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Abstract

Abstract

Vanadium redox flow batteries (VRFB) are a promising energy storage technology for

stationary applications, but their commercial competitiveness must be increased.

This thesis focuses on optimizing the design of VRFBs with no flow field, using
mathematical models, to improve their performance and cycle life. Firstly, the relevance of
including distribution channels in the flow frames of VRFBs is assessed through CFD
simulations and experiments. Secondly, the impact of the position (through-plane direction)
of the distribution channels in the performance is evaluated using a 2D dynamic
phenomenological model (DPM). The model was also used to provide more insights about
energy losses related to the electrolyte regeneration rate at the electrode. Finally, the DPM,
an equivalent circuit model, and an empirical model were used to perform a thorough
sensitivity analysis to the parameters affecting shunt currents and optimize the design of the

stack.

The results demonstrate that the energy efficiency of the system is maximized when the
distribution channels are included in the flow frames and the battery is operated at low flow
rates, particularly if the distribution channels are positioned near the membrane. It is also
shown that the energy efficiency in larger VRFBs can be improved, and material damage can
be minimized by using wider and thinner distribution channels, to improve the electrolyte
distribution, and using narrower electrodes, to increase flow velocity. Regarding the stack
design, the sensitivity analysis shows that the manifold geometric dimensions affect shunt
current losses the most, followed by the geometric dimensions of the distribution channels.
Thus, a novel stack design comprising dumping cells is proposed. The new stack design
significantly improves the performance of VRFBs when compared to a conventional stack
design. For a 343 cm? VRFB, the shunt current losses decreased by 23.6 %, the pump power
consumption decreased by 33 % and the nominal power increased by 19 % at 80 mA cm™.

The findings of this work can be used to develop more performant and durable redox flow
batteries comprising any liquid electrolyte. This work also proves that mathematical models
can be used to accelerate the development of any technology. As such, the DPM developed

for VRFBs was adapted to create the first 2D dynamic phenomenological model for solar




Abstract

redox flow cells (SRFC) reported in the literature. The SRFC model is validated against
experimental data and the response of the model under different bias potentials is also
assessed. Furthermore, the impact of the recombination mechanisms in the response of the
SRFC was studied. The development of this model represents a breakthrough in the research
field of solar redox flow cells since it can be used as a reference to develop more complex

models and for improving the performance of this technology.

Vi
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Sumario
As baterias redox de escoamento de vanadio (vanadium redox flow batteries, VRFB) sdo

uma tecnologia promissora para armazenamento estacionario de energia, mas o interesse

comercial nesta tecnologia tem sido reduzido por causa do seu baixo desempenho.

O objetivo desta tese consiste em otimizar a configuracdo de VRFBs sem canais de
escoamento (flow fields), de forma a melhorar o seu desempenho e a sua durabilidade. Este
estudo é divido em trés fases e realizado com diferentes modelos matematicos. Na primeira
fase é feito um levantamento sobre o impacto dos canais de distribui¢cdo no desempenho das
VRFBs. Para tal, foram realizadas simulagdes de escoamento (CFD) e testes experimentais
com duas células de 25 cm? de area ativa. Na segunda fase foi desenvolvido um modelo
fenomenoldgico multidimensional para fazer um estudo tedrico sobre as pernas de energias
relacionadas com a regeneracao do eletrdlito no elétrodo e para avaliar o impacto da posi¢édo
dos canais de distribuicdo nessas perdas energéticas. Por fim, foram desenvolvidos trés
modelos diferentes (multidimensional, circuitos equivalentes e empirico) para realizar uma
analise de sensibilidade aprofundada aos parametros que afetam as correntes de derivacao e

para otimizar a configuracdo da pilha de uma VRFB.

Os resultados obtidos nesta tese comprovam que a introducdo de canais de distribuicéo
nas molduras da pilha permite aumentar a eficiéncia energética do sistema, mas apenas
guando a VRFB € operada a caudais baixos. Para melhorar ainda mais o desempenho de uma
VRFB e prolongar a sua vida util, os canais de distribuicdo deverao ser posicionados perto
da membrana e deve ser dada preferéncia a canais mais largos e finos. Desta forma, é
garantida uma boa regeneracéo do eletrdlito perto da membrana e uma boa distribuicdo do
eletrolito no elétrodo. A utilizacdo de elétrodos mais estreitos também ira melhorar a
regeneracdo do eletrélito no elétrodo uma vez que a velocidade de escoamento do eletrolito
aumenta. Com base na analise de sensibilidade realizada a configuragéo da VRFB, conclui-
se que as dimensdes geometricas do tubo de distribuicdo tém um impacto nas correntes de
derivacdo bastante mais notavel do que os restantes parametros. Com base nestes resultados,
é proposta uma nova configuracdo para VRFB que pressup8e a introdugdo de um novo

componente, a dumping cell. Esta nova configuracdo permite reduzir as perdas por correntes
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de derivacdo em 23.6 % e a energia consumida pelas bombas em 33 %, e aumentar a poténcia
nominal em 19 %, quando comparada com a configuracdo anterior e assumindo uma area

ativa de 343 cm?®e uma densidade de corrente de 80 mA cm™.

Esta tese providencia informacdes relevantes para o desenvolvimento de baterias redox
de escoamento com elevado desempenho e mais duradouras. Também é demonstrado que 0s
modelos matematicos sdo uma ferramenta bastante Util para o desenvolvimento tecnoldgico
de qualquer tecnologia. Por este motivo, 0 modelo multidimensional desenvolvido para as
VRFBs foi utilizado como ponto de partida para o desenvolvimento do primeiro modelo
fenomenoldgico multidimensional para células solar redox de escoamento (solar redox flow
cell, SRFC). Este modelo foi validado com dados experimentais e foram utilizados diferentes
potenciais para simular e avaliar as bandas de energia do fotoelétrodo. Também foi feito um
estudo sobre o impacto dos mecanismos de recombinacdo no desempenho das SRFC. O
modelo desenvolvido para SRFCs representa um avanco importante na investigacdo de
SRFCs uma vez que pode ser utilizado como referéncia para o desenvolvimento de modelos
mais complexos e para otimizar o desempenho desta tecnologia.
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1. Introduction

Equation Chapter (Next) Section 1

1.1. Global warming

1.1.1. Greenhouse gas emissions

Greenhouse gases (GHG), such as methane (CHas), nitrous oxide (N20O), and carbon
dioxide (COy), are responsible for regulating the temperature of the earth [1]. These gases
prevent part of the heat radiated by the earth from being released to space (greenhouse effect).
The average temperature on earth would be 33 °C lower in the absence of greenhouse gases
[2]. In the past 40 years, the CO2 concentration in the atmosphere increased by nearly 22 %
[3]. The concentration of CH4 and N2O in the atmosphere has also been increasing at an
average rate of 0.3 % year! since 2001 [4, 5]. Consequently, the average temperature on
earth increased by 1.1 °C since the 19" century [6]. Increasing the average temperature on
earth leads to more frequent extreme weather events, such as floods, cold and heat waves,
wildfires, droughts and storms [7]. Ultimately, the impact of GHG on the environment and

eco system of the earth can be devastating and irreversible.

