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Abstract This study presents a vanadium redox flow battery model that considers the most important variables that have a crucial
role in the performance of the system. A complete model divided in an electrochemical, thermal, hydraulic and voltage submodels
is presented. The analytic analysis of the model is carried out to reduce the system order according to some conservation laws.
Based on this analysis, a subsequent calibration of the model parameters is developed using real experimental data. The validation
is performed comparing the real measured voltage and the one estimated with the model. To calibrate the model an algorithm based
on the implementation of a particle swarm optimizer is used. Results obtained in both short and long-term operation are presented,
in order to compare and validate if the model can be used for both state of charge and state of health estimation.
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1 INTRODUCTION + gummn

Load

Among all types of energy storage systems (ESS), vana-

dium redox flow batteries (VRFB) stand out for their bl e :i'.‘.r.ii::,
high efficiency (70-90%), long life cycle, safety and the = i i
possibility to decouple both energy and power sizes [4].

One of the main challenges in the study and analy-
sis of a VRFB consists on the correct caracterization of
its behaviour through mathematical models. The im-
portance of developing mathematical models for VRFB S
is reflected in the literature [5] [17], where it is pos- Tk
sible to find one of the most accepted electrochemical
models developed by Skyllas-Kazacos, who pioneered
the use of vanadium in redox flow batteries [19].

Electrolyte
Tank

Pump Pump

Figure 1: Vanadium redox flow battery scheme with its

o . . main components.
Models can be classified as static or dynamic, de- P

pending on whether the effect of time is taken into ac-

count, and as distributed or lumped parameter mod- 24 Most of these lumped parameter models use dif-
els, depending on the space dimension. Tools such as 25 ferent hypothesis and assumptions that simplify their
COMSOL are used to analyze and develop distributed 26 complexity. Although a vast majority of these assump-
models. However, for control purposes, distributed 27 tions may not be entirely realistic, they help in the
models are not used due to its complexity, relevant com- 28 understanding, formulation and analysis of the model.
putational cost, resources and time [3]. In counterpart, 29 This is the case of the mentioned Skyllas-Kazacos elec-
vast majority of works concerning VRFB control prob- 30 trochemical models, where the same flow rate is consid-

lems, use lumped parameters models. 31 ered in both parts of the system, same species concen-
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tration inside the cell and tanks, as well as a constant
temperature to estimate the open circuit voltage (OCV)
by the Nernst equation.

In general, most of the works found in the litera-
ture related to VRFB modeling, study and analyze the
behaviour of different variables as the evolution of the
species concentration, voltage, temperature, pressure,
state of charge (SOC) or state of health (SOH). The
evolution of species concentrations can be found in lot
of studies, from lesser to greater complexity. Thus,
Skyllas-Kazacos presents in [18] a model that expresses
the dynamics of the vanadium species considering the
different ion transport mechanisms such as diffusion,
migration and convection. This model has been im-
proved in some works introducing the effect of other
phenomena, such as the oxidation of vanadium V& due
to the presence of air inside the negolyte tank [11].
These models only consider the participation of vana-
dium species. However, there are other species that can
be considered such as the water and hydrogen ions.
The inclusion of these species not only improves the
better understanding of the electrochemical part, but
also allows to consider other important effects, such as
the Donnan potential in the computation of the voltage
[10]. The dynamics of the water crossover phenomena
are analyzed in [15], while those of the hydrogen ions
have also been studied [16].

Regarding voltage computation, most of the works
are focused on the determination and analysis of the
different overpotentials and phenomena that affect its
computation. The OCV is discussed in [7], showing the
discrepancy between the common models and experi-
mental data, presenting a complete form of the Nernst
equation considering the proton activity and Donnan
potential. Other works such as [9] and [13] are focused
on the computation of the concentration and activation
overpotentials.

With respect to the thermal model, different works
presented in the literature study the temperature dy-
namics in some parts of the system, those inside the
cell being specially interesting. Thus, a thermal model
is shown in [24], that allows to compute the tempera-
ture inside the cell taking into account the temperature
in the pipes and tanks. The inclusion of the dynam-
ics due to self-discharge reactions is presented in [20]
while the analysis of the shunt current effect is investi-
gated in [23].

Pressure is another important variable to take into
account that is directly related to the flow rates of the
system, which have an important role in control pur-
poses such as optimal control. Therefore, some stud-
ies analyze the behaviour of the pressure inside a VRFB
system as can be observed in [22].

Among all variables of interest regarding the per-
formance of a VRFB, state of charge (SOC) and state of
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health (SOH) stand out as the most important. There
exist different definitions for these variables, according
to the parameters and variables that are considered for
their computation [14]. However, the vast majority of
these definitions present the SOC and SOH as a func-
tion of the species concentrations, which makes it nec-
essary to choose an appropriate electrochemical model
[6].

Usually, most of the studies that present an elec-
trochemical model for SOC and SOH computation are
only validated theoretically or by means of simulations.
However, experimental validation is usually limited to
the estimation of one of these variables, and under
some assumptions that can differ from a real battery
behaviour. Moreover, for this cases, it is more difficult
to find studies that present a general model that com-
prises the most important variables described in a sin-
gle model.

Thus, in this work, a complete model that considers
the most important effects of a VRFB is presented. The
model can be divided into four submodels, according to
the most important variables, which are: electrochemi-
cal, voltage, thermal and hydraulic ones. The main ob-
jective of this work is to understand the dynamics of
each one of these subsystems in an efficient way, pre-
senting the main equations that describe the different
effects, and relate them with the other submodels. With
these dynamics, the most important performance indi-
cators such as the SOC, SOH, capacity and efficiencies
are defined. A general model that can deal with short
and long term scenarios is presented in order to see if
it is suitable for SOC and SOH. In order to validate the
model, an experimental setup has been developed to es-
timate these two parameters calibrating the model with
voltage and current measurements obtained from dif-
ferent experiments in short and long term campaigns.
In order to calibrate the model, there exist different al-
gorithms and methods that can be used, being the par-
ticle swarm optimization (PSO) a good choice to esti-
mate a certain number of parameters whose value is
only known within a particular range [26]. Using the
PSO technique it is possible to calibrate the model us-
ing experimental data extracted from a VRFB that has
been designed, consisting on a cell with two little tanks,
presenting a similar aspect to the VRFB scheme shown
in Figure 1.

