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1. Introduction

Among all types of energy storage systems (ESS), vana-
dium redox flow batteries (VRFB) stand out for their high ef-
ficiency (70-90 %), long life cycle, safety and the possibility 
to decouple both energy and power sizes [1]. 

One of the main challenges in the study and analysis of 
VRFB consists on the correct caracterization of its perfor-
mance through mathematical models. The importance of 
developing mathematical models is reflected in the litera-
ture, where numerous studies widely validated and refer-
enced can be found, such as the electrochemical model de-
veloped by M. Skyllas-Kazacos [2], who pioneered the use of 
vanadium in redox flow batteries.  

Models can be classified as static or dynamic, depending 
on whether the effect of time is taken into acount, and as 
distributed or lumped parameter models, depending on the 
space dimension [3]. Tools as COMSOL are used to analyze 
and develop distributed parameter models, to study effects 
of flow design, components materials or degradation mech-
anisms [4]. However, for control purposes, the distributed 
models are rarely used due to its complexity and relevant 
computational cost, both in resources and time. For that 
reason, a vast majority of works in the literature concerning 
VRFB control, use lumped parameters models. 

Most of these lumped parameters models use different 
hypothesis to relax the problem, facilitating its understand-
ing and analysis. This is the case of Skyllas-Kazacos electro-
chemical models mentioned, where the same flow rate is 
considered in both semicells, same species concentration in-
side the cell and tanks, as well as a constant temperature to 
estimate the open circuit voltage (OCV) by means of the 
Nernst equation [5]. Therefore, it is necessary to develop an 
analysis in order to define which variables and parameters 
will be modelled, and under which assumptions. 

Thus, in this work, a complete model that considers the 
most important effects of a VRFB is presented. It can be di-
vided into four submodels, according to the previous param-
eters, which are: electrochemical, voltage, thermal and hy-
draulic ones.  

This model has been developed in a Matlab-Simulink en-
vironment as a tool to analyze the performance of a VRFB in 
a wide range of possibilities, examining the behaviour of the 
species and the voltage, temperature and pressure varia-
bles, incorporating some improvements with respect to 

other works. For all submodels, a clear distinction is made 
between both sides of the system (catholyte and anolyte 
semicells), not only in terms of dimensions and flow rates, 
but also on the initial conditions. 

2. Model formulation

The model presented in this work can be decompososed
in different submodels. The inputs are the charge/discharge 
current 𝐼, the flow rates for both catholyte and anolyte 
𝑞+and 𝑞−, and the room temperature 𝑇𝑎𝑖𝑟 . 

2.1 Electrochemical 

The electrochemical model presented in this work shows 
the evolution of the species concentration distinguishing be-
tween anolyte (-) and catholyte (+) semicells, as well as cell 
and tank components 𝑐𝑐  and 𝑐𝑡, respectively. Moreover, as 
an improvement over other works, it considers the real tem-
perature of the electrolyte inside the cell which comes from 
the thermal model, and includes hydrogen ions and water. 

The behavior of the vanadium species, as well as the hy-
drogen ions and water concentration, can be used not only 
to determine the state of charge (SOC), but also to compute 
the state of health (SOH), as it considers the main ion 
transport methods such as diffusion, migration and convec-
tion [6]. 

On the one hand, the evolution of species concentration-
inside the cell can be formulated by the following differen-
tial equation: 

𝑣𝑘
𝑐
𝜕𝑐𝑖

𝑐

𝜕𝑡
= 𝑞𝑘(𝑐𝑖

𝑡 − 𝑐𝑖
𝑐) ±

𝐼

𝐹
+ 𝛻𝑛⃗ 𝑖

where the subscript 𝑖 defines the species, subscript k is 
used to differentiate between anolyte and catholyte semi-
cells, 𝑣𝑘

𝑐  is the electrolyte volume of the semicell, 𝐹 is the 
Faraday constant and 𝛻𝑛⃗ 𝑖 represents the ion transport 
mechanisms. 

On the other hand, the behaviour in the tanks is defined 
by the expression: 

𝑣𝑘
𝑡
𝜕𝑐𝑖

𝑐

𝜕𝑡
= 𝑞𝑘(𝑐𝑖

𝑐 − 𝑐𝑖
𝑡)

where 𝑣𝑘
𝑡  is the electrolyte volume of each tank. 

