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Vanadium Redox Flow Battery (VRB) is an electrochemical energy storage system based on
a reversible chemical reaction within a sealed electrolyte. Several models have been
developed which now offer a good understanding of the VRB operating principles; this
knowledge is important to evaluate its performance when applied in power systems.
However, these models depend on parameters that are difficult to obtain experimentally or
in data sheets. In this regard, this article presents a new VRB model based on the stack
efficiency curves, usually determined by the manufacturer. This model is especially useful
for computing intensive applications, such as power system dynamic studies, in order to
maintain a low run-time. Finally, the simulation results obtained through the proposed
model are compared with laboratory results of an experimental VRB system, showing a
striking resemblance with only a little relative error arising from them.

Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

The motivation behind developing electrical equivalent
models for batteries stems from an interest in studying their
application in power systems. There are several ongoing
studies related to the use of energy storage in power systems.
Many authors have seen potential for short-term and long-
term storage devices based on the latest developments in
storage technologies, one of which is the Vanadium Redox
Flow Battery (VRB) [1].

Asregards wind energy systems, there is a growing interest
in using storage devices for power smoothing, load levelling
application and eventually frequency control. The addition of
energy storage in wind farms provides a smooth output power
by acting as a source or sink of real power [2]. Furthermore, it
provides an improved transient response, as well as a

* Corresponding author.

potential for aiding frequency and voltage regulation. The
following characteristics are desirable in a storage system for
wind applications: long term storage, operation over a wide
range of outputs, high efficiency, low maintenance, long life
and fast response to rapid changes. These requirements are
met by VRB technology.

Several models have been found in the literature: in Ref. [1]
the author develops a complete VRB model, which takes into
account the voltage losses and mechanical losses, but it does
not consider the parasitic current losses; additionally, this
model depends on parameters that are difficult to obtain from
data sheets. The model presented in Ref. [2] is less complex,
but it ignores the nonlinearity of the stacks. The work pre-
sented in Ref. [3] focuses on the modeling of the VRB near
practical operating setups; however the model is not accurate
during the transient response. Unlike other models, this paper
presents a new VRB model based on the stack efficiency

E-mail addresses: ontiveros@iee.unsj.edu.ar, leontiveros@hotmail.com (L.J. Ontiveros).
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curves given by the manufacturer. Moreover, it includes an
improved mechanical model developed in Ref. [1], so that the
complete VRB model is finally obtained. Then, simulation re-
sults obtained through the new developed model are
compared with those from both the models of [1] and the
experimental VRB system built in Ref. [4]. This comparison
shows a great accuracy of the new model, and the results
obtained present only a little relative error with respect to the
experimental ones.

2. The Vanadium Redox Flow Battery

The VRB is an electrochemical energy storage system which
converts chemical energy into electrical energy and vice versa.
The general scheme of the VRB is shown in Fig. 1. It consists of
two electrolyte tanks, containing sulphuric acid electrolyte
with active vanadium species in different oxidation states: V./
Vs redox couple (positive) and V,/V; redox couple (negative).
Both electrolytes are circulated through the cell stack by
pumps. The stack consists of many cells, each of which con-
tains two half-cells that are separated by a proton exchange
membrane (PEM). In the half-cells the electrochemical re-
actions take place on inert carbon felt polymer composite
electrodes from which an external direct current is used, in
order to charge or discharge the battery.

In VRB, two simultaneous reactions occur on both sides of
the membrane, as illustrated in Fig. 2. During the discharge,
electrons are removed from the negative electrolyte (anolyte)
and transferred through the external circuit to the positive
electrolyte (catholyte). The flow of electrons is reversed during
the charge; the reduction takes place in the anolyte and the
oxidation in the catholyte [1].

A single cell produces a nominal potential of approxi-
mately 1.35 V, depending on the concentration of vanadium.
The terminal voltage is achieved by series connection of many
cellsinto a “stack”. The amount of available power is related to
the stack voltage and the current density established through

Half-cell \‘ Melmbrane
Vi/ Vs V,/ V3
Electrolyte Electrolyte
Tank Tank
Electrode
Pump Pump

Fig. 1 — General Scheme of a Vanadium Redox Flow
Battery.
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Fig. 2 — Reactions in the proton exchange membrane (PEM).

the cell, while the available energy only depends on the supply
of the charged electrolyte into the stack. So, the rated power
and the stored energy can be readily upgraded by increasing or
decreasing the stack and the electrolyte tank, respectively.