The paper is organized as follows. Section 2
presents the formulated model, while in Section 3, a
conservation study is developed in order to see if the
mass and charge conservation principles are fulfilled for
the model dynamics presented. Section 4 presents the
experimental validation of the model, describing the
experimental setup and the different results obtained
from the model calibrated using the PSO algorithm. Fi-
nally, Section 5 presents the main conclusions.
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2 MODEL FORMULATION

The model can be formulated in different submodels ac-
cording to the properties and characteristics of the state
variables. The four submodels into which the general
model has been divided are the electrochemical, the
thermal, the hydraulic and the voltage ones. All sub-
models interact with the others, sharing some parame-
ters and variables to define the most important perfor-
mance indicators, typical of any energy storage system.

2.1 Electrochemical model

Among the different electrochemical models that ex-
ist for VRFB, the dynamic model proposed by Skyllas-
Kazacos is the most widely used and accepted [18].
Based on this model, it is possible to express the be-
haviour of the vanadium species inside the system, con-
sidering the most important phenomena such as the re-
dox reactions and the ion transport due to ion crossover
methods.

On the one hand, the redox reactions that take place
inside the cell/stack of a VRFB are:

(M
2
where V#* and V** are the vanadium species in the
negative side (1), and VO** and VO are the vanadium
species in the positive side (2), which are commonly ex-
pressed by the oxidation state as V** and V%, respec-
tively.

On the other hand, the ion crossover methods ap-
pear due to the self-discharge reactions that occur on
both sides of the system. The mass balance due to these
reactions in both positive and negative electrodes can
be described separately. On the one hand, in the nega-
tive electrode the self-discharge reactions occurs due to
the presence of VO** and VO] that have moved across
the membrane. These species are reduced by V2* to be-
come V3*:

v2+ <:) V3+ + e—
—

VO} + 2H" + e~ 2 VO** + H,0,

VO + V¥ 4+ 2H" — 2V* + H,0 (3)
VO} +2V* + 4H* — 3V* + 2H,0 (4)
VO} + V' —s 2vO* . (5)

On the other hand, the same behaviour occurs in
the positive electrode, where vanadium species V* and
V3* cross the membrane and are oxidized by VO} to
VO?*:

V# 4 2VO} + 2H* — 3VO* + H,0 (6)
V¥ + VO — 2vo** (7)
V¥ +VO* + 2HY — 2V + H,0 . (8)
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Skyllas-Kazacos considers several assumptions that
are the following [1]:

« Electrolytes are perfectly mixed.

« The total number of moles of the species remains
constant.

« Vanadium concentrations are uniformly dis-
tributed in the cell and tanks, without consider-
ing the hydrogen ions and water.

« Electrolyte flow rate is the same in both half-cells.
« Electrolyte temperature remains constant.

« Self-discharge reactions occurs instantaneously
by ion crossover.

« Vanadium and hydrogen ions are transported
through the membrane by diffusion. Other trans-
port mechanisms of water and ions such as mi-
gration, convection or osmosis are neglected.

« Diffusion coefficients are constant.

+ Gas evolution or other side reactions during
charging/discharging neglected.

Considering the above assumptions, the general ex-
pression that describes the concentration evolution of
the species is:

oc

Eve—l=q-(cit—cf)iselj?+di,

o ©)

where ¢ is the electrode porosity, v is the electrode vol-
ume and c{ is the concentration of vanadium species i
inside the cell, expressed in mol-m~3.

The electrode volume v° depends only on the di-
mensions of the electrode and the number of equal cells
of the stack:

v*=N-h®-w- I, (10)

N being the number of cells, and h®, w® and [° the
height, thickness and length, respectively, in m. These
dimensions have been defined in this work considering
the orientation shown in Figure 2.

As can be noticed, the cell concentration expression
(9) can be splitted in three parts. The first term defines
the change of species due to the inlet and outlet flux of
electrolyte, generated by the electrolyte flow rate g in
m3- 571, The second term implies the role of the redox
reactions (1) - (2) due to the presence of the electrons
generated for the existing current between the collec-
tors. This effect represents the current flux perpendic-
ular to the cell, and is described by a current density
J, expressed in A-m~2, F that is the Faraday constant
(96845.33 C-mol™!) and the electrode surface s¢ which
depends on the electrode height and length:

s€=he I

(1
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Figure 2: 3D Scheme of a single cell composed by two
electrodes and a membrane. h®: electrode and mem-
brane height, I°: electrode and membrane length, w®:
electrode thickness, w™: membrane thickness.

Finally, last term d; is the total flux of species i
across the membrane, which is the ion crossover effect
and, in this work, it is only associated with the diffu-
sion. The diffusion phenomenon occurs because the
membranes allow the crossover of vanadium species
from one side of the cell to the other. This movement
from high to low concentration areas is driven by con-
centration gradients, and therefore depends on each
vanadium species, modelled to obey Fick’s law:

sm

di = W : ((Xzikzcg + a3ik3c§ + a4ik4ci + a5ik5c§) s (12)
where s™ is the membrane surface in contact with the
electrolyte, which according to Figure 2 can be com-
puted as s¢, ay, is the mass balance between the partic-
ular vanadium species i with the other species k, and
k; is the diffusion coefficient of each vanadium species,
expressed in m?- s™1,

In most of the studies, the diffusion coefficients k;
are assumed to be constant and invariant. However
in this work a variable obeying the Arrhenius equation
have been considered [21]:

-E,
ki = A,-e RT¢ s

(13)

A; being the pre-factor, which is a constant that de-
pends on the membrane material and is different for
each vanadium specie, E, the activation energy of the
vanadium species (17340 J-mol™!), which is assumed
to be the same for all species [27], R is the univer-
sal gas constant (8.314 J-mol~!-K™!) and T¢ is the elec-
trolyte temperature inside the cell/stack. Therefore,
each species has a different pre-factor that depends on
the membrane composition.

