful to consider both SOC
calculations in order to use the more limiting one.

In the following section, the influence of fluid dynamics
on the different circuit elements is studied in order to deter-
mine how best to incorporate these effects into the equivalent
model structure.

B. FLUID DYNAMIC INFLUENCE ON ELECTRICAL
EQUIVALENT CIRCUIT

In order to study the fluid dynamics isolated from other
operating conditions, the temperature is considered constant,
and all experiments are performed in a controlled room tem-
perature of 25 °C. The state of charge is also considered
constant, working at an open circuit voltage of 1.42 V in all
experiments.

Electrochemical Impedance Spectroscopy (EIS) makes
it possible to identify the values of electrical elements
of an equivalent circuit model by measuring the electri-
cal impedance response of a circuit for different excitation
frequencies. The measurements are usually presented on a
Nyquist plot showing the real and imaginary part, and then
the parameters of the selected equivalent electrical circuit are
identified to fit this curve.

In this section, this method is used to see the changes in
the circuit elements that modulate the impedance response,
i.e. Ry, Ry, and Cy. The EIS experiment is repeated with
several different flow configurations to compare their Nyquist
responses in 15 excitation frequencies in the range of 20 kHz
to 1 Hz. This minimum frequency is not set below because
diffusion effects start to become relevant, and therefore EIS
measurements are not reliable for a reactor with flow through
it, as noise starts to be present in the measurement. The
frequency dependence of EIS measurement accuracy has
been reported in previous work [45]. Furthermore, other
works with microfluidic redox reactors use similar frequency
ranges [15]. The flow configurations and their EIS response
are shown in Fig. 5, where it can be observed how for the
lower frequencies (final values at the right of the graph)
some noisy values are present even before going below 1 Hz.
Note that changes in these equivalent electrical elements
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EIS at different flow configurations
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FIGURE 5. Nyquist plot of EIS experiments at different flow
configurations.

due to flow configurations would be expected to modify the
impedance response at different frequencies, and thus distort
the entire EIS curve.

When comparing the data obtained at different flow config-
urations, it is observed that impedance response is very sim-
ilar in all cases. This means that the fluid dynamics does not
significantly affect the impedance parameters of the circuit.

However, in real operation, changes in the configuration of
flow values and fluid dynamics are observed. This is shown in
Fig. 6 where a constant voltage discharge is performed. In this
experiment, all operation conditions are constant except the
flow values. It is known that the state of charge of the elec-
trolytes is the same for all the experiments as the electrolytes
are not recirculated to the tanks at the cell outlets, so the
volume in the tanks is not renewed.

Experiment 1

800

110
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E
[}
— o
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£ o
= >
2 S
5 Bl
[
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- O
© >
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e} [=}
é ©
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- !‘ o
2 iH Flow Q1 (6]

3 i
i = = =Flow Q2 o
400 0 e Flow QOut 7 ®
Discharge Current é
2

600 . I . . L . I . . I 65
0 50 100 150 200 250 300 350 400 450 500
Time (s)

FIGURE 6. Constant voltage discharge experiment, with different flow
configurations represented on the left axis by the three flows, and the
maximum electric current on the right axis.

In this experiment, it becomes evident that the flow
changes influence the electrical response of the cell. The
dynamics of this experiment is driven by the whole equivalent
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circuit response and the time scale of the flow steps. Since EIS
measurements do not show significant changes in impedance
value with varying flow configurations, it is decided to model
this influence on the equivalent circuit as a variable for the
voltage source function. Accordingly, the current variations
measured at the cell output terminals are explained by this
net power variation.

Ill. ELECTRIC SOURCE POWER VS FLUID DYNAMICS

In this section, the variation of the electrical source power
with changes in fluid dynamics is studied. As can be deduced
from the previous section, fluid dynamics is introduced as
a variable in the equivalent circuit that modifies the voltage
source.

This voltage source is also influenced by the state of charge
of the electrolytes and the cell design. In order to isolate these
other variables from the measurement, in each experiment
the variables are converted to a relative measure from O to 1.
This is done by dividing each value by the maximum for that
particular SOC and cell design. The maximum power values
are defined as those obtained above the maximum necessary
electrolyte renovation in the reactor: for this cell design this
value is effectively 800 L /min. This allows to have a model
of the influence of fluid dynamics and how flow operation
affects battery performance, rather than modelling absolute
power, which is out of the scope of this work.