3. An existing electrochemical model of the
VRB stack

In Ref. [1], a complete model of the VRB is presented, which is
made up of two parts: the electrochemical model and the
mechanical model. The electrochemical model describes the
behavior of the stack; mainly it depicts how the stack voltage
(Ustack) depends on the operating conditions, i.e., the stack
current (Istack), the vanadium concentrations in the electro-
active cells cqy, the protons concentration cy., the electrolyte
flowrate Q, and the temperature T. Furthermore, it also de-
scribes how the electrolyte compositions change while the
battery is operating. The schematic representation of this
model is shown in Fig. 3, which is composed of six sub-
systems. Each of them is described below:

3.1. Stack voltage

The stack voltage Ugack depends on the equilibrium voltage
Ueq and the voltage losses Uyss; the equilibrium conditions are
met when no current is flowing through the stack. On account
of the membrane resistance high value, the parasitic current
is low and there are minimum voltage losses. Thus, Ugtack

Ca lT

Equilibrium
potential Uegq

Q
—» Vanadium Protons
—>| concentrations concentration| ¢+
/stack
*_ 4
Istack Ilnternal B
0SS€S  |Ujpes

A 4

State of
Charge soc

Istack Tank
> concentrations Cu

Fig. 3 — Schematic representation of the stack presented in
Ref. [1].



8722

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 87208727

equals Ueq; otherwise the voltage losses modify Ugiack. Note
that the sign of Uj,ss depends on the stack current direction
(charge or discharge) [1]. Hence Ugtack is determined by:

Ustack = Ueq - Uloss (1)

The equilibrium voltage corresponds to the sum of the
equilibrium potential of the individual cells composing the
stack (Ueg,cen)- This potential is set by the Nernst equation [1]
and hinges on the concentration of the vanadium ions (3).

Neell

Ueq = Z Ueq.cell (2)
1

RT CausChy \ [ Cav2
Ueqcen = U} +—1n[<“”— 2 3
aeell 0 F Cava Cav3 ( )

where Uj is the standard cell potential, R is the gas constant
and F is the Faraday constant, cu,; is the mean value of the
vanadium concentration for each vanadium species, as ¢y, is
the proton concentration. The characteristic curve of the
equilibrium potential Ueg,cen is illustrated in Fig. 4 for a single
cell, as a function of the state of charge (SOC). In practice, the
SOC is limited between 0.1 and 0.9 pu, due to over voltage is-
sues on charging, and under voltage issues on discharging.

3.2.  Voltage losses

When an external current flows through the stack, the equi-
librium conditions are not met anymore and the stack voltage
Ustack is now determined by the difference between the equi-
librium potential Ueq and the voltage losses Uy, in accor-
dance with (1) [1]. These losses are often called overpotentials
and they represent the energy needed in order to force the
redox reaction for proceeding at required rate (4).

Uloss (t) = Uact(t) + Uconc (t) + Uohm (t) + Uion (t) (4)

The activation U, and the concentration Uy, over-
potentials are electrode phenomena; U, is associated with
the energy required for initiating a charge transfer, and Uconc
arises from the differences in concentration between the bulk

Ueq,cell [V]

i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1 L i L

State of Charge [pu]

Fig. 4 — Equilibrium cell voltage versus state of charge at
25 °C.

solution and the electrode surface. In addition, the ohmic
Uohm and ionic Ujon losses also alter the stack voltage. The
ohmic losses Ugnm, are caused by the electric resistance of the
electrodes, bipolar plates and the collector plates. The ionic
losses Ujon occur in the electrolytes and the membrane, and
are caused by the resistance to the passage of an ionic flow.