Although the concentration of GHG is affected by natural sources, human activity
contributed the most to the GHG emissions increase. As shown in Figure 1.1, most of the

GHG emitted from human activity in 2016 resulted from energy generation.
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Figure 1.1 — Contribution of human activities to the global greenhouse gas emissions in 2016.
Figure from [8].

Fossil fuels have been widely used as an energy source for industry, buildings, and
transportation. They are burned to produce electricity, heat, and power. However, the
combustion of fossil fuels produces CO, contributing to global warming and extreme
weather events. Thus, more eco-friendly energy sources, such as wind, solar, biomass,
hydrogen, biofuels and nuclear energy, have been a subject of great interest [9]. Other
examples of CO> sources are the production of some chemicals and cement, deforestation
and crop burning. Agriculture also has a significant impact on global warming, despite having
a much smaller contribution to the emission of GHG than fossil fuels. Raising livestock and
using manure as fertilizer contribute to the emission of N2O and CH4, which have a stronger
greenhouse effect than CO». Wastewaters and landfills are other examples that also have a
significant emission of N.O and CHa [10].
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1.1.2. Reducing greenhouse gas emissions

Reducing the emission of GHG to net zero by 2050 is a goal set by the European Union
through the European Green Deal [11]. The latter is an effort to limit the average temperature
on the earth to 1.5 °C above pre-industrial levels, which is a global goal set through the Paris
Agreement [12]. The purpose of these agreements is to reduce the impact of GHG on the
ecosystem and biodiversity, and to restore the damages already caused by them. However,
the goals set by the agreements will not be met if no further efforts are made [11]. Since
2010, yearly Conference of the Parties have been conducted to evaluate the measures applied
by the participating countries towards mitigating climate change [13]; it is urgent to find

more solutions to mitigate the emission of GHG and to act as soon as possible.

To further reduce GHG emissions, the life cycle of materials must be improved by
increasing materials recirculation and production efficiency. The consumption of meat must
be lowered to reduce livestock and food waste must be reduced to decrease the emission of
GHG in the landfills and from food production. Agriculture practices need to be improved to
increase harvest yields and decrease soil degradation [14]. For example, biochar can be used
to improve the fertility of the soils and to capture CO> [15]. Natural carbon sink must also be
increased through, for example, reforestation and forest, seagrass, peatland, and wetland
management [14]. More environmentally friendly technologies must also be developed and
implemented to replace fossil fuels. For example, novel nuclear reactors are being developed
to make energy production from nuclear energy more affordable, more efficient, and safer
[16]. Yet, technologies that produce electricity from renewable sources have been

implemented at a much faster rate than technologies that require nuclear energy (Figure 1.2).
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Figure 1.2 — World electricity generation from 1990 to 2020 using nuclear, hydro, solar, wind

and geothermal, biomass and other renewable sources as energy source. Data from [17].

Renewables are expected to be responsible for producing 85 % of the world’s energy
requirements in 2050. Geothermal, biomass, and other renewables should provide 23 % of
the total energy, while solar and wind energy should produce nearly 22 % and 20 % of the

total energy, respectively [18]. Thus, the latter are crucial to reach net zero emissions.

1.2. Energy storage systems

The major disadvantage of using solar and wind power as energy sources is the
unpredictability of weather conditions and limited daylight hours; the electricity generated
from solar and wind power is intermittent which affects the grid stability. Such bottlenecks
can be mitigated using energy storage systems (ESS) since they can provide support for
maintaining grid frequency and stability (power quality) [19, 20]. ESS can also provide
support for energy management through black start services, load leveling, and peak shaving
[19, 20].

Different types of ESS have been developed over the years and they can be classified

according to the form of stored energy [20, 21]:
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e Thermal: Energy is stored in the form of latent heat, sensible heat, or

thermochemical heat.
e Chemical: Energy is stored in chemicals through chemical reactions.

e Electrochemical: Energy is stored in the form of chemical energy through

electrochemical reactions.
e Electrical: Energy is stored in the form of electric or magnetic fields.

e Mechanical: Energy is stored in the form of potential or kinetic energy through

pressurized systems or body motion.

Figure 1.3 shows the different energy storage technologies classified according to the form

of stored energy.

Energy storage systems

Thermal Chemical Electrochemical Electrical Mechanical

Latent heat storage | —| Hydrogen | Pseudo-capacitors Double layer —I Pumped hydro

capacitors

Sensible heat —| Solar fuels Rechargeable Flywheel

storage batteries Superconducting

Thermochemical storage

storage —I Synthetic fuels |
Aluminum-ion Nickel-based
Lithium-based Redox flow

Magnesium-based Sodium-based

Zinc-ion

| | | |
| | | |
| Lead-acid | | Silver-based |
| | | |
| Metal-air | | |

Figure 1.3 — Classification of energy storage technologies according to the form of stored

energy.

In 2020, pumped hydro storage accounted for 96 % of the world’s installed power capacity
(159 GW) [22]. In this technology, water is pumped to an upper reservoir to store electricity

and released to a lower reservoir to discharge electricity. Although it has a very low energy
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density (0.5-3.0 Wh I'%), it can be scaled up to have an extremely high power (GW) and
energy (GWh) capacity. Additionally, its lifetime is remarkably high [23]. These
characteristics make it very appealing to store energy, despite requiring large geographical
areas to be installed. Thermal storage technologies account for 38 % of the remaining 6.4 GW
world power capacity and batteries are the third most popular ESS with an installed power
capacity of 2.3 GW (36 %) [22]. The latter are easy to install and have a low self-discharge
rate, a high energy efficiency and a fast response time. Thus, they can be used for energy and
power quality management [24]. Several battery technologies with different technical
specifications have been created since they rely on electrochemical reactions to convert
electricity to chemical energy and vice-versa. For example, lithium-ion batteries display a
high power (500 - 2000 W I'Y) and energy (170 - 700 Wh IY) density [25, 26] and require low
maintenance. Due to such attractive features, it is the battery with the most installed power
capacity (1.6 GW) [22]. Lead-acid batteries have worse performance than lithium-ion
batteries, but they have a lower capital cost (€254 kwht) [25] which also makes them a very
appealing technology for energy storage. Recently, Simi¢ et al. [27] carried out an extensive
technical comparison between lead-acid, lithium-ion, nickel-cadmium, nickel-metal hydride,
sodium-sulfur, and vanadium redox flow batteries (VRFB). The authors concluded lithium-
ion batteries can be used for many applications, but other technologies may perform better
for specific applications. For example, VRFBs are more suitable for long-term stationary
storage applications than lithium-ion batteries since their lifetime is higher. Lastly, flywheel
and compressed air storage technologies account for 15 % and 11 %, respectively, of 6.4 GW
installed power capacity [22]. An in-depth comparison of the technical specifications,
applications, cost, and environmental impact of the different ESS can be found elsewhere
[28, 29]. There are many ESS technologies suitable for stationary applications. However, not
all will be able to fulfill the Strategic Energy Technology Plan target for 2030 of €0.05 kWh"
L cycle?, 10 000 cycles of life cycle and 20 years of lifetime [30]; developing new ESS and
optimizing the existing technologies is required.