A. STEADY-STATE

Steady-state power measurements are made at the battery
output terminals. This power is different from the equivalent
power at the voltage source of the circuit. Experiments are
performed by measuring the current at constant voltage at
the output terminals, and the equivalent steady-state source
voltage is calculated using:

Eo = Ve +1.Zcircyir = Ve + 1. (RO + Rat) . (7)

This means that both the influence of the fluid on the
steady-state source voltage and the battery power can be
described from the response of the electric current to the fluid
operation in constant voltage experiments.

Nernst ‘s equation describes the open-circuit source volt-
age of the equivalent circuit as introduced, and Faraday ‘s
law relates the amount of chemical reaction of the active
species (i.e., the volume of electrolytes) to the magnitude of
the electrical charge passing through the electrodes. Applying
Faraday “s expression to a time differential yields an equation
that defines the minimum electrolyte flow for a given electric
current [36]:

0= 2bN,ey .1 @)

2Fcvanadium-SOCmin

where Q is the electrolyte flow rate that guarantees the mini-
mum species renovation in the reactor, b is the sign factor that
is 1 for charging and -1 for discharging, N, is the number of
reactor cells, i (¢) is the net charge/discharge current, z is the
number of electrons in the reaction (1 for the vanadium RFB),
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and SOC,,;, is the minimum state of charge of the electrolytes
entering the reactor (in case they are different).

This can be rearranged to show that the maximum current
is limited by the minimum inlet flow rate of the electrolytes:

2F¢vandium-SOCin

I = i . 9
Omin 2N ©)

This maximum current for (9) must match the value obtained
from Nernst‘s equation (3) for the open circuit voltage,
and the expression in (7) rearranged. Experimentally, it is
measured using a high minimum inlet flow rate (above
800 L /min) so that it does not limit the reaction.

__ Eocv — Ve

(Ro + Rar) ’
The expression in (9) indicates that, for a specific state of
charge, at any instant, the value of the current depends on
the minimum input flow for the renewal of the electrolyte’s
species multiplied by a constant factor. Considering constant
temperature and state of charge, the relative current at an
instant k is proportional to the minimum input flow by a factor
Kr. The relative current I, is defined divided by the maximum
current for the working SOC.

(10)

Imax

1
Iy (k) = 7= = Omin (k) .KF- (11)

max

This is true if only expressions for conventional batteries are
used. Nevertheless, it can be proven that this is incomplete
for microfluidic membraneless designs. In a constant voltage
discharge experiment, without recirculation so that the state
of charge of the electrolytes entering the reactor remains
constant, the minimum inlet flow rate is kept at a fixed value
while the ratio of the inlets is changed. In this scenario, the
current is measured, and the results are shown in Fig. 7.

Experiment 2
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FIGURE 7. Constant voltage discharge experiment, with one of minimum
inlet flow rates constant and modifying the fluidic interphase by changing
the other inlet flow (left axis), and relative current output (right scale).

It is deduced that minimum input flow is not the only vari-
able that defines the current. In membraneless cell designs,
operating the flow at a correct ratio is critical to guarantee
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laminar flows that form a centered interphase that avoids
electrolyte mixing and minimizes advective mixing. More-
over, this experiment shows that interphase deviation due to
changes in the ratio between the inlet flows influences the
output current and, consequently, the available cell power.

To account for this effect, an equation is proposed includ-
ing interphase effects for an instant k relative to the maximum
current:

I (k) = Ouin (k) .Kr — ratiop,(k) * Kyasioln
— ratioou (k) * Kratioour, (12)

where K4riom and K,qrio0u: are constants to empirically quan-
tify the power losses caused by interphase deviation. This
interphase drift is calculated with an input and an output ratio,
which are defined as:

01 (k) — 02 (k)

if ‘ > Threshold 1 :
(Q1 (k) + Q2 (k)) /2
=0k [
ratiog,(k) =
(Q1 (k) + Q2 (k)) /2
else : ratiop, (k) = 0, (13)
if ‘ Qou (k) > Threshold?
(Q1(k) + Qa2(k)) /2
. Qou (k) “r
U k) =
ratioou () '(Ql ®) + 02 (k) /2
else : ratiogy (k) = 0. (14)

This definition is based on the experimental behaviour
observed in Fig. 7, where it is observed that the interphase
deflection does not affect the output current until a thresh-
old is reached, at which point an exponential loss occurs.
The threshold, the exponential behaviour, and the rest of
the parameters of this equation are identified from empirical
experiments, using grey-box identification methods [38], and
the results are discussed in Section V.