2.2 Thermal 

The thermal model is formulated to calculate the 
temperature inside the whole system, namely: both tanks, 
pipes line connections and the cell temperature 𝑇𝑐. It 
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considers the effect of the current by the Ohm’s law, and 
also the heat generated in each pump thanks to its particular 
hydraulic model [7]. 

In order to compute the temperature in any part of the 
system, the following expression can be used: 

𝑣𝑘
𝑖 𝑐𝑝𝜌

𝜕𝑇𝑖

𝜕𝑡
= 𝑞𝑘𝑐𝑝𝜌(𝑇𝑖𝑛 − 𝑇𝑖) + 𝑢𝑖𝑠𝑖(𝑇𝑎𝑖𝑟 − 𝑇𝑖)

where superscript 𝑖 is used to distinguish between the 
system part, 𝑐𝑝 is the specific heat capacity of the electro-
lyte, 𝜌 is the electrolyte density, 𝑇𝑖𝑛 is the temperature of 
the inlet electrolyte flux, 𝑢𝑖  is the overall heat transfer coef-
ficient that depends on each material and 𝑠𝑖  is the surface 
in contact with the room temperature 𝑇𝑎𝑖𝑟 . 

On the one hand, considering the temperature inside the 
cell, the effect of the current must be considered adding the 
factor 𝑟 · 𝐼2 where 𝑟 is the cell resistance. On the other 
hand, considering the temperature inside the pipe lines 
where the pumps are connected, the heat generated by the 
pumps of the catholyte (𝑊+) and anolyte (𝑊−) parts must 
also be added. 

2.3 Voltage 

The voltage model analyzes the voltage drop, 𝑉, 
between the cell terminals. Unlike the vast majority of works 
that only include the OCV without accounting for the 
Donnan effect considering the hydrogen ions, this one does 
take it into account jointly with the different 
overpontentials [8]. 

Thus, the complete expression of the cell voltage used 
here is the following one: 

𝑉 = 𝐸𝜃 +
𝑅 · 𝑇𝑐

𝐹
𝑙𝑛 (

𝑐2
𝑐 · 𝑐5

𝑐 · (𝑐𝐻+
𝑐 )3

𝑐3
𝑐 · 𝑐4

𝑐 · 𝑐𝐻−
𝑐 ) + 𝜂 

𝐸𝜃being the standard electrode potential, 𝑅 the ideal 
gas constant and 𝜂 the overpotentials [9].  

2.4 Hydraulic 

The hydraulic model is used to calculate the power that 
the pumps must supply in order to maintain the electrolytes 
flowing at a certain rate, considering the pressure drop in 
the pipes and inside the cell [10]. 

On the one hand, the pressure drop in the pipes line 
(∆𝑝𝑘

𝑙 ) can be computed by means of the following equation: 

∆𝑝𝑘
𝑙 = 𝑓

𝑙𝑘
𝑙

𝑑𝑘
𝑙

𝜌𝑣𝑘
2

2

where 𝑙𝑘
𝑙  is the length of the pipes line, 𝑑𝑘

𝑙  is the diame-
ter and 𝑣𝑘  is the electrolyte velocity that can be computed 
as: 

𝑣𝑘 =
𝑞𝑘

𝑠𝑘
𝑙

𝑠𝑘
𝑙  being the pipe section surface. 

Finally, the pressure drop inside the cell can be divided 
in two main parts. On the one hand, the pressure drop in the 
flow frames, which is calculated using the same expression 
of the pipe lines  but considering the different flow sections: 

∆𝑝𝑘
𝑓

= 𝑓
𝑙𝑘
𝑓

𝑑𝑘
𝑓

𝜌𝑣𝑘
2

2

where 𝑙𝑘
𝑓

 and 𝑑𝑘
𝑓

 are the same variables of length and di-
ameter but for the flow frames. 