1.3. Redox flow batteries
Redox flow batteries (RFB) are rechargeable batteries that require low maintenance and

display a fast response time, a high energy efficiency (up to 85 %), and a long lifetime (up to
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20 000 [30]). Also, they have the unique feature of decoupling power and energy capacity.
The power is set by the battery stack size (e.g., number of electrochemical cells and active
area size), and the energy is set by the electrolyte (e.g., total volume and concentration of
redox species). The latter is stored in external tanks and pumped from the tanks to the stack
and vice-versa. Thus, RFBs can be easily scaled to each application’s requirements [30].
However, the energy density of RFBs is low [31] when compared to, for example, lithium-
ion batteries, and a large area is required for installation [32]. RFBs are only suitable for

large-scale stationary applications.

The concept of RFB was invented in 1954 by Kangro [33]. Two electrolytes — a positive
electrolyte, displaying a higher redox potential, and a negative electrolyte, displaying a lower
redox potential — are used as energy carriers. The electrolytes are separated by an ion-
exchange membrane which, under charging and discharging conditions, allows selected ions
to pass and complete redox reactions. However, no experimental demonstration of the RFB
concept was carried out until the 1970s, when NASA developed the first RFB [34]. It
employed the iron and chromium redox couples in diluted hydrochloric acid [35]. Later in
the 1980s, Skyllas-Kazacos and colleagues developed the all-vanadium redox flow battery
(or simply, vanadium redox flow battery — VRFB) [36]. RFBs started being widely
researched in 2011 [37], after the Copenhagen Accord was established. Among other goals,
the Copenhagen Accord aimed at providing financial support to developing countries for
developing new technologies that could help reduce GHG emissions [38]. Significant
improvements have been made to RFBs since 2011, leveraging them as the most promising
battery technology for large-scale stationary applications. In fact, RFBs are already
commercialized, and they currently represent about 4 % of the world’s installed power
capacity, excluding pumped hydro [22]. Along with performance improvements, many
electrolyte chemistries (Figure 1.4) have been researched to find the RFB with the ideal
characteristics: safe, recyclable, eco-friendly, cheap, and should display a good reversibility,
a good electrolyte stability, a negligible capacity loss, a long cycle life, a high efficiency, and
a high power and energy densities.
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Figure 1.4 — Electrolyte chemistries used in redox flow batteries based on the electrolyte

phase (hybrid, liquid, and semi-solid).

The VRFB is the most researched RFB technology since it fulfills several of the previous
requirements: it is non-flammable and recyclable, it has a low environmental impact and it
displays good reversibility, a long cycle life (>15 000 [30]), high efficiency and negligible
capacity loss. Also, no precipitation of vanadium salts is observed up to a temperature of 40
°C and the electrolyte cross-contamination can be easily recovered since both storage tanks
have the same electrolyte solution [39]. This technology has been implemented in projects
from kW up to MW scale [40] and is commercialized by several companies such as VisBlue,
Dalian Rongke Power, Invinity Energy Systems, and Enerox. The all-iron RFB has also
reached the commercialization stage. It is more eco-friendly and cheaper than the VRFB.
However, the electrolyte has poor chemical stability due to pH variations during operation
[41]. Other electrolyte chemistries have been receiving great research attention since the
VRFB and the all-iron RFB display low power and energy densities. For example, the

hydrogen-bromine RFB can be used for applications that require an ESS with a high-power
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density [42] and the zinc-air RFB is suitable for applications that demand a high energy
density [43]. Though, bromine is extremely toxic, hydrogen is flammable [42] and the zinc-
air RFB has a low cycle life (<2000) and a low efficiency [43, 44]. Other RFB technologies
such as, iron-salt (\VoltStorage) [45], zinc-iron (ViZn Energy), zinc-bromine (RedFlow) [30]
and hydrogen-manganese (RFC Power), are also being commercialized. Typically, zinc-
based RFBs are cheap and have a high cell potential [46] but display low energy efficiency,
and dendrite formation may lead to short-circuit and battery failure [47]. The manganese-
hydrogen RFB is also a promising technology that employs cheap and abundant elements. It
delivers high power [48] and energy (up to 263 Wh I* [49]) densities and high energy
efficiency at a fraction of the cost of VRFBs [48]. Organic RFBs have also been receiving a
great deal of attention since they are more eco-friendly than inorganic RFBs. Currently,
Kemiwatt commercializes a quinone-based RFB and JenaBetteries has installed a kW scale
pyridine-based RFB [30]. A novel RFB technology employing CO and bromide as redox
couples was invented by Gyenge [50] and it is commercialized by Agora Energy. The CO>
RFB is a recent technology and, thus, displays a very low power density [51]. Though, it
holds great promise since it can contribute to lower the concentration of CO in the
atmosphere. Recently, a novel microbial RFB was also reported in the literature [52]. Despite
the low power and energy (25-35Wh IY) densities of VRFBs [30], their advantages
overcome the benefits of other RFB technologies. Currently, VRFBs are the most viable RFB

technology for large scale stationary applications.

1.4. Solar redox flow batteries

A solar redox flow battery (SRFB) consists of an RFB coupled to one or more
photoelectrochemical cells (PEC). This technology stores energy from sunlight in the
electrolyte. The PEC converts sunlight energy to chemical energy through
photoelectrochemical reactions (charge step). The discharge step consists in converting
chemical energy to electricity through electrochemical reactions, similar to RFBs. This
process is typically carried out using carbon-based electrodes to minimize energy losses [53].
SRFBs have the same advantages as RFBs concerning scalability, safety, and environmental
impact. Moreover, they are a very attractive technology due to their unique features: i) the

capability to convert solar energy to chemical energy in a single device eliminates the need
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for intermediate electronic components when compared to a solution with independent
devices, reducing the overall cost; ii) it is more compact and, thus, more appealing than
conventional configurations (e.g., using a photovoltaic panel and battery as independent
devices, or a PEC for water splitting and a fuel cell) for production and storage of electricity
in remote areas; iii) solar heat absorbed by the PEC is transferred to the electrolyte and can

be used to heat water and buildings [54].

SRFBs were invented in 1976 by Hodes et al. [55], a few years after the first RFB was
created. The authors developed a cell comprising a Cd-Se semiconductor as photoelectrode,
a carbon-based electrode as the counter electrode, and an electrolyte containing S/S? as redox
pair and 1 M OH-" as supporting electrolyte. Later, Fan et al. [56] introduced the first SRFB
comprising two photoelectrodes (n-WSe, and p-WSe>). This configuration does not require
an external power source to store energy since photooxidation and photoreduction of the
active species occur in the n-WSe; and p-WSe: photoelectrodes, respectively. Several SRFBs
comprising different photoelectrode-electrolyte pairs have been studied since 1976 [57].
However, these devices were not able to function as a battery since they could only operate
in the charge mode. Therefore, they should be denoted as solar redox storage cells, when
there is no electrolyte flow, or solar redox flow cells (SRFC), when there is electrolyte flow.
These studies demonstrated the feasibility of solar charging an RFB but the first unbiased
SRFC capable of charging the electrolyte up to 90 % state of charge (SoC) was only reported
in 2016 [58].