For the tank dynamics, as they are isolated parts
of the system whose only function is to store the elec-

trolyte, the only important term is the inlet and outlet
flux of electrolyte:
act
t ¢
o' =g (-, (1)
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where o’ is the elecrolyte volume inside the tank and
c; is the concentration of species in the tank, sharing
the same units of mol-m™ as the cell concentration. As
there is not any flux of current going through the tanks,
and species cannot escape from them, the second and
third terms of (9) are neglected.

Considering the cell and tank dynamic expressions
formulated by (9) and (14), some modifications have
been made respect to the model presented by Skyllas-
Kazacos [18] in order to make it more realistic. They
are:

« Electrolyte flow rate can be different in both half-
cells. Thus, a clear distinction between the elec-
trolyte circuits is made, distinguishing the nega-
tive (-) from the positive (+) side.

« Electrolyte temperature varies and it is computed
by a thermal model closely related to the electro-
chemical one.

+ Hydrogen ions and water are considered. They
are usually neglected, but have an important role
in the system operation.

As this work pretends to be a tool for the under-
standing and developing of a possible model, the vana-
dium, water and hydrogen ion models are presented
separately. All of them are formulated in the state space
domain to facilitate the understanding and comparison.

2.1.1 Vanadium electrochemical model

Considering expressions (9) and (14), the vanadium
electrochemical model can be formulated in the state
space notation as:

x=Ax+Bx-q_ +B.x-q.+b-j, (15)

where q_ and g, are the flow rates of negolyte and
posolyte, j is the current density and the state vector,
x, is defined as x=[c§ c§ ¢ ¢ c) ci c; ct]T; where
cf stands for the concentration of vanadium species i in
space p, with p = {c, t} meaning cell and tank, respec-
tively. Matrix A is directly related to the diffusion dj,
matrices B. and B, with the flow rates effect and vec-
tor b is related to the presence of electrons due to the
redox reaction. All matrices and vectors appear sum-
marized in the Appendix section.

Using this formulation, j, g- and g, are the input
variables which are assumed to be known, being easily
measured and controlled.

2.1.2 Hydrogen electrochemical model

The same procedure can be developed for the hydrogen
ions model. In that case, it can be represented as:

J'CH = AHxH+BH_xH-q_+BH*xH-q++Bdsx+bH-j s (16)
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where xy is the new state vector of proton concentra-
tions considering the cell and tanks and is defined as

xu = [ef.  cf Chye CI’LF]T. Matrix Ay expresses
- + - +
the diffusion due to the concentration difference of both

sides. Matrices By, and By_ are related to the inlet and
outlet fluxes from cell and tanks and matrix By, is re-
lated to the proton diffusion due to the self-discharge
reactions, which is related to the vanadium species x.
Finally, vector by expresses the variation of protons due
to the charging/discharging current density j where,
according to the redox reactions (1) - (2), it is possible to
see how in the negative part, the protons do not appear,
while in the positive one, the redox reaction involves 2
hydrogen ions H* for each electron e™.

2.1.3 Water electrochemical model

Another important species to consider is the water. In
this case, the electrochemical expressions that describe
its evolution inside the system can be formulated in
state space as:

XH,0 = AH,0X+BH,0-XH,0'9-*+BH,0+XH,0°¢++bH,0"] ,
(17)
where xy,0 is the state vector of water concentrations
considering the cell and tanks, and it is defined as
x1,0 = (50, 0. 0. CHyo,] - The matrix
An,0 contains the diffusion coefficients of the vana-
dium species and is related to the self-discharge diffu-
sion. Matrices By,0- and By,o. are related to the inlet
and outlet fluxes and are exactly equal to the protons
matrices, and vector by, o is related to the variation of
water in the positive part due to the current density.

2.2 Performance parameters

Among the many parameters that can be established
depending on the variable or characteristic to be ana-
lyzed, it is worth highlighting some of them that are
commonly studied and used for any type of ESS. These
main indicators are the SOC and SOH.

2.2.1 State of charge

The state of charge is one of the most common indi-
cators of a battery, that is used to denote the capacity
that is currently available. It is directly related to the
amount of species inside the global system. In particu-
lar, the SOC of a VRFB is computed as the ratio of active
species V2* and VO} with respect to the total concen-
tration of species in each side. Thus, it should be noted
that there exist two different SOC, defined as (SOC_)
and (SOC,) to represent the SOC in the negolyte and
posolyte, respectively.

As the volume of the tanks is generally much greater
than that of the cell/stack, the role of the cell concen-
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tration is neglected to calculate the SOC in most stud-
ies. Moreover, many of them assume that the concen-
trations on both sides of the system are the same and
evolve equally with time, concluding that there exist
only one definition of SOC, being exactly the same for
both parts:

C2 Cs

SOC = =
Cy +C3

C4 +Cs ’ (18)

Although these assumptions allow to simplify the
VRFB model, they have not been considered since the
purpose of this study is to develop a complete and real-
istic model that includes the main operating phenom-
ena, as well as degradation. Therefore, considering the
effect of the species transport mechanism, it is essential
to differentiate between negolyte and posolyte concen-
trations, obtaining the following expressions:

soCc_ = —2 (19)
Cy +C3

S0C, = — (20)
Cq +C5

Furthermore, considering the role of the cell con-
centration, that has influence on the system voltage
and may be different from that of the tanks, expressions
(19) and (20) must be reformulated as:

chol +c5o°
SOC_ =

(21)

t

)

t C,C t,t C,C
Z)_+C20 +C30_ +C3Z)

t,t c,C
C:0, +ccu
57+ 5
SOC, =

chol + c§o¢ + ctol + cSoe (22)

As can be noticed from (21) and (22), the SOC has
been recomputed as a ratio of mass species, taking into
account the volumes of the cell and tanks. This expres-
sion is more realistic and considers all vanadium species
concentrations along the system.