3.3. Concentration of vanadium ions

Although the ions concentrations are not uniformly distrib-
uted inside the cells, the mean value cg,; is used as an
approximation in the Nernst equation (3). The vanadium
concentrations cg,; are related to their initial tank concentra-
tion cujo, the volume of the reservoir Vi, the number of cells
Neen, the stack current Igaqx and the electrolyte flowrate Q [1]:

bN cell
VikeNa

cheHIstack (t)
2eNAQ(t)

where b is a sign factor depending on the considered vana-
dium species (—1 for V, and Vs ions, and +1 for V; and V4 ions),
N, is the Avogadro number and e is the elementary charge. It
is interesting to note that the sum of the first two terms cor-
responds to the concentration in the tank cyi, and that by
definition the current is positive during the discharge.

Istack(t)dt + (5)

Cavi(ty = Ctkio +

3.4. Concentration of protons

The protons concentration in the catholyte depends on the
electrolyte composition and varies with the state of charge [1]:

CH+ = CH+ disch + Cavs (6)

where ¢y, gisch 1S the proton concentration when the elec-
trolyte is completely discharged.

3.5. State of charge

The state of charge SOC indicates how much energy is stored
in the battery; it varies from 0 (discharged state) to 1 (charged).

/ stack

X )y
Ip
RS U/oss
Rp
Ustack I
I_ 1+
Ueg™——
— — l—c
Controlled
M Voltage Source
= 7 Ueq
U P stack,ef ¢
eq
SOC(k+1)=S0OC(k)+ASOC(k
L To—> (k+1) (k) (k)

Fig. 5 — A new model of the VRB stack.
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When neglecting the small variation of the SOC with the
protons concentration, its value is defined by the following
relation:

Cko  Cxs 7)

SOC = =
Ctk2 + Ctk3  Ctka + Ciks

In general, the models observed in the literature do not
consider the parasitic current losses; what is more, these
models depend on parameters that are difficult to obtain from
data sheets or experimentally. In the light of these consider-
ations, a new VRB model is presented in the following chapter.

4, A new model of the VRB stack

The VRB stack model presented in this paper improves that
one presented in Refs. [1] [2], taking into account the voltage
losses and the parasitic current losses with the resistances Rs
and Rp respectively (Fig. 5). The model calculates the equilib-
rium voltage (Ueg), the stack voltage (Ustack) and the state of
charge (SOC) of the electrolyte.

4.1. State of charge

The SOC represents the percentage of active vanadium spe-
cies in the electrolyte. In this case, the SOC is modelled as a
state variable which is calculated at each sample period (To)
[2]. According to (8), the SOC at the instant k depends on the
energy stored E(k), and the maximum energy capacity Emax
[5-7]:

E(k)

Emax

SOC(k) = ®)

The SOC in the next sample period is:

SOC(k + 1) = SOC(k) + ASOC(k) )

Unlike the models developed in Refs. [2,5-7], this paper
establishes that only the effective stack power Pgiack ef(R) af-
fects the SOC; otherwise the SOC is overestimated during the
charge and discharge cycles. Thus, the variation of the state of
charge (ASOC) is calculated with (10):

_AE(R) _ —Ueq(k)Les(R)To

Emax Emax

ASOC(k) (10)

where I.f(k) is the effective current of the VRB cells stack
without the parasitic current losses I,. The term Ueq(k)* Ief(k) is
the effective stack power Pgtack ef(R). To is the sample period.

4.2. Stack voltage

The cell equilibrium potential is directly related to the state of
charge as shown in (11) [2,7—-10].

2RT < SOC > (11)

Ueacer =Uo + 7511 —56¢
where Uy is the internal cell voltage when the SOC is 0.5 pu.

The equilibrium voltage (Ueg) is calculated with (2).

4.3. Voltage losses

The voltage losses presented in (4) are difficult to identify and
measure. Therefore, an equivalent resistance is used instead:

Uloss = RSIef (12)

where Rs is the equivalent charge/discharge resistance, this
value is found experimentally and includes polarization re-
sistances as well as ohmic resistances.