SRFBs only started receiving more research attention in 2011 due to the Copenhagen
Accord, similar to RFBs. In fact, rechargeable SRFBs were only invented in 2013; Liu et al.
[59] used a dye-sensitized solar cell with electrolyte flow, connected to an RFB through
external electric and hydraulic circuits, to charge and discharge the electrolytes. More
notably, Yan, Li and Gao [60] developed a device with a 3-electrode configuration (one
photoelectrode and two electrodes) that can charge and discharge. Recent studies focus on
finding new photoelectrode-electrolyte pairs that can provide long battery life and a high
solar-to-output electricity efficiency [61]. The energy density of SRFBs is often neglected,
despite being much lower than the energy density of RFBs; a low concentration of active

species is used in SRFBs to minimize parasitic light absorption and increase the solar-to-

12



Introduction

chemical energy conversion efficiency [57, 62]. RFBs and SRFBs comprising similar
electrolyte chemistries (liquid phase, Figure 1.4) have been reported in the literature since
their working principle is very similar [57]. Though, organic redox species are more
promising than inorganic redox species for SRFBs. The redox potential of organic redox
species can be tuned, through molecular modifications, to match the requirements (e.g.,

energy levels) of the photoelectrode and maximize the power output [63].

Despite the great interest in SRFBs, this technology has not reached the commercialization
stage. It is far from being economically feasible since it displays a low energy efficiency and
a low energy and power density [63] and poor stability [57]. Thus, further research is required

to improve the performance of this technology.

1.5. Motivation and outline

Despite the great potential of vanadium redox flow batteries (VRFBS), this technology
does not yet fulfill all the requirements of the Strategic Energy Technology Plan [30]. The
round-trip efficiency and cycle life must be greatly improved to decrease the levelized cost
of storage (€ kWh™); it is expected VRFBs to have a higher levelized cost of storage than
lithium-ion batteries by 2050 [64]. The commercial models of VRFBs still underperform
with current densities of 150 mA cm? @ 80 % round-trip efficiency, while current densities
up to 600 mA cm2 were already reported in the literature for lab-size cells @ 80 % of round-
trip efficiency [65]. There are several key factors to be addressed that can improve the
commercial competitiveness of this technology such as: i) optimize the manufacturing
process and reduce the cost of the flow battery components to decrease the production costs;
i) improve or develop new active materials (e.g., electrodes, membranes, and electrolyte
additives) to increase the round-trip; iii) optimize the design (e.g., flow fields, distribution
channel and manifold design and arrangement of the electrochemical cells) of the VRFBs to

increase the round-trip efficiency and the lifetime.

The main objective of this thesis is to provide insights for design optimization of VRFBs,
aiming towards more efficient and durable batteries. To accomplish this objective, several
mathematical models were developed. The models are used to perform fundamental research
about energy losses related to the design of the VRFB (e.g., concentration polarization and

shunt currents) and propose mitigation strategies. Additionally, the knowledge obtained
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during the development of the VRFB models was used to develop the first phenomenological
model for solar vanadium redox flow cells reported in the literature. This work was carried
out at VisBlue Portugal under the research collaboration agreement “GoFlow” made by and

between Visblue A/S and the Faculty of Engineering of the University of Porto.
This thesis is divided into seven chapters:

e Chapter 1 introduces the problem of global warming and the role of energy
storage systems as a solution to reduce greenhouse gas emissions. An overview of
the existing energy storage systems is provided. Different redox flow battery
(RFB) technologies are presented, and their main advantages and disadvantages

are discussed. Solar redox flow batteries are also briefly introduced.

e A more in-depth introduction to VRFBs is carried out in Chapter 2. The most
important fundamentals of VRFBs are also presented in this chapter, including the
working principle, characterization techniques, components, performance loss

mechanisms, and mathematical models.

e In Chapter 3, the influence of the distribution channels in the system energy
efficiency of a VRFB is studied. Experiments and simulations are carried out to
compare two 25 cm? VRFBs with and without distribution channels. Based on the
results, insights for designing larger VRFBs with higher system energy efficiency

are provided.

e Chapter 4 reports a dynamic multi-dimensional model for a VRFB equipped with
an anion exchange membrane. This model is used to study energy losses related to
mass transfer during charge-discharge cycles under different operating conditions.
The model is also used to provide guidelines for optimizing the design of VRFBS;
the energy losses of VRFBs using distribution channels in different positions in

the through-plane direction are compared.

e A systematic study about shunt currents in VRFBs is carried out in Chapter 5 to
optimize the design of the stack of a VRFB. The multi-dimensional model
developed in Chapter 4 and an equivalent circuit model are used to assess the

impact of physicochemical properties of internal components and the design of the
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stack in the shunt currents. An empirical model is also developed to determine the
energy losses in RFBs due to shunt currents. Finally, a novel stack design is
proposed to reduce shunt currents, pump energy consumption, and increase the

nominal power.

Chapter 6 presents the first dynamic multi-dimensional model for solar redox
flow cells (SRFC). The model is compared to experimental data and verified by
analyzing the energy band diagrams for different bias potentials. The impact of the
recombination mechanism in the performance of the SRFC is also analyzed using
the model, providing relevant information for the development of more efficient
SRFCs.

Chapter 7 is dedicated to the conclusions and suggestions for future work.
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2. Vanadium redox flow batteries

Equation Chapter (Next) Section 1

2.1. Introduction

The objective of this chapter is to introduce the fundamentals of VRFBs. Firstly, the
process of charging and discharging a VRFB, and the concept of state of charge are
explained. Secondly, the most used techniques to assess the performance of a VRFB are
briefly introduced. Then, the components of a VRFB, a stack, and a cell are presented. A
discussion about their purpose and materials typically used is carried out. Mechanisms that
lead to performance losses and methodologies to mitigate them are also briefly addressed.
Finally, an introduction to the mathematical models reported in the literature of VRFBs is
also carried out. The advantages and disadvantages of each mathematical mode, and their

approach and applications are discussed.

2.2. Working principle

The VRFB employs vanadium salts dissolved in diluted sulfuric acid as positive and
negative electrolytes. Therefore, this technology takes advantage of the four oxidation states
of vanadium (V?*, V3*, V¥ and V®*) to store (charge) and release (discharge) energy. As
Figure 2.1 shows, the process of charging a VRFB consists in reducing V3* (green solution)
to V2" (purple solution) at the negative electrolyte and oxidizing VO?* (blue solution) to VO_*
(yellow solution) at the positive electrolyte. The electrons from the oxidation reaction migrate
from the positive side to the negative side through an external circuit. To maintain charge
balance, protons (H*) cross through the cation exchange membrane (CEM) in the same
direction. When an anion exchange membrane (AEM) is used, anions move from the negative
electrolyte to the positive electrolyte; this type of membrane contains functional groups that
are positively charged [1]. The discharge process is the opposite of the charge process since

the electrochemical reactions are reversible.
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Figure 2.1 — Schematic representation of the charge and discharge processes in a vanadium
redox flow battery equipped with a cation exchange membrane (CEM) and an anion

exchange membrane (AEM).