However, it is important to note that the total
amount of energy accumulated in the system will be
given by the electrolyte with less SOC, in order to re-
strict the maximum energy that can be extracted. Ac-
cordingly, the correct expression of the SOC must be
defined as:

SOC = min (SOC_,SOC,) . (23)

2.2.2 State of health

The state of health can be computed as the ratio be-
tween the amount of mass available in a certain mo-
ment with respect to the original one. In this case, the
SOH has not been extensively analyzed in the literature,
since, as has been commented, many of the studies do
not consider the mass transport mechanisms. Never-
theless, it is one of the most important parameters since
it is relevant for the life cycle of a battery.
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For the VRFB, following with the definition pre-
sented for the SOC in (23), the SOH can be computed
as the minimum amount of moles available between the
two parts of the system, with respect to the ideal one:

min (m—, m,.)

SOH = , (24)

m*
where m_ and m.. define, respectively, the total number
of moles, in the negolyte and posolyte parts, which can
be computed by means of the following expressions:

(25)

my =0 ¢S +ol ¢l (26)

c- being the sum of V** and V** species concentrations
corresponding to the negolyte and c, the sum of VO**
and VOJ for the posolyte part.

The other variable of (24) is the ideal mole distribu-
tion m*, which can be defined from the total number of
vanadium moles of the system as:

m
m'=—, 27
" @7

where m denotes the vanadium moles of the system,
which can be computed as the sum between both parts:

m=m_+m, (28)

2.3 Thermal model

Following the principle of conservation of energy, a dy-
namic thermal model can be formulated based on en-
ergy balance equations for the different parts of the
system. Thus, temperature inside both tanks, cell and
pipes can be considered. Regarding the heat generated
from the pumps, it is convenient to differentiate be-
tween the temperature inside the pipes in two different
parts, as depicted in Figure 3.

Among different thermal dynamic models for VRFB
based on conservation of energy that appear in the lit-
erature, Tang et al. presents a model that considers the
temperatures displayed in Figure 3, and takes into ac-
count the effect of pump heat and the self-discharge re-
actions due to the ion crossover mechanisms [24]. How-
ever, despite being a fairly realistic model, different as-
sumptions have been taken into account:

« Temperature is uniformly distributed in each part
of the system.

« Heat is transferred in each part between the elec-
trolyte and the surrounding air.

« Cell heat is generated by the cell resistance and
electrochemical and self-discharge reactions.
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Figure 3: Temperature measurements in the different
parts of the system. T%: posolyte tank, T!: posolyte line,
T?: posolyte pump line, T!: negolyte tank, T': negolyte
line, T?: negolyte pump line, T¢: cell and T%: air tem-
perature.

One of the novelties of this work is the introduction
of the heat generated due to the chemical reactions,
considering their entropy. This new consideration adds
more reality to some of the accepted thermal models
presented in different works [25].

Similarly to the electrochemical model, the temper-
ature inside each part T;, changes according to the inlet
and outlet flux of electrolyte with the contiguous part
T,. This change of temperature can be formulated as:

0epp T = quepp (T, ~ T, (29)
where g is the electrolyte flow rate in the posolyte and
negolyte sides, expressed in m*- s 71, ¢, is the specific
heat capacity of the electrolye in J-kg™!-K™! and p is the
electrolyte density expressed in kg-m™3.

Considering (29) and the previous assumptions, it
is possible to express the temperature inside the cell T¢
as:

C

aT
2epp - = guepp (7 ~T) +q_cpp - (T2 ~T)
+ulsC - (T = TC) + (s°j)%r (30)

+se% - (AS, — AS_)T® + dr ,

where T? and T? are the temperatures at the pump out-
let in the positive and negative sides, respectively in K,
u® is the overall heat transfer coefficient of the cell in
W-m~2. K71, s¢ is the cell surface in m2, T¢ is the sur-
rounding air temperature and r is the cell resistance in
Q. The first and second terms represent the change of
temperature according to (29) for the positive and neg-
ative parts, respectively. The third term is related to the
heat transferred between the cell surface and the sur-
rounding air. The fourth term defines the heat gener-
ated inside the cell in form of Ohmic losses due to the
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Joule effect. Fifth term represents the change of tem-
perature due to entropy. Finally, dr defines the changes
of temperature due to the self-discharge reactions. This
last term is related to the changes of enthalpy AH of the
different reactions and can be modeled as:

s™ c c
dT = W[kzcz . (—AH(3)) + k3C3 . (—AH(4)) (31)
+ k4ci . (—AH(G)) + k5C§ . (—AH(7))] s

where AH(;) is the change of enthalpy for the self-
discharge reactions. The enthalpies of the different
species are constant and can be found in the litera-
ture. Considering their values it is possible to obtain the
change of enthalpy of the self-discharge reactions (3 -
4) and (6 - 7). Table 1 presents the value of the species
and self-discharge reactions enthalpies.

Once the cell temperature evolution has been clar-
ified, it is possible to develop the same analysis for the
other parts of the system. It is important to notice that
the expressions for the negative and positive part of the
system are equal, due to the fact that can be seen as
symmetrical with respect to the cell. In the vast major-
ity of studies, they are considered equal, because they
can be seen as symmetrical, assuming same dimensions
and flow rates in both parts. However, as one of the
main objectives of this research is to reach a general
model that can be used in a wide range of operational
conditions, they have been considered separately.

Table 1: Enthalpies of the species at 298.15 K and
change of enthalpies of self-discharge reactions.

Species / Reactions  AH (kJ-mol™!)
% -226.0
V3 -259.0

VO?* -486.8
VO3 -649.8
H,O -285.8
H* 0
() 91.2
(4) -246.8
(6) -220.0
7) -64.0

On the one hand, the expression for the temper-
ature of the line that connects the cell with the tank
without the pump, Tli, is:

1 dTlg c ) 1.1 a )
vchpE = qrepp - (T° — Tk) +u's; - (1% - Tk) , (32)

where z)llc is the volume of this part of the pipe, u! is the

overall heat transfer coefficient of the pipe and s,lC is the
pipe surface of that section.
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For the case of the tank temperature, its expression
is:
dT!

shepp gt = akepp (L =T +u's, - (T =T)). 59

T/ being the temperature inside the posolyte or ne-
golyte tank, u' its heat transfer coefficient and s]‘C its
surface. Finally, the temperature in the pipe line where
the pump is located, T]f, can be expressed as:

P

vf:cppd(/ii;C = qrepp - (T - T,f) +upsf (T - T]f) + WP,
(34)

where vi is the pipe volume of that section, u? is the

heat transfer coefficient, which is equal to u! as both are

pipes, si is its surface and W]f is the heat generated by

the pump, which is formulated in the hydraulic model

section.