4.4, Parasitic current losses

The parasitic current losses (or coulombic losses) can be
caused by side reactions, such as oxygen or hydrogen evolu-
tion that might occur during the charge. The cross mixing of
the electrolyte through the membrane due to ion transfer and
unbalanced flowrate of the electrolyte are other source of
coulombic losses [11]. The parasitic current I, considers the
coulombic losses of the stack:

Ustack
L= R;p (13)

4.5. Stack energy efficiency

The voltage and coulombic losses lead to stack energy effi-
ciency below 1. By definition, the stack efficiency is the rela-
tionship between the energy drawn by the VRB system during
the charge cycle, and the energy delivered by the system
during the discharge cycle (14). In order to calculate the exact
efficiency, the SOC at the beginning of the charge cycle (to)
must be equal to the SOC at the end of the discharge cycle (t,)
(Fig. 6); otherwise the VRB system stores or delivers energy
after the charge/discharge process.

t
/}Pstack.disch‘ -dt

_ |Estack,disch} ot

Ne = Ty (14)
|Estack.charge |
/‘Pstack.charge } -dt
to
0.502 T
T o ] ]
=
O 05+ ~
8 0.499 1
0
0.498 .
g Atcharge 10 ; i 15 AtdlSCh § 30
— 10} ! ! ﬁl ]
8_ 05 stack,disch .
=
f“; 0.0 i ]
S 05t .
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i T T 1 Il Il |
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1.16 . . T
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. | eeeesecccccccsdeccccccbecces coee
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Fig. 6 — Charge/discharge cycle of the experimental stack.
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ty
/ Ustack.disch ) {Istack.disch| -dt
t-
Ne = t11 (15)
/ Ustack,charge : {Istack.charge| -dt

to

The papers presented in Refs. [2,4,9—12] demonstrate in an
experimental way, that the voltage and coulombic efficiency
for a specific stack depends on the stack current operation.
Fig. 7 shows that the coulombic efficiency (n.) increases and
voltage efficiency (1) decreases with increasing current giving
maximum overall energy efficiency (n.) of 0.8 when the stack
current is approximately 0.6 pu.

In order to evaluate the stack efficiency during a complete
cycle, the stack current is set constant during the charge and
discharge process; otherwise a variable stack current affects
the value of the energy efficiency (Fig. 7). So, the energy effi-
ciency value depends only on the stack voltage and the inte-
gration period. If the charge and discharge periods tend to
zero (Fig. 6), the stack voltage remains constant during the
integration period, hence (15) becomes (16).

t

t
/ Ustack.disch -dt hthﬂtl / Ustack.disch -dt
ty t

Ne = , = 11 (16)
/ Ustack.charge -dt liInt:l—»t() / Ustack,charge -dt
to to

Ustack.disch Atclisch

Ne = =My * M (17)

- Ustack,charge Atcharge

Equation (17) denotes that the energy efficiency is the
product between the voltage efficiency (n,) and the coulombic
efficiency (n.). So, the voltage efficiency is defined as the di-
vision of the stack voltage during the discharge by the stack
voltage during the charge:

Ustack disch
g = gy (18)
stack,charge

In the same way, the coulombic efficiency is determined as
the division of the amperes-hours delivered during the

n.: Voltage
fficiency

ns: Coulombic
Efficiency -

=

& 9T 3 .\
> Ne: Energy Efficiency

o

=

L o4t 1

02+

0 0.1 02 03 04 05 06 07 08 08 1

Stack Current [pu]

Fig. 7 — Voltage, coulombic and energy efficiencies of the
VRB stack.

discharge by the amperes-hours drawn during the charge.
When the VRB operates at constant charge/discharge current,
the coulombic efficiency is easily calculated with (19):

 |lstackdisen|Ataisch  Atgisch

n, (19)

e = =
|Istack.charge ! Atcharge Atcharge

In Fig. 5, the controlled voltage source Ueq represents the
model of the VRB stack without the coulombic and voltage
losses. In this sub-system, the energy delivered is equal to the
energy absorbed by the VRB system:

Ueq Ief,charge Atcharge = Ueqlef.disch Atdisch (20)

From (19) and (20), the coulombic efficiency is set by:

ne = ot Jechnge _ 1, ) (21)
charge  lef disch

The main component of the coulombic losses is the diffu-
sion of ions across the membrane. Therefore, the parasitic
current I, depends on the stack current Ipgack. In this work, an
ohmic resistance (Rp) is employed as an approximation of the
parasitic losses. So, the ratio between the stack voltage Ugtack
and the parasitic current I, remains constant and equal to Rp,
for either the charging or discharging process (22). Therefore,
the quotient between the parasitic current during the
discharge I, gisch and the parasitic current during the charge
I, charge 1S €qual to voltage efficiency », (23):