The battery is fully charged (SoC = 100 %) when all V** ions are reduced to V?* and all
VO? ions are oxidized to VO," and fully discharge (SoC =0 %) when the opposite is
observed. The SoC of a VRFB is determined by the SoC of the half-cell with lowest SoC,
which can be determined using the following equations:

C 2+
SoC =— ¥ (2.1)
CV2+ + CV3+
Cvo+
SoC,=—% (2.2)
Cvo2+ + Cvo;

and ci is the molar concentration (mol m3) of vanadium ions.

The electrochemical reactions that take place at the positive (Eq. (2.3)) and negative sides

(EqQ. (2.4)) are as follows:

VO, +2H" +& =5 VO™ +H,0 (2.3)

charge
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V3+ +e &) V2+ (24)

discharge

and the overall reaction becomes:

V¥ + VO +HZO#_?;Q_V2+ +VO; +2H" (2.5)
Under standard conditions (298.15 K and 1 atm) and assuming the vanadium electrolyte
is an ideal dilute solution (activity coefficients are equal to unity), the redox potential of Eq.
(2.3) (E®*) is 1.00 V vs. SHE, while the redox potential of Eq. (2.4) (E®) is -0.26 V vs. SHE

[2]. Thus, the standard reduction potential of the overall reaction (E°, Eq. (2.6)) is 1.26 V.

E® = E% —E% (2.6)

However, the potential of a VRFB, in the absence of current (open circuit potential, Eocp),
is not equal to the standard reduction potential. The process of charging and discharging the
VRFB affects the temperature of the electrolyte [3] and the concentration of vanadium ions.
Assuming the activity coefficients are equal to unity, the theoretical Eocp of a VRFB can be

determined using the following equation [4, 5]:

2
oE RT C.C _.(c.
oce =E°+8—T-(T—298.15)+—nF In| ~ CVOZ( +)

Vv Yvo

E 2.7

where T is the electrolyte temperature (K), R is the gas constant (8.314 J KX mol?), F is the
faraday constant (96 485 A s mol™?), n is the number of electrons exchanged in the
electrochemical reactions and 0E/0T is the experimental variation of the standard reduction
potential of the cell with the temperature (-2.4x103 V K1)

As Figure 2.2 shows, the theoretical Eoce of a VRFB ranges from 0.84 V to 1.80 V,

depending on the state of charge.
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Figure 2.2 — Theoretical open circuit potential (V) of a vanadium redox flow battery equipped
with a cation exchange membrane as function of the state of charge at a temperature of
298.15 K. A vanadium concentration of 1.6 M and a sulfuric acid concentration 2.0 M were

used for calculations.

Despite the Nernst equation (Eq. (2.7)) being widely used to determine the theoretical
Eocp, it does not provide a precise estimation of the experimental Eocp. Alternatives have
been proposed to account for the potential generated due to the repulsion of ions at the
membrane (Donnan potential) [5] or the permselectivity of the membrane [6]. These studies
assumed that the electrolyte behaves as an ideal-dilute solution which also contributes to the
discrepancy between the theoretical and the experimental Eocp [7]; using the formal potential
instead of the standard reduction potential may lead to more accurate results. Regardless, Eq.
(2.7) is sufficient to provide insights about the relationship between the Eocp and the state of
charge.

2.3. In-situ characterization techniques

Several in-situ techniques can be used to evaluate the performance of a VRFB. Charge-
discharge cycling is the most used since it provides information about the amount of energy
stored, self-discharge rate, nominal power output, and energy efficiency. A polarization
curve is a characterization technique that requires less time than charge-discharge cycles to

perform. It provides important information about the energy losses under different operating
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conditions (e.g., different flow rates and current densities) and the maximum power output.
Despite not providing any performance indicator, electrochemical impedance spectroscopy
(EIS) is useful to measure internal resistances. These characterization techniques are briefly

discussed below.

2.3.1. Charge-discharge cycling

The charge-discharge cycling (Figure 2.3) is a characterization technique where a constant
current | (galvanostatic mode) is applied to the VRFB, and the cell potential E is measured.
The state of charge increases during the charge step and decreases during the discharge step.

Thus, the cell potential follows a similar pattern to the Eoce.

Potential ---- Current density

100
L 80
L 60
- 40
- 20

Ecen IV

- -20
- -40
- -60
- -80

t t t t -100
0 200 400 600 800 1000

time /min

o
Current density /mA cm

Figure 2.3 — Charge-discharge cycles of a 16 cm? VRFB (single cell) at a current density of
80 mA cm and a flow rate of 150 ml min. An electrolyte volume of 80 ml was used for
each tank. The electrolyte consisted in 1.6 M vanadium diluted in 2 M sulfuric acid. This
VRFB displays 98 % coulombic efficiency, 84 % potential efficiency and 82 % energy
efficiency.

The data obtained with this technique is used to evaluate the performance of the VRFB
through the determination of the following parameters:

e Potential efficiency
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When the cell is operated in galvanostatic mode (constant applied current), the cell
potential (Ecen) is not equal to the Eocp owing to intrinsic energy losses related to activation

(#7act), ohmic (170nm), and concentration (#conc) Overpotentials (Eq. (2.8)) [8]:

EceII = EOCP * (nact + 770hm + nconc) (28)

where the positive sign refers to the charge step and the negative sign refers to the discharge
step. The potential efficiency (yp) can be determined using Eqg. (2.9) to evaluate the impact

of these overpotentials during charge-discharge cycling.

Average discharge potential (V) I E,dt,
Average charge potential (V) I E.dt,

N (%) = x100 (2.9)

where tg and t¢ are the discharge and charge time, respectively, and E. and Eq are the cell, or
stack, potential during the charge and discharge step, respectively.

e Coulombic efficiency

The coulombic efficiency (7c, Eq. (2.10)) is used to quantify the impact of electric current
losses, due to gas evolution and capacity loss mechanisms (e.g., shunt currents, side reactions,

vanadium crossover, and vanadium precipitation), in the performance of a VRFB [9].

Discharge capacity (Ah) _[ I,dt,
Charge capacity (Ah) J' | dt,

1 (%) = x100 (2.10)

where Ic and lq are the current during the charge and discharge steps, respectively.

e Energy efficiency

The energy efficiency (yee, EQ. (2.11)) is used to evaluate all the energy losses inherent
to a VRFB that cause the amount of energy discharged to be lower than the amount of energy
stored.