Finally, the thermal model can be expressed in the
state space formulation using same notation that the
one used for the electrochemical model to summarize
all previous expressions:

T = ATT+BT,+T-q++BT,_T~q_+BHx+bT-j2+c-|--T“+wp s

(35)
where T is the temperature state vector defined as T =
[T 18 1t 17 T. T! TP]7, matrices At, Br.
and Br. are related to the inlet outlet temperature and
air surrounding heat, matrix By with the change of en-
thalpies, vector by is related to the ohmic losses, vector
cr with the room temperature and w” with the heat
generated on the pumps.

2.4 Hydraulic model

Based on different works found in the literature that
describe in detail the hydraulic part of a VRFB system,
a simple model is presented that only considers the ele-
ments that present a high contribution in terms of pres-
sure drop.

This hydrualic model, like the thermal one, uses the
principle of conservation of energy. In this way, the
power generated by the pumps, W?, can be computed
as the product between the pressure drop inside the
system, Ap, and the electrolyte flow rate g:

WP =Ap-q. (36)

It should be noted that some other heat sources,
such as the friction of the moving elements of the pump
with the electrolytes, are neglected.

There are three different elements that have been
chosen as main contributors of pressure drop, which are
the pipes, the flow frames and the electrodes. The de-
termination of the pressure drop in each part is based
on the laws of fluid mechanics. The same procedure to
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the one developed in the thermal model to differenti-
ate between positive and negative parts has been used,
using a variable k to distinguish between both parts.

On the one hand, the pressure drop due to the elec-
trolyte circulating along the hydraulic pipes, Apfc, can
be computed as:

1L po?
1 Kk PP
= fETk 3

where f is the friction loss factor, l,lc is the length of the
hydraulic pipe line in m, d]lc is the hydraulic diameter of
the pipes in m, and vy is the velocity of the electrolyte,
which is expressed in m - s™! and can be computed as:

ok = (38)

» |Q
F‘Nl?r'

qx being the electrolyte flow rate and s,’c the cross-
section of the pipe in m2.
The pressure drop in the flow frames follows the

same law and can be defined with the same expression:

r_ Vo
Ape=fr (39)
where If is the length of the electrolyte flow frames and
d’ is its hydraulic diameter, which is assumed to be the
same for negolyte and posolyte parts, as the cells usu-
ally have same dimensions and materials.

Finally, the pressure drop in the electrodes is calcu-

lated using Darcy’s law in porous media by:

_ 2qeKer (1 - 8)2 héw®
Api = d]%e3 Ie

(40)

where yi is the viscosity of the fluid in Pa-s, K.k is the
Kozeny-Carman constant and dy is the mean diameter
of the electrode fibers expressed in m.

Then, the total power supplied by the pumps to
overcome the pressure drop in the system can be com-
puted as:

. I po?

U pog , pgeKer(1 =€) hwe
k d]lc 2

f 2 2,3 e
ar 2 dfe l

(41)

2.5 Voltage model

Voltage computation is one of the most important
parts, since it allows to determine the power and energy
stored in the system. Moreover, it is an analog variable
that in practice can be measured by means of analog or
digital instruments. In this way, it stands out as one of
the most used variables in the validation of any VRFB
model.
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Ideally, the voltage of any electrochemical system
can be split in two parts, which are the ideal voltage,
and some losses due to different effects called overpo-
tentials. On the one hand, the ideal voltage only de-
pends on the species and the chemical reaction that
takes place. This ideal voltage produced only by the
effect of the chemical reaction is called open circuit
voltage (OCV) and can be computed by means of the
Nernst equation. On the other hand, the charging or
discharging current across the RFB system implies the
appearance of the different overpotentials such as the
activation, ohmic and concentration ones. Therefore,
the total voltage of a RFB, parameterized as E, can be
expressed as the sum of the OCV and the overpoten-
tials:

E=E°Y 4+ p%+n° +¢° (42)
where EOCV is used in this work to represent the OCV,
and n%, n° and n° to define the activation, ohmic and
concentration overpontials, respectively.

2.5.1 OCYV formulation

The computation of the OCV for any general electro-
chemical system is based on the Nernst equation.

For the case of a VRFB the well-knwon general ex-
pression to compute the OCV is:

2

c Cy +C5 - Cl+
RT ln(—H+) (43)

F

€3 Cq

where E? is the standard reduction potential and has a
theoretical value of 1.256 V according to the standard
potentials of each part. On the one hand, c4, ¢5 and CH?
are the molar concentration of VO?** (vanadium(IV)),
VO3 (vanadium(V)) and hydrogen ions in the positive
half-cell. On the other hand, ¢;, ¢3 are the molar con-
centration of V?* and V3%, in the negative side.

Nevertheless, in most studies (43) is simplified con-
sidering only the vanadium species and neglecting the
effect of the protons in the positive side, assuming
that have not contribution to the equilibrium potential.
However, looking at equation (2) it is necessary to con-
sider that 2 H* are part of the reaction. It has been
reported in the literature that if they are neglected, the
E©CV value can differ from the real value by 100 mV [8].

Another important effect that most of the studies
neglect is the Donnan potential, which is related to an
unequal distribution of ions in the membrane between
different ionic solutions.

Accordingly, considering the importance of the pro-
tons and having its own electrochemical model that al-
lows to understand its evolution over the time, in this
work it has been considered to add the Donnan poten-
tial to (43) obtaining the following expression for the
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OCV of a VRFB:
C C C 3
RTS¢ CyCs (CH:')
E9CY = EY + In| ———| . (44)
F €3 - €y Cppe
Considering a stack of N cells, the OCV can be com-

puted as the sum of each individual potential. There-
fore, assuming that all cells are equal, it can be com-
puted by multiplying (44) by N.