Rp _ Ustack,disch _ Ustack.charge (22)
Ip.clisch Ip.charge
Ustack di Ipai
Ny = 3 stack,disch _ I1;J,chsch :fv(lstack) (23)
stack,charge p.charge
4.6. Determination of the stack parameters

The stack parameters (Rs, Rp) are obtained using the model
presented in Fig. 5. Equations (24)—(27) describe the charge
and discharge process of the VRB stack:

Ustack charge = Ueq + lef charge RS (24)
Istack charge = lef.charge + Ip.charge (25)
Ustack disch = Ueq — lef dischRS (26)
Lstack disch = Ief.disch — Ip.disch (27)

The stack parameters Rs and Rp are obtained solving (21),
and (23)—(27):
Ueq (1 _ nv)

Rs = 28
Istack (1 + nv) ( )

_ Ueq (1 + nc)
Istack (1 - ﬂc)

Fig. 7 shows that the coulombic and voltage efficiencies
vary with the stack current, so Rs and Rp are not constant.
Instead of solving the circuit presented in Fig. 5, a new method
that calculates two gains is proposed here, so as to obtain the
stack voltage Uswack and the effective current ler. These

(29)
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parameters are the voltage and current gains (K, Kc) and they
are obtained by solving the equations system (24)—(29). Note
that K. and K, gains depend on the stack current, the experi-
mental efficiency curves (ny, 7o) and the operating condition
(charge or discharge):

1+n
Kc.charge(lstack) = ncKc.disch(Imck) = ncgl T nvg (30)
e
Ky disch 1+
Kv.charge(lstack) = o= (stace) = ( nC) (31)

Ny (1+me)

Hence, the effective stack current and the terminal stack
voltage are obtained with (32) and (33):

Ter = Koty Istack (32)

Ustack =K )Ueq (33)

V(Istack

During the charge process, the voltage gain K, is greater
than 1 and the current gain K. is lower than 1. Thus, the ter-
minal voltage is greater than the equilibrium voltage and the
effective current is lower than the stack current, as it is ex-
pected. This situation is reversed during the discharge process,
since the voltage gain K, is lower than 1, and the current gain K.
is greater than 1. In conclusion, the knowledge of the stack
efficiency curves leads to the new model of the VRB stack
showed in Fig. 8. Usually, the VRB stack provides a cell con-
nected to the hydraulic circuit, but it is electrically isolated, in
order to measure the open circuit voltage and the SOC.

5. Mechanical model

The work presented in Ref. [1] develops the mechanical model
of the VRB system. This model is composed of an analytical
part that models the pipes, bends, valves, tanks and pumps,
and a numerical part obtained from a finite element method
that describes the more complex stack hydraulic circuit. The
mechanical model calculates the total power consumption of
the pumps (Popump) Which are caused by the electrolyte flow-
rate. In addition to the mechanical model, in this paper it is
suggested to incorporate the equivalent dc current con-
sumption of the pumps (Ipump). Therefore, the value of Ipump
represents the mechanical losses of the VRB system (34).

_ P 2pumps
Ipump B Ustack (34)
Isack | Current Gain ler OX P °,| Electrolyte soc
" KC {I.V[lll',\') A SOC
Ueg
Nernst Ueq,ceﬁ | Ueq | Voltage Gain Ustack
SOC Equation '| cel KV(I.\'Ilmk)
I stack Umonitor

>

Fig. 8 — Schematic representation of the improved VRB
model based on the stack efficiency.

Q | Q. i :
: Ipump “|Mechanical pump
|+ Y- Jstack Model ‘
sOmae U
Ivre |Ustack
Stack >
| IStack Moa(;:el SOC IS}OC
| Umonitor I ymonitor
L _ | _ _ _VRBSystem Model
/stack

Fig. 9 — Complete model of the VRB System.