Discharged energy (Wh) _ J Eqlqdt

%) = = = %100 2.11
e (%) Stored energy (Wh) e *Tic J‘Eclcdtc 8 (211)

e System energy efficiency
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Other energy losses, such as the energy consumed by the pumps (Ppump), must also be
considered to have an accurate estimation of the overall energy efficiency of a VRFB (7sek,
Eqg. (2.12)).

El,—P_ )dt
USEE(%)JI((E“’I" - p)dtj x100 (2.12)

o= Py )

The system energy efficiency is often neglected since most studies found in the literature
are dedicated to improving or developing new materials for VRFBs. However, the latter must
be determined when comparing VRFBs with different geometric (flow field and distribution
channels) and physical (electrode) properties since the pump energy consumption can have
a significant impact on the results [10].

e Energy storage capacity

Charge-discharge cycling is also a useful technique to determine the amount of energy
that the VRFB can store (capacity) (Eg. (2.13)).

Experimental capacity (Ah) :.[ l,dt, (2.13)

Due to capacity loss mechanisms, the experimental capacity is always lower than the
thermodynamic capacity (Eq. (2.14)) [11, 12].

Thermodynamic capacity (Ah) =2.78x10~* x nFc, V (2.14)

where F is the Faraday constant (96 485 A s mol™), cv is the total vanadium concentration

and V is the electrolyte volume in a single tank.

The electrolyte utilization can be determined by dividing the experimental capacity (Eq.
(2.13)) by the thermodynamic capacity (Eq. (2.14)). The latter quantifies the percentage of
electrolyte that is being effectively used to store energy. Additionally, the capacity loss can
be quantified by comparing the energy discharged in each cycle with the energy discharged
in the first cycle. The determination of the capacity loss allows an evaluation of the longevity
and stability of the system [13]. The nominal power output can also be calculated by

multiplying the average cell potential by the current.
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2.3.2. Polarization curve

The discharge polarization curve (i-E, Figure 2.4) is performed by applying a potential to
the cell (potentiostatic mode) that changes according to a specified scan rate (mV s*) and
measuring the current. The correlation between current and potential changes according to
the dominant resistance (kinetic, ohmic, or mass transfer). Thus, it is a useful tool to identify

the predominant loss mechanism
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Figure 2.4 — Polarization curve of a 16 cm? VRFB (single cell) at an open circuit potential of
1.60 V and a flow rate of 150 ml min™. The dotted line is used to limit the region where each

overpotential is dominant.

Contrarily to charge-discharge cycling, polarization curves do not provide information
about losses related to capacity loss mechanisms. The potential is applied during a short
period, sufficient to slightly reduce the state of charge of the electrolyte at the electrode fibers
but not in the storage tanks. The data obtained with this technique provides a quantitative
evaluation of the activation (dominant at low current densities), ohmic (dominant at the linear
region of the i-E curve), and concentration (dominant in the exponential region of the i-E

curve, or low potentials) overpotentials [14].

A rough estimation of the potential efficiency can be obtained through polarization curves;

for a specific current density, the discharge potential efficiency can be determined by
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dividing the measured potential by the Eocp. The potential efficiency can then be calculated
by raising the result by a power of two, assuming the potential efficiency of the charge and
discharge steps is equal. For more accurate results, the polarization curves should be started
at 50 % state of charge. Additionally, the data obtained with the polarization curve can be

used to determine the maximum power and current delivered by the VRFB (Figure 2.4).

2.3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a characterization technique that is used
to determine resistances associated with ohmic and activation losses and concentration
polarization. Contrarily to a polarization curve, it provides direct quantification of such

resistances.

This method is performed by applying a very small potential perturbation with a sinusoidal
behavior and measuring a current. The resulting current has the same frequency as the

potential perturbation, but phase shifted by an amount ¢ (Figure 2.5).

Voltage (V)

Current (A)

—sf k—Phase shift (9)

t

Figure 2.5 — Schematic representation of the sinusoidal potential perturbation and the

resulting current with a phase shift. Adapted from [15].

The impedance Z (Eqg. (2.15)), similarly to electrical resistance, is used to measure the
ability of a system to impede electrical current but it can deal with time- or frequency-
dependent phenomena [15]. It can be written in terms of a real Z; (ohmic resistances) and an

imaginary Z; (dynamic resistances) components:

e jot

Z=2 =Z,.8"%=2Z,cos¢+Z,jsing=2,+Z, (2.15)

0 ejwt’j¢
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where j is the imaginary number (+/-1), t is the time and o is the radial frequency in rad s
(o = 2zf, where f is the frequency in Hz). The impedance data can be plotted on a Nyquist
plot (Figure 2.6).

04

03 1

0.1 1

1.30 1.40 1.50 1.60 1.70
Z./ Qcm?

Figure 2.6 — Schematic representation of an equivalent circuit model and EIS curve of a
16 cm? VRFB (single cell) at an Eoce of 1.30 V, a flow rate of 150 ml min, and a potential
perturbation amplitude of 5 mV. The frequency ranged from 100 mHz to 50 kHz. Only a
single circle is shown since one of the half-cells displays a resistance much greater than the

other.

Since ohmic resistances are described by a simple resistor, they can be determined when
the imaginary (dynamic) component is zero (Figure 2.6). The charge transfer resistance,
however, considers the contribution of the Faradaic (kinetic) resistance and double-layer
capacitance; the impedance behavior is modeled as a parallel combination of a resistor, Rqt,
and a capacitor, Cq (Eq. (2.16)) [16].

ot e, — oz (2.16)
th ZdI R 1

« ——+JjaCy,

ct

1
z

The mass transfer can be modelled by a porous bounded Warburg circuit element [16],

which relates the impedance with the radial frequency as follows [15]:
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_ % (g Jo
Z_\/E(l j)tanh[é DJ (2.17)

where Di; is the diffusion coefficient of species i, ¢ is the diffusion layer thickness and i is
the Warburg coefficient of species i (Eq. (2.18)), which describes the effectiveness of

diffusion transport.

RT 1
7= (nF)zaﬁ[ceqyi\/ﬁi] (2.18)

where Ceq IS the concentration of species i in the electrolyte solution and a is the electrode

surface area.

The impedance response in a VRFB tends to an infinite value; the diffusion layer is

infinitely thick (infinite Warburg). Thus, Eq. (2.19) can be simplified as follows:

O; .
Z=—-(1- 2.19
\/5( i) (2.19)
and the Warburg coefficient can be determined when the imaginary impedance is 0. The

equivalent circuit model of a VRFB is shown in Figure 2.6.

2.4. Components and materials
Similar to most RFBs that employ liquid electrolytes, a VRFB comprises three essential
components: stack, piping system and external storage tanks (Figure 2.7). Other relevant

components are also shown in Figure 2.7,
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Figure 2.7 — 3D model of a vanadium redox flow battery system. Figure gently provided by
VisBlue A/S.