To analyze the influence of the protons for the com-
putation of the OCV, a SOC-OCV profile has been ob-
tained through simulation. The SOC has been varied
from 5% to 95%, considering a total vanadium concen-
tration of 1650 mol-m™3, and initial proton concentra-
tion of 1588 and 2412 mol-m~3 for the negative and pos-
itive sides, respectively. These initial conditions have
been selected taking into account the process to obtain
the electrolytes used in the experimental setup.

To simplify this first analysis as much as possible,
the evolution of the vanadium and protons concentra-
tion has been directly related to the SOC. Thus, they
are calculated as follows:

¢5 =cf =¢y - SOC
c5=c5=cy- (1-SOC)
ch; = C;_I; (0) + ¢, - SOC/2

Cir = €5+ (0) + ¢, - SOC/2 .

Assuming a constant temperature T¢ of 298 K| it is
possible to compute the SOC-OCV profile of the gen-
eral and most used expression (43), the same one with-
out considering the protons, denoted as E9€V and the
ones considering the Donnan effect presented in (44).

15 T
oCvV
ES
r EOC‘V
oCcvV
ED

Volatge [V]

0 20 @ 4 s e 70 8 %
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Figure 4: SOC-OCYV profiles of a VRFB. E9€V: consider-

ing only the vanadium species, E°CV: considering the

H protons of the posolyte and E°CV: considering the
Donnan effect.
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Figure 4 shows the three different profiles of the
OCV in terms of the SOC, where it is possible to see
how there exist a large difference when the protons are
not considered, and a small one considering the Don-
nan effect. Therefore, it can be concluded that the in-
corporation of protons in the VRFB model is a necessary
condition for the analysis of the OCV evolution, which
is one of the most important variables to be considered.

2.5.2 Activation overpotential

The activation overpotential, 74, is defined as the po-
tential difference required to overcome the activation
energy of the redox reaction to produce a specified cur-
rent. It can be computed by means of the Butler-Volmer
equation, which has the following expression:

(1 - ax)NFn
RTe¢

apNFn;
~ RTc

Je=Jple —e (45)

where k is used to distinguish between the positive
and negative part, j* is the exchange current density
in A-m~% and « is the charge transfer coefficient. It is
important to notice, that the current density has differ-
ent sign in the negative and positive parts, so j,= j on
the positive side, while j_= —j on the negative one.

Therefore, it is possible to calculate the value of the
activation overpotential of a cell as:

n®=ni-nZ. (46)
The main problem of the Butler-Volmer expression (45)
is that there is not an analytical solution to obtain n“
in terms of the current density. For this reason, most
of the studies use other tools to compute its value as a
lookup table (LUT) or a function approximation. In this
work, we present a hyperbolic sine approximation that
is formulated as:

RTC r
- sinh™! (?])

aF
N = 0 b,<rj<b_,

RT¢ . _
W . sinh_l (%) br < rj
-

where r; is the ratio j/j° and by and b, are the upper
and lower bounds, respectively.

2.5.3 Ohmic overpotential

The ohmic overpotential is directly related to the cell
resistance, due to the different materials used, and with
the current density j.

The cell resistance can be computed as the sum
of that imposed by three elements: current collectors,
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membranes and electrodes. However, in some studies
it has been shown that its value can vary over time and
that depends on whether the system is on a charging
or discharging process. In this work, its value has been
considered constant differentiating between a charging
or a discharging process, according to some results ob-
served in different studies [12].

Therefore, the ohmic overpotential 7° can be com-
puted as:
ra-j j<O0O

(48)

re+j Jj>0
where rg and r. represent the cell resistance expressed
in Q-m?,

2.5.4 Concentration overpotential

The concentration overpotential n¢ is related to a poten-
tial that appears inside each electrode, due to the fact
that there exist a difference between the concentration
of species in the bulk electrolyte, compared to the one
on the surface. This difference of concentrations in the
same electrode occurs if the redox reaction of the cell is
much faster than the mass transport. In this scenario,
the redox reaction does not occur ideally, considering
all possible species. On the one hand, it is possible that
some of the reactant species do not reach the reaction,
resulting in a depletion of these species. On the other
hand, considering the product species, a low mass can
cause that these molecules cannot be released from the
reaction, resulting in an accumulation in the surface.

It is important to notice, that this phenomenon
must be considered if the model presents mass trans-
port phenomena, as diffusion, migration or convection,
which actually occur in VRFB’s. Accordingly, most
works that consider the voltage, do not include the con-
centration overpotential °, assuming that there is not
mass transfer effect and therefore, concentrations on
the electrode surface do not differ from the bulk ones.

Similarly to the formulation of the activation over-
potential, it is possible to calculate 1° as:

n=ni—n (49)
where 7¢ and 7n$ are the concentration overpotentials
in the negative and positive half-cells, being calculated

by the equations (50) and (51), respectively.

Ac
RT® cs
1t =—-in| —2 (50)
1+ -
)
Ac
RT® T
5
Ny =—ln A (51)
<y
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As can be seen, all overpotentials depend on the cur-
rent, as well as on the species concentration. In order
to analyze their behaviour, they have been computed
numerically considering 3 different charging currents.
Figure 5 presents the profiles of each one of the over-
potentials in terms of SOC and current. It is possible
to see how in the areas close to the maximum charge
and discharge, both activation and concentration over-
potentials have a large contribution in the cell voltage.
Finally, Figure 6 presents the voltage profiles for the
case of a charging process with a constant current of
0.9 A, comparing the OCV with and without the con-
sideration of the Donnan effect and the overpotentials.

P ——135A

03F

—n* % 090 A
0.2 n° 0.45 A

o
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04k
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*
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Ed
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Figure 5: Overpotentials profiles of a VRFB for different
values of charging current. n°: ohmic overpotential, n:
activation overpotential and n°: concentration overpo-
tential.

3 VRFB CONSERVATION LAWS

One of the main characteristics of the electrochemical
model presented here, is that has been formulated ac-
cording to the mass and charge conservation principles.