B. TRANSIENT DYNAMICS

The impedances of the equivalent electric circuit introduce
a dynamic response to the electrical output. In the proposed
circuit, where the voltage source varies with the flow, it also
introduces a dynamic behaviour that needs to be modelled.
Consequently, the steady-state power values for flow config-
urations discussed above do not change instantaneously but
have a dynamic response.

The transient dynamics determines how the fluid dynamics
must operate for any desired power transient response. This
is how fast and stably power is available in the battery,
supplying it in discharge mode and making it possible to
convert it to energy storage when charging. This becomes
important in applications that require frequent changes in
power demand, typically intermittent energy sources such
as wind and solar photovoltaic (very common applications
for RFB). In this scenario, the power electronics must be
designed by modelling the dynamic response of the battery
to integrate it into the particular application.
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Regarding the dynamic response of the impedances,
it is modelled by curve fitting the EIS measurement that
parametrizes the resistor and the capacitors of the circuit.
This impedance transfer function, derived from the circuit
in Fig. 3, is:

Ro+Rar
EO (S) _ RuCy +ROS

1)~ gl s

15)

The transfer function of the impedance is used to transform
the measured output current function into a curve at the
voltage source. These transformed data are then used for the
modelling of the electrical dynamics in relation with the fluid
dynamics. The transfer function proposed to model these
dynamics is:

(16)

where E; is the instantaneous value of the voltage source,
Ey is the steady-state value corresponding to the power as
modelled previously in the steady-state part, and 7 is the time
constant. It has been empirically verified that the parameter ©
is different for increasing and decreasing flow rate changes.
This equation is based on a low-pass filter with a response
similar to that observed in the experimental data, as discussed
in Section V. There, the value of the time constant (7) is also
obtained using grey-box identification for (16), and the fit to
different experimental curves is calculated.

IV. SELF DISCHARGE AND MIXING LOSSES

The efficiency of membraneless RFB operation is severely
limited by mixing and self-discharge losses. These losses
have been studied and bounded, providing analytical expres-
sions that can help in reactor design and to quantify capacity
losses. However, these works such as [34] consider the opti-
mal interphase positioning and do not evaluate how different
flow configuration and fluid dynamics modify this capacity
loss.

In this work, a first approach is made to correlate flu-
idic operation and mixing and self-discharge. The simplest
approach is to consider the volume crossover directly pro-
portional to the change in species concentration in the elec-
trolytes. Diffusion mixing, which occurs at the interphase of
the two electrolytes due to the difference in species concen-
tration, is also considered. This is easily identified when the
volume crossover is zero. Therefore, the equation correlating
the state-of-charge loss and volume mixing is determined as:

SOCloss = lef + %Vmix * Kma (17)

where Diff is the fixed self-discharge loss mainly due to dif-
fusion, K, is a linear factor representing the proportionality
between the state-of-charge loss (SOC,ss) and the percentage
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of mixed liquid volume (% V). This percentage is:

if Vourt — Vour2) > Vin1 — Vinz)
Vourt — Vour2) — (Vin1 — Vinz) .

DoV mix = 100
omi 2% Voun
else
V — Vi -V =V,
BV, — (Vour our2) — (Vi1 m2) 100
2 VOutZ
(18)

Here, V indicates the volumes of the system, and the sub-
scripts indicate whether the volume is measured at the inlet
or outlet, and the numbers whether they belong to the negative
or positive side (1 and 2 respectively).

~ Negative Tank
-

Pump 1: Negative
Electrolyte Inlet Q1 Q3

Negative
Spectrophotometer

Reaction

Electric contact -

Electric contact +

===

Pump 2: Positive Q2 Q4

Electrolyte Inlet
Positive Tank
-

FIGURE 8. System configuration scheme for correlation between flow and
mixing losses, with pumping system, reaction cell, flowmeters, and
spectrophotometers. The cell outlets are not recirculated.