The storage tanks are used to store the electrolyte solutions, which are pumped through
the piping system into the stack, and vice-versa. The stack (Figure 2.8) consists of several
electrochemical cells electrically connected in series and hydraulically connected in parallel.
It is responsible for converting electricity into chemical energy and chemical energy into
electricity and, thus, the performance of a VRFB is established by this component. However,
developing a high-performance and leak-free stack is a challenge faced by several
commercial companies. A good stack design ensures that both requirements are fulfilled.
Additionally, choosing the appropriate internal components (membrane, electrode, gaskets,
bipolar plate) and having a rigorous stack assembly procedure can have a significant impact

on the performance and lifetime of the stack.
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Figure 2.8 — 3D model of a redox flow stack with 4 electrochemical cells.

An electrochemical cell (Figure 2.9 (a)) comprehends two half-cells (positive and negative
half-cells), divided by an ion exchange membrane. Both half-cells contain a bipolar plate, a
flow frame, an electrode, an electrolyte, and gaskets. The difference lies in the redox species
present in the electrolyte. The positive half-cell contains the electrolyte with the redox species
that display the highest redox potential (VO?*/VO2*"), and the negative half-cell comprises
the electrolyte with the redox species that provide the lowest redox potential (V#*/V3).
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Figure 2.9 — Schematic representation of (a) a single VRFB electrochemical cell comprising
(b) no flow field, (c) the serpentine flow field, (d) the interdigitated flow field, and (e) the

parallel flow field. Figure from [11].

The bipolar plates are used to separate two different electrochemical cells and to allow
electrons to transfer between them. Additionally, flow fields may be engraved in the bipolar
plates to enhance the electrolyte distribution in the electrodes. A significant amount of flow
fields for VRFBs may be found in the literature. RFBs with no flow field (Figure 2.9 (b)) are
widely reported in the literature. The serpentine (Figure 2.9 (c)), the interdigitated (Figure
2.9 (d)) and the parallel (Figure 2.9 (e)) flow fields have also been extensively researched
[11]. However, the information found in the literature is contradictory and unable to clarify
which flow field is best to improve the electrolyte distribution and the performance of
VRFBs. On a commercial scale, most VRFBs employ the no flow field configuration since
it is cheaper and easier to produce. Graphite-based composites are typically used as materials
for bipolar plates since they have a high resistance to acidic solutions and corrosion and good
chemical stability, and they are cheap and easy to produce [17, 18]. Copper plates are placed
on top of the first and last bipolar plates of the stack to act as current collectors. Flow frames
are placed on top of the bipolar plates of each electrochemical cell to provide structural
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support to the cells. Typically, distribution channels are engraved in the frames to promote a
uniform electrolyte distribution in the electrodes and minimize energy losses due to shunt
currents. Internal and external electrolyte leakages can be prevented by using gaskets in-
between flow frames and in-between flow frames and bipolar plates. The electrodes are used
to provide more active sites for electrochemical reactions. They consist of a carbon-based
material with high porosity. More specifically, four different materials have been widely used
in the literature: graphite felt, carbon felt, carbon paper, and carbon cloth [19].
Polyacrylonitrile carbon felts are the most suitable electrodes for VRFBs since they have a
high surface area, a high electronic conductivity, and good mechanical stability [20]. Though,
they require an activation treatment to improve their wettability and electrochemical activity
[19]. The ion exchange membrane is placed in-between the electrodes to avoid electrolyte
mixing and to allow selected ions to pass and complete the redox reactions. Several types of
membranes have been tested in VRFBs [21]. Cation exchange membranes (e.g., Nafion®) are
currently the most used type of membrane in commercial VRFBs since they display high
conductivity and good chemical stability, promoting a better performance and a longer
lifetime [22]. Anion exchange membranes have also been receiving great research attention.
They are cheaper and display a better ion selectivity than CEMs but lead to a worse

performance, especially when the VRFB is operated at high current densities [23].

2.5. Performance losses

Despite VRFBs being a very attractive technology, their market penetration has been
hindered by their poor performance. Inherent losses limit the power density and greatly
reduce the energy efficiency. These losses, and approaches to minimize them, are briefly
addressed below.

2.5.1. Activation losses

The activation losses refer to the energy required to overcome the activation barrier of the
electrochemical reactions. they provide information about the reaction kinetics and charge
transfer at the electrode | electrolyte interface. These losses generate an overpotential
(activation overpotential, 7act) and they display a significant impact on the performance of a

VRFB when it is operated using a low to medium current density [24].
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The introduction of functional groups on the surface of the electrodes (e.g., by oxygen
[23], nitrogen [25], phosphor [26] or boron [27] doping, or deposition of metals [28]) can
reduce the activation losses [24] since they act as active sites and catalyze the electrochemical
reactions [1]. Using additives in the electrolyte (e.g., nanoparticles [29-31], nanotubes [32]
and organic additives [33]) can also provide a catalytic effect and enhance the reaction
Kinetics [34].

2.5.2. Ohmic losses

The ohmic losses are associated with the resistance to transport of electrons through, for
example, the electrode and the bipolar plate, and ions through the ion exchange membrane
and the electrolyte (ohmic resistances). These losses also generate an overpotential (ohmic
overpotential, 7onm). The ionic transport contributes significantly to the low performance of
VRFBs [35] since the ionic conductivity of the membrane and electrolyte are lower than the
electronic conductivity of the electrodes and bipolar plates. A bad contact between
conductive materials [36, 37] and electrodes with low surface area [35] can also significantly
increase the ohmic losses and decrease the potential efficiency. Although the surface area
does not affect kinetic losses, it affects the reaction extension by providing more active sites
for the electrochemical reaction. Naturally, the flux of electrons increases at the
electrode | electrolyte interface with the increasing surface area; electrodes with surface
defects, such as corroded active sites, enhance the ohmic losses since the surface area is lower
[29].

The ohmic losses can be reduced by increasing the compression [38] and the surface area
of the electrodes or using thinner materials. Improving the ionic conductivity of the
electrolyte, by using additives (e.g., tungsten [39] and molybdenum trioxide [40]) or
increasing the concentration of the supporting electrolyte [41], and membrane, by modifying
its functional groups [42], are also viable pathways for reducing the ohmic losses. These
losses are also affected by the SoC since the electrolyte conductivity increases with the

increasing SoC [43].
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2.5.3. Concentration polarization

The energy losses caused by concentration polarization are related to the flux of mass
transferred between the surface of the fibers of the electrode and the electrolyte solution.
Near the electrode fibers, the species concentrations are different from their value in the bulk
electrolyte (concentration polarization) due to a slow mass transfer and fast reaction kinetics.
Thus, the Eocr (Eg. (2.7)) at the electrode fiber is different from the Eocp at the bulk
electrolyte, leading to an overpotential (concentration overpotential, 7conc) [44]. These losses
are negligible at low current densities because the flux of transferred mass is sufficient to
regenerate the electrolyte at the electrode fiber. However, they scale exponentially with the
increasing current density and decreasing reactant concentration; the concentration
overpotential is greater at low (during discharge step) and high (during charge step) SoC [45].
A high concentration overpotential greatly reduces the potential efficiency of the battery and
may lead to corrosion of carbon-based materials, promote side-reactions and increase the
electrolyte temperature, causing precipitation of the positive electrolyte [46]. As such, the
maximum depth of charge and discharge of a VRFB must be restricted, reducing the storage
capacity. Minimizing concentration polarization is of great concern since it can rapidly
become the limiting performance factor, increase the cost, and reduce the lifetime of redox
flow batteries. Battery failure may also occur under severe concentration polarization

conditions.