Under these conditions, assuming that the system is
perfectly isolated and has no losses, the total amount of
species will remain constant. The analysis of the mass
and charge conservation can be performed using the
state-space formulation.

3.1 Mass conservation

Conservation of species in terms of moles for any chem-
ical reaction derives from the mass conservation law.
Thus, it is possible to express the total number of moles
of a specific species as:

(52)
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Figure 6: SOC-OCV profiles of a VRFB with and with-
out the consideration of the Donnan effect and the
overpotentials.

where m is used to express the mass, defined as the
number of moles, and the superscript k represents the
place that the species i occupies.

With this notation, it is possible to compute the to-
tal number of moles of any RFB, by the following ex-

pression:
5
mt=ZZcf-ok, (53)

k=c.t i=2

Therefore, for the VRFB, the mass dynamics for the
vanadium electrochemical model can be defined as:

mp=ov-x, (54)

where m; defines the dynamics of the number of
moles along the time, thus having units of mol-s™*
and o is the volume vector of a RFB defined as
o=[v° ¢ v° 0v° oL ol ol ol].

Finally, substituting (15) in the previous expression,
it is obtained:

m=v-(Ax+B.x-q_+B,x-gq.+b-j)=0, (55

which indicates that the mass conservation law is ful-
filled for the vanadium electrochemical model.
Although (55) shows that the total mass is preserved
in the global system it does not give information about
the behaviour in each half-cell. In this work, the diffu-
sion mechanism has been chosen as an ion crossover
effect. Therefore, it is possible to see how the mass
changes in each part of the battery due to this effect.
For the case of the negative side, the mass conserva-
tion study can be performed with the negolyte volume
vector v_, defined as v_=[0° 0¢ 0 0 0% o' 0 0].
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In this way, it is possible to obtain the following expres-
sion:
m_=o_-Ax = ﬁ-(—k S — kscs + kac + kscg) . (56)

_ =0 = 2Cy 3C3 4Cy 5C5) -

On the other hand, considering the posolyte side,
computing the mass differential equation with the vol-
ume vector v,=[0 0 0v° ©° 0 0 ol ol], the same
results can be extrapolated with opposite sign:

. s™
My =04 - Ax = il (kac§ + ksc§ — kacg — kscs) . (57)

From the expressions presented in (56) and (57) it
is possible to see how the sum of both makes the to-
tal mass equal to zero, so the mass is conserved in the
entire system. However, it can be seen how the mass
will be different in each part if the species concentra-
tion and the diffusion coefficients are not equal.

The initial species concentration can be known
when the electrolytes are prepared. However the exact
value of the diffusion coefficients is difficult to know,
even more if the dependence on T¢, as expressed in (13),
is considered. Due to the impossibility of being able
to measure their values, there is no consensus on their
values or ratios between them, although the following
relationship is satisfied

kz > k4 > k5 > k3. (58)

Using this relationship, it is possible to analyze
where and how fast the species are moving through the
membrane. In order to compute it, a real Nafion mem-
brane with a thickness of 125 um, has been considered.
Table 2 summarizes the different diffusion coefficients.
They have been computed using the Arrhenius equa-
tion (13), considering the pre-factors of the commercial
membranes and a constant electrolyte temperature of
298 K. As it can be noticed, the diffusion coefficients
follow the relationship presented in (58).

Table 2: Pre-factors and diffusion coefficients of the
different vanadium species for a Nafion membrane [27].

Vanadium | Pre-factor Diffusion Coefficient
species | A (m?.s71) k (m?-s71)
V2 9.6-107° 8.83-10712
V3 3.5:107° 3.22:10712
\%4 1.1-1078 6.83-10712
v+ 6.4-107° 5.83-10712

In order to analyze the diffusion mechanism, as well
as checking the principle of mass conservation, some
simulations have been performed. The considered RFB
facility is formed by two tanks of 100 ml of capacity, and
a cell with the dimensions shown in Table 3, considering
a total concentration of 0.4 M.
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Table 3: Model parameters for the conservation of

mass study.
Parameter Value
ot 11074 m?
ot 1:107* m?
s¢ 9-107* m?
s™ 9-107* m?
wé 5-1073 m

Considering these characteristics, the total mass of
the system according to expression (53) is 0.004 mol.
Assuming that the system is initially balanced, with
same concentration of 1000 mol-m~ for each vanadium
species, a simulation of the diffusion phenomenon has
been performed. Figure 7 shows the evolution of the
four vanadium species, until the equilibrium is reached.
However, it is important to remark that the transport
of species due to diffusion will stop when one of them
disappears, as it happens with c,. The evolution of the
system mass is shown in Figure 8 where it can be ob-
served that the total mass m; is constant according to
the mass conservation principle with an approximate
value of 0.004 moles.
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Figure 7: Evolution of vanadium species due to diffusion
phenomenon.

The negolyte mass, denoted as m_, increases with
time while the posolyte one, m,, decreases, clarifying
the mass transport.

3.2 Charge conservation

Using the same procedure developed to analyze mass
conservation, it is possible to evaluate if charge con-
servation is also fulfilled. In this case, it is important to
consider that each vanadium species has its own charge
which is directly related to its oxidation state. Thus, the
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Figure 8: Evolution of total mass m, and posolyte, m,,
and negolyte m_ due to diffusion phenomenon.

expression for the total charge of the system depending
on the number of moles of each species is:

cr = (2¢5 + 3¢5 + 2¢§ + c£)v¢ + (2¢h + 3¢k vt (59)
+(2¢ + chyol

where ¢, is used to express the total charge of the sys-
tem, which depends on the valence i of each vanadium
species VI*. Similarly to the analysis performed for the
total number of moles, m;, it is possible to analyze the
total charge dynamics as:

ét =0¢ - x 5 (60)
where the volume vector is v, = [20°,30°20° 05,
20! 30! 20! V%], obtaining that its value is zero, which
means that the total charge remains constant inside the
system:

¢ =vc - (Ax+Bx-q-+B,x-g.+b-j)=0. (61)

4 EXPERIMENTAL VALIDATION

In order to validate the model, some different exper-
iments have been carried out with a real VRFB cell.
A discharge process to calibrate the model parameters
has been considered to later develop a series of charge
and discharge cycles in order to be able to see the effect
of the ion crossover. The change of the mass in each side
of the system, which is translated in the estimation of
the SOH, has been identified.