Positive
Spectrophotometer

A

The scheme in Fig. 8 illustrates a configuration that allows
empirical correlation between volumetric mixing flowme-
ter data and the change in state of charge provided by the
spectrophotometers. These devices provide species concen-
tration (state of charge) measurements using spectra calibra-
tion reference curves for each vanadium species. Since the
electrolytes at the inlets are known to be at a certain state
of charge, it is possible to calculate the change in species
concentration. In the experiments, electrolytes at oxidation
states V3+ and V4T have been used for the negative and
positive side, respectively, to simplify the spectrum analysis.
Consequently, derived from equations (5) and (6), the state
of charge for each electrolyte is calculated as the C3 and Cy4
concentrations of those two oxidation states:

SOC_ = (L) (19)
C3+Cy
Cy
SOCy = —— 20
" (C3+C4) 20

The loss of state of charge is calculated as the initial state
of charge (that is guaranteed to be equal in both electrolytes)
minus the minimum of the SOC_ and SOC measured at the
outputs.

The data is presented in the results section.

VOLUME 11, 2023

V. RESULTS AND DISCUSSION

A. ELECTRIC POWER VS FLUIDIC DYNAMICS: STEADY
STATE

This section tests the models proposed in Section III.A. First,
the parameters are identified using grey-box methods. Par-
ticularly, the regression has been implemented using the
Gauss-Newton algorithm by means of Matlab.

This identification is performed for the parameters of equa-
tion (11), which correspond to the model obtained from the
postulates of Faraday’s law and Nernst‘s equation. As shown
in Fig. 9, the best fit is not satisfactory, even when small
corrections to the model (offset values) are introduced in an
attempt to mitigate possible deviations due to noise in the
data.

Simulated Response Comparison

1.2 T

Real Data
Cell Model:

i e

FIT =30.855982 ‘

0.8 |

——

06|

04F

Discharge Relative Current: I/lmax

0.2}

0 . . .
0 50 100 150 200 250

Time (s)

FIGURE 9. Simulated response for the model of equation (11) and real
experimental data. The goodness of fit measurement is performed and
indicated in the legend in percentage.

It is observed that the model only partially reproduces the
general trend of the actual relative power. The fitness of the
model is calculated using:

o Iy =3l

where y is the actual output data vector used as a reference,
and y is the model output when excited with the actual
input data. This measure indicates a low level of fitness for
this model. This, together with the experiment reproduced
in Fig. 7, makes clear the need for a more complex model,
including quantification of the interphase goodness.

The model proposed in this work, detailed in expres-
sions (12) to (14), includes the interphase influence as
a correction. The parameters of its equations are again
identified using Gauss-Newton regression algorithm. The
best-found parameters are presented in Table 1, and the fit
to the same real data used for their identification is shown
in Fig. 10.
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TABLE 1. Parameters values of the proposed equations (12)-(14).

Symbol Quantity
_a UL

K —5.5423x1074 5/
Kratioln 0.0928
KratioOut 0.0781
Thresholdl 0.5
Threshold?2 0.5

exp 4

Simulated Response Comparison

Real Data
Cell Model:

FIT =77.390378

Discharge Relative Current: I/imax

02}

0 50 100 150 200 250
Time (s)

FIGURE 10. Simulated response for the proposed model from
equations (12)-(14) with parameters from Table 1, and actual
steady-state relative current experimental data. The fitness
measure is indicated in the legend.

This model seems to be able to accurately represent the
actual relative current performance of the battery, and is
cross-validated with data from different experiments where
flow operation is different. This is represented in Fig. 11.

The fitness of this experiment demonstrates that the identi-
fied model parameters are extendable for different conditions.
The fitness measure is slightly lower than when using the
same data for identification and validation, but it is still quite
similar, and the model response is considered satisfactory.
It should be noted that microfluidic devices, such as the
reaction cell of this work, suffer from inconsistency due to
multiple factors (temperature and pressure fluctuations, sub-
strate deformation, etc.) [46], which reinforces the relevance
of the obtained fitness measurements. It is shown that this
model is valid for estimating relative electrical power from
fluid dynamics operation data.