On the other hand, the pressure drop inside the elec-
trodes can be calculated using the expression: 

∆𝑝𝑘
𝑒 =

𝜇𝑞𝑘𝐾𝑐𝑘(1 − 𝜀)2

𝑑𝑘
𝑒𝜀3

ℎ𝑘
𝑒𝑤𝑘

𝑒

𝑙𝑘
𝑒

where 𝜇 is the electrolyte viscosity, 𝐾𝑐𝑘  is the Kozeny-
Carman constant, ε is the electrode porosity, 𝑑𝑘

𝑒  is the diam-
eter of the electrode fibres and ℎ𝑘

𝑒 , 𝑤𝑘
𝑒 and 𝑙𝑘

𝑒  are respec-
tively, the height, length and thickness of the electrodes. 

Finally, it is possible to compute the heat generated by 
the pumps considering these pressure drops as: 

𝑊𝑘 = (∆𝑝𝑘
𝑙 + ∆𝑝𝑘

𝑓
+ ∆𝑝𝑘

𝑒) · 𝑞𝑘

3. Experimental design

A real VRFB single cell has been developed by the LIFTEC
research team (see Fig. 1), and consists of two 7x7 cm2 car-
bon felt electrodes separated by a Nafion-117 membrane. 
The electrolytes for both anolyte and catholyte consist of a 
2 M solution of sulphuric acid with a concentration 1.7 M of 
vanadium, using 80 ml for each of them.  

The experiment carried out consists of a discharge cycle 
at constant current where the voltage has been measured 
taking samples every 1 second, without impossing any initial 
conditions in terms of initial species concentration. 
Fig. 1 VRFB single cell assembled in the LIFTEC center. 

3.1 Experimental validation 

Despite the fact that many of the variables and param-
eters 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 an estimation 
method is required. An offline estimator based on the Parti-
cle Swarm Optimization (PSO) technique is proposed in this 
research. The main reason to choose this offline estimation 
technique is that can be implemented easily in MATLAB and 
is computational efficiency compared with other mathemat-
ical algrithms or heuristic techniques [11].  

The parameters and variables that have been consid-
ered in this work are the initial species concentrations, and 
the parameters related with the different overpotentials, 
which are the cell resistance 𝒓, the charge transfer coeffi-
cients 𝜶, and the reaction rate constant 𝜷. 

Defining the set of parameters to be estimated as 𝒑 =
[𝒄𝟐(𝟎), 𝒄𝟑(𝟎), 𝒄𝟒(𝟎), 𝒄𝟓(𝟎), 𝒄𝑯+(𝟎), 𝒓, 𝜶, 𝜷], it is possible to 
formulate the following optimization problem [12]: 
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𝑚𝑖𝑛𝒑   ∑|𝑉𝑗 − 𝑉̂𝑗|

𝑛𝑗

𝑗=1

 

 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  𝑉̂𝑗 = 𝑓(𝒑) 

 𝒄(𝒑) ≤ 𝟎 

 where 𝒏𝒋 is the number of samples of the output meas-

ure 𝑽𝒋, which must be equal to the total points of the esti-

mated one 𝑽̂𝒋 that is computed by means of 𝒇(𝒑), which is 

the voltage function used in this work that depends on the 
complete model variables. Finally, 𝒄(𝒑) is the constraint 
vector of parameters. 

Fig. 2. Real (blue) and estimated (red) voltage profiles for a dis-

charging process of the experimental cell. 

4. Results

A discharging profile with a constant current of 3 A has
been used as a first step in order to validate the estimated 
parameters of the PSO method. Fig. 2 shows the experi-
mental profile applied to the single cell and the one ob-
tained with the calibrated model. As can be observed the 
agreement is reasonably good, presenting a similar sem-
blance in terms of voltage computation. The estimation of 
the ohmic and activation overpotential coefficients makes it 
possible to obtain a correct estimation both in the low and 
high concentration periods. 

5. Conclusions

This work presents a new dynamic model of a VRFB that
allows to consider the most important variables and effects 
that occur during the system operation. The calibration per-
formed using the PSO technique has achieved very accurate 
results with the real data obtained from a discharge experi-
ment, validating the presented model. In this way, the need 
for a model that considers different variables has also been 
demonstrated. As future improvements, it would be inter-
esting to analyze the robustness of the model for the case of 
a stack compose by different cells where the bypass currents 
can have an important effect. Another line of work, could be 
related with long term operation, analysing and validating 
the effect of ion transport mechanism, as well as possible 
degradation of the electrolyte and components. 
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