The experimental set-up used in this work consists
of a VRFB single cell developed by the Instituto de Car-
boquimica, two tanks and two peristaltic pumps. The
cell consists of two 7x7 cm? porous electrodes separated
by a Nafion-212 membrane. Each tank contains 80 ml
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Figure 9: VRFB single cell assembled in the Instituto de
Carboquimica center.

of 1.6 M vanadium solutions in 2 M sulphuric acid and
0.05 M phosphoric acid.

The first experiment performed consists of a dis-
charge cycle at a constant current of 3 A where the
voltage has been measured every 1 second, without a
certain idea of the initial conditions in terms of initial
species concentration.

Despite the fact that many of the variables and pa-
rameters of the system are known or can be measured,
there is no information available about some others and
they need to be estimated. For this purpose, the use
of estimation methods is required, and an offline esti-
mator based on the PSO technique is proposed. The
parameters and variables that have been considered
in this work are the initial species concentrations, and
the parameters related to the different overpotentials,
which are the cell resistance r and the charge transfer
coefficients ay and a_. For the case of the standard
electrode potential E?. it is estimated considering the
effect of the Donnan potential on its computation, be-
ing denoted as E?".

Under the assumption of high flow rates and the
mass and charge conservation principles, it is possible
to reduce the original system to a 15 order model, being
only necessary to calibrate one of the initial concentra-
tions, which in this case is the vanadium species c;.

Using a PSO technique [2], it is possible to estimate
the set of parameters p = [ay, a_, g, E?", ¢,(0)], that
satisfy the following problem:

min p

N
DBk - T) - E(k - T)
k=1

subject to
E(k-T,) = f(p)
c(p)<0
N being the total number of measures that have been

taken, considering an equal sample period T, k denotes
each sample and c is the constraint set of the unknown
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parameters. For the experiment performed, the value
of T; is one second and the constraint set is ¢ (p) = [0..1,
0..1,0..0.5, 0..2, 0..1600].

Table 4: Measured and calibrated VRFB parameters.

Nomenclature Value Obtanining
ct 0.896 mol e~ Measured
m; 0.264 mol Measured
ms 0.132 mol Measured
T 298 K Measured
o° 75107 m3 Measured
t 810> m? Measured
ol 8:107° m? Measured
oy 0.51 Estimated
a_ 0.495 Estimated
c2(0) 1457 mol-m™3  Estimated
EY 1.235V Estimated
rd 0.11Q Estimated

Figure 10 shows the profile of the actual voltage E mea-
sured during the discharging profile at constant cur-
rent, and the estimated ones with the calibrated param-
eters depicted in Table 4. As can be noticed, the agree-
ment is reasonably good, presenting a similar voltage
performance along all the discharging profile.

Voltage [V]
o
© N

o
™

o
3

o
o

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 10: Measured voltage and the estimated ones
with the model calibrated.

In order to determine if the model presented is
able to be used in long-term scenarios when the ion
crossover effect is present inside the battery, a series of
charge and discharge processes have been carried out.
Using the calibrated model and assuming that there is
not ion crossover phenomena and that the mass in both
sides remains constant and equal to 0.132 mol, the pro-
file obtained is the one shown in Figure 11.
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Figure 11: Measured voltage and the estimated ones as-
suming not change of mass in each side.

As can be noticed, there exists a difference between
the measured voltage and the one obtained from the
model. It is also possible to see the effect of the ion
crossover. This experiment consists in charging the sys-
tem with a constant current until it reaches a maximum
voltage value, and discharging it until a minimum one.
As can be observed, initially the duration of the cycles
is approximately 5000 seconds, while at the end of the
profile, it is reduced to around 4300 seconds.
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Figure 12: Measured voltage and the estimated ones
with a variable m,.

The difficulty of estimating low vanadium concen-
trations in addition to the existence of side reactions
influences especially in the high voltage region during
charging. This voltage model, based on the Nernst
equation, is highly sensitive to small variations in
vanadium concentration when the SOC is very high or
very low, so it is necessary to improve the concentra-
tion estimation.
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In order to minimize the error in vanadium concen-
tration, in the implementation of the model with this
experiment, it has been considered that the mass in
the posolyte changes as a ramp, calibrating the value
of the slope in order to estimate the change of mass,
and therefore, the SOH. Performing this analysis using
the same PSO algorithm developed previously and in-
troducing this new parameter for the estimation, the
results obtained are the ones shown in Figure 12.

In this case the agreement of the voltage is reason-
ably good compared to the previous ones that did not
consider the mass variation due to crossover. The maxi-
mum relative errors, reached at high voltage during the
charging process, are greater than 50% without con-
sidering mass transport but below 20% in most cycles
when mass transport is considered. The very high de-
viation observed during the short period of time that
the system is above 1.7 V may be related, in addition
to the difficulty of estimating low vanadium concentra-
tions, to the existence of side reactions. Nevertheless,
the mean relative error of the estimation considering
mass transport is around 1.7%. Therefore, and assum-
ing that the system was initially balanced, it is possible
to obtain the profile of the variation of the SOH which
is presented in Figure 13.
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Figure 13: SOC and SOH obtained from the model cal-
ibrated considering a variable m,.

5 Conclusion

This work presents a new dynamic model of a VRFB
that allows to consider the most important variables
and effects that occur during the operation of the sys-
tem. The calibration performed with the PSO technique
achieved very accurate results with the data obtained
from a discharge experiment, validating the presented
model that considers different variables. The correct-
ness of the model is guaranteed not only for SOC es-
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timation, but it is also able to estimate the SOH when
the effect of the ion transport mechanisms is present in
a real vanadium redox flow battery. As future improve-
ments, it would be necessary to analyze the robustness
of the model presented for the case of a stack where the
bypass currents can have an important effect.
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