B. ELECTRIC POWER VS FLUIDIC DYNAMICS: TRANSIENT
DYNAMICS

The proposed transient relative electric power dynamics
is validated using experimental data in which periodic
power steps are generated producing repetitive steps in the
flow operating conditions. The flow steps are performed
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FIGURE 11. Simulated response for the model of equations (12)-(14) with
the parameters of Table 1, and actual steady-state relative current
experimental data. The fitness measure is indicated in the legend.

to produce different settling times and stability conditions.
These different experimental conditions are used to find the
optimal value of the time constant defined in (16), which,
as explained, turns out to be different for increasing than for
decreasing flow dynamics (r = 1 and v = 1.333 respec-
tively). These experiments, in Fig. 12, are also used for
model validation. Note that the minimum inlet flow rate is
also plotted graphically for each experiment, so that different
operating conditions and how their dynamics translate into
the power output are better understood.

It is demonstrated that the proposed model with the identi-
fied values of the time constant reproduces the real dynamics,
with settling and overshoot time close to the real ones, and
NRMSE measurements indicating high fitness in all different
conditions.

C. SELF DISCHARGE AND MIXING RESULTS

The proposed mixing experiment with the system configu-
ration shown in Fig. 8 is performed with several different
flow configurations to obtain different electrolyte mixtures.
For each configuration, the mixing percentage by volume and
state of charge are calculated.

Considering that the electrolytes at the inlets are at full
state of charge, the state-of-charge losses are obtained by
subtracting the limiting value of SOC value from the spec-
trophotometer at the outlets.

The results of the experiments are shown in Fig. 13,
together with the plot of equation (17) with the parame-
ters Diff = 9.394 and K,,= 0.678 adjusted to minimize root-
mean-square error (RMSE).

It is demonstrated that the expression modelled in (17)
reproduces the actual behaviour of the losses. The volume
crossover together with the diffusion of active species can
explain the main losses due to self-discharge. This constant
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FIGURE 12. Simulated responses for the dynamic model and three real
experimental transient power data. The fitness measure is indicated in
each legend. The lower plot for each experiment shows the minimum
inlet flow rate to better indicate the different experimental conditions for
each dynamic response.

loss due to diffusion is one of the main drawbacks of mem-
braneless operation, and it is concluded that it is necessary
to improve the design used in [42]. Furthermore, it is
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Relation Between Volume Mixed & SOC Losses
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FIGURE 13. Relation between SOC losses and mixed volume, with
experimental points and linear curve model fit indicated. Root-mean-
square error and R2 measurements are shown in the legend.

demonstrated that minimizing the volume error with proper
flow control is critical for battery performance.

VI. CONCLUSION

In this work, models of the influence of microfluidic dynam-
ics on the electrical response of a membraneless micro
redox flow battery are presented. Three metrics are mod-
elled: the influence of steady-state relative power, transient
power dynamics, and mixing and self-discharge losses. First,
an equivalent electrical model is proposed from existing
conventional models. The fluidic influence on the equiva-
lent impedances (without finding variations in this output
impedance) and the open-circuit source are studied. Then,
based on the results, the equivalent circuit is modified by
adding fluid dynamics parameters as variables of the source.

The steady state of the relative power is studied empirically
and it is demonstrated that modelling based on conventional
analytical expressions is incomplete in describing the con-
nection between fluidic operation and how power changes.
Interphase depletion is included in the analysis with the pro-
posed flow ratios. The transient dynamics are defined with
transfer functions derived from the impedances of the equiv-
alent electrical circuit, together with proposed dynamics for
the influence on the power source of fluid dynamics. Finally,
a model of mixing and self-discharge losses is designed by
studying flowmeters and spectrophotometers measurements
in a non-recirculating discharge experiment, in which the
mixed volume and state-of-charge loss are correlated.

The parameters of the proposed equations are identified
using grey-box regression methods. Experimental data are
then used for validation, and the fitness measures indicate that
the models for all three metrics are satisfactory. Therefore,
they are valid for modelling the influence of fluid dynamics
on the electrical response of the membraneless RFB. The pro-
posed model can be a valuable tool to optimize the operation
of membraneless micro redox flow batteries by taking into
account the effect of fluid dynamics.
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As future work, it is proposed to refine the flow ratios
describing the interphase effect on steady-state power by
modelling minor effects such as viscosity changes and small
nonlinearities due to state-of-charge variations. It is also
planned to study other equivalent circuit configurations,
such as fractional order-based models. For mixing and self-
discharge losses, further spectrophotometry experiments are
planned to refine the diffusion effects in the model.
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