6. VRB system model

The combination of the stack model and mechanical models
leads to the complete VRB model as illustrated in Fig. 9. This
model is a powerful tool for understanding the behaviour of
VRB, for identifying and quantifying the losses in the storage
system, and finally enhancing the overall efficiency.

The terminal VRB current Iyzg determines the stack current
Istack and consequently, the terminal stack voltage Ustack and
the state of SOC charge of the electrolyte. The external control
system sets the flowrate Q producing a pressure drop in the
hydraulic system; the required energy to pump the electrolyte
is provided by two dc machines. So, the pump current con-
sumption Ipump is subtracted from the terminal current Iyrg so
as to obtain the stack current Igiack.

7. Simulation results

In this section, the results obtained with both the proposed
model of the VRB stack and the electrochemical model
developed in Ref. [1], is compared with those of the experi-
mental system built by M. Skyllas Kazacos [4]. The charac-
teristics of the experimental system are summarized in Table
1. The voltage profile of this system during the charge process
at 100 Ais illustrated in Fig. 10. Att = 1.5 h, the stack current is
reversed and consequently the VRB is discharged, causing a
voltage drop. In Fig. 10, the dotted curve corresponds to the

Table 1 — Characteristics of the
experimental VRB system.

Name Value
Number of cells 19
Number of stacks 2
Electrolyte flowrate 1.97 l/s
Vanadium 2 mol/1
Concentration

Tank size 831
Maximum stack 120 A
Current

Average power 2.5 kW
Storage capacity 5 kWh
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Fig. 10 — VRB voltage profile at a constant charge/discharge
current of 100 A.
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Fig. 11 — Polarization curves for the VRB system at 0.5 SOC.

electrochemical model obtained in Ref. [1] and the solid curve
to the new model of the VRB stack proposed here.

Fig. 10 reveals that the new model of the VRB stack offers a
good approximation to the real system; the relative error is
less than 2%. The incorporation of the voltage losses and
parasitic current losses in the model leads to a more accurate
calculation of the SOC. Unlike the model presented in Ref. [1],

Table 2 — Parameters of the stack

Symbol Value

CH-, disch 6 mol/l

Emax 5 kWh

17 9.6485 C/mol

Na 6022 x 10?°> mol*
R 83144 V C/mol K
Rs 0.038 Q

T 29815 K

Uy 1.255V

Uo 141V

Vix 831

Table 3 — Coulombic and voltage efficiency data

Istack [PU] UK Nv

0 0 1.0
0.333 0.8255 0.9218
0.5 0.9138 0.8862
0.666 0.9452 0.8551
0.833 0.9468 0.8172
1.0 0.964 0.7978

the new model predicts the voltage collapse which occurs at
the end of the experiment (Fig. 10).

7.1. Polarization curves

The terminal voltage of the VRB system is evaluated at 0.5
SOC, for each value of the stack current (charge and
discharge). Fig. 11 shows that the polarization curves of the
new suggested model are very similar to the experimental
curves, especially at the discharge. The maximum relative
error is 1.55%.

8. Conclusions

This article presents a new VRB model based on stack effi-
ciency curves. The complete model of the VRB system is ob-
tained including the mechanical model of the VRB hydraulic
circuit and pumps. The results of an experimental VRB system
are compared with those of the new model by employing
digital simulations. The comparison shows high similarity
between them, with a relative error less than 2%. The ad-
vantages of the suggested model are that: 1) it does not depend
on parameters that are difficult to obtain from data sheets, 2)
the stack efficiency curves are easier to obtain either experi-
mentally or by the manufacturer, 3) the model takes into ac-
count both the voltage and coulombic losses of the stack, so
the performance of the model has a high degree of accuracy, 4)
the proposed model can be employed for applications which
incorporate electrochemical energy storage systems.

The proposed improved mechanical model is important for
assessing the power required in order to flow the electrolytes.
Its combination with the implied stack model is useful in
order to represent the operation of a VRB system considering
also the associated losses, which can be now identified and
quantified. So, the complete model offers a powerful tool for
understanding the VRB behaviour, and, consequently, for
enhancing its performance with adequate control strategies.

Appendix

The stack parameters are given in Table 2. Table 3 shows the
values of the coulombic and voltage efficiency.
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