Strategies to reduce losses related to concentration polarization include increasing the
electrolyte flow velocity and improving the electrolyte distribution in the electrode.
Increasing the electrolyte regeneration rate at the electrode | electrolyte interface reduces
reactant depletion rate at the electrode fibers. The regeneration rate can also be increased by
increasing the flow rate, improving the permeability of the electrode, and optimizing the
design of the flow field or distribution channels [11]. A good flow field or distribution
channels design promotes a uniform electrolyte distribution, eliminating local reactant
depletion at the electrode. Regardless, the previous approaches should be addressed carefully
since they can lead to an excessive pressure drop and, consequently, an increased pump
energy consumption; although the potential efficiency of the stack may increase, the
efficiency of the battery may decrease. Increasing the surface area of the electrode also

decreases the concentration overpotential since the number of active sites increases [47].
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2.5.4. Shunt currents

The presence of vanadium ions and sulfuric acid in the vanadium electrolyte results in an
electrolyte with high ionic conductivity (> 20 S m™). Consequently, the distribution channels
and the manifolds of a stack become pathways for charged ions to migrate from high potential
to low potential cells, forming shunt currents [48]. The latter makes the current in each cell
of the stack decrease during charging and increase during discharging steps [49]. This is
observed as self-discharge, lowering the coulombic efficiency and the overall energy
efficiency [50]. Since the shunt currents are different at each cell, the cell potential also
becomes different [50]. As such, corrosion of conductive material (e.g., sensors and
electrodes [51]), gas evolution, and electrolyte temperature increase, leading to electrolyte
precipitation, can occur at cells with higher potential [52]. Corrosion of the edges of the
electrode may also occur since shunt currents lead to an overpotential increase at the
electrode | distribution channel interface [53]. Finding strategies to reduce the shunt currents
is, thus, of utmost importance to increase the energy performance and lifetime of RFBs.

A stack carefully designed can greatly reduce losses from shunt currents; the geometric
dimensions of the distribution channels and manifold can be modified to increase the
transport resistance of ions and decrease the shunt currents [54]. The size of the active area
[54] and the number of cells [49] also affect the shunt currents. Additionally, an external
piping system can be used to reduce the shunt currents. Though, it increases the complexity

of the battery and the chances of failure [55].

2.5.5. Self-discharge reactions

Self-discharge reactions are reactions that discharge the battery through interaction with
active species (vanadium ions). For example, the transport of vanadium ions through the ion
exchange membrane from positive-to-negative half-cells, or vice-versa (crossover), leads to
self-discharge since the vanadium ions react with each other (Eq. (2.20) - (2.23)) [56]. Thus,
vanadium crossover is also a form of shunt current that reduces the coulombic efficiency
[48]. However, the term “shunt currents” is often used in the literature of VRFBs to reference
the transport of ions through the distribution channels and manifold but not through the ion

exchange membrane.
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2VO; +V* +2H" ——3V0O* +H,0 (2.20)
VO; +V¥* ——2v0* (2.21)

VO; +2V* +4H" ——3V*" +2H,0 (2.22)
VO* +V* +2H" ——2V* +H,0 (2.23)

In addition to self-discharge, the crossover of vanadium ions also leads to charge
imbalance in the electrolyte. The latter reduces the storage capacity of the VRFB since one
tank will have fewer redox species than the other; the storage capacity is settled by the tank
with the least number of redox species. The crossover of vanadium ions can be minimized
by improving the ion selectivity of the membrane [57]. Also, the capacity lost can be
recovered by discharging the battery to 0 % SoC and remixing the electrolytes of both storage
tanks, or by adding a reducing agent after remixing [58], without observing an extensive
electrolyte degradation.

The presence of oxygen in the negative electrolyte also discharges the battery. Oxygen
promotes the oxidation of V#* (Eq. (2.24)), leading to an imbalance between V?* and VO,*
ions at the negative and positive electrolytes, respectively, and limiting the discharge capacity
[59].

0, +4H" +4V> == 4V* 1 2H,0 (2.24)

Inert air can be used to avoid excessive oxygen concentration in the negative storage tank.
Alternatively, reducing the electrolyte area in contact with air in the storage tanks reduces
the reaction extension. Regardless, this self-discharge reaction becomes less noticeable as

the electrolyte volume increases [59].

2.5.6. Gas evolution
Gas evolution is a harmful phenomenon that reduces the energy efficiency and the storage
capacity of VRFBs. The formation of bubbles reduces the surface area of the electrode,

promoting higher ohmic and concentration overpotentials. Additionally, side reactions that
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produce gas compete with the vanadium reactions and reduce the current that is used to

charge the battery and, consequently, the amount of energy stored [1].

During operation, hydrogen is formed in the negative half-cell (Eq. (2.25)) since the
potential of the negative half-cell is lower than 0 V. In addition to the previous problems,
hydrogen can also oxidize the electrode fibers, affecting the longevity of this component [60].
The effects of hydrogen evolution are stronger at the end of the charge step since the potential

at the negative half-cell is lower [61].

2H* +26 == H, E° =0.000 V vs. SHE (2.25)

Oxygen evolution (Eq. (2.26)) occurs in the positive half-cell and, similarly to hydrogen
evolution, it occurs to a greater extent at the end of the charge step, when the positive half-

cell displays a higher potential [62].

0, +4H" +4e —=—2H,0 E° =1.229 V vs.SHE (2.26)

The formation of CO- bubbles at the positive half-cell is also reported in the literature [63,
64] due to the oxidation of carbon-based materials. Though, it is required a potential above
1.94 Vsne for the performance of a VRFB to be significantly affected by such phenomenon
[65].

C+0,—>CO, (2.27)

Gas evolution is very difficult to eliminate since it occurs under normal operating
conditions. However, it can be minimized by avoiding overcharging (e.g., avoiding a high
SoC) or avoiding operating the battery with a current density that leads to high overpotentials.
Also, the electrolyte imbalance caused by gas evolution can be restored using a regeneration
cell [66].

2.6. Mathematical models
Mathematical models are a time and cost-saving tool that can be used to study
performance loss mechanisms, optimize operating conditions, design and material properties

(e.g., through parametric studies), control the battery in real time [67], or perform market
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analysis. Several mathematical models can be found in the literature for different
electrochemical reactors, such as fuel cells, RFBs, and electrowinning of metals [68]. The
mathematical models used to simulate VRFBs are summarized in Figure 2.10 according to

their approach and application and are briefly discussed in this chapter.

Modeling Approach Modeling Application

Empirical model, Monte Carlo (MC) model

Macro a pproac h Empirical model, Equivalent circuit model,

Lumped parameter model

Scalability

‘ Continuum model | - @ =

Micro approach

. Lattice Boltzmann Method (LBM) model Q@(Q
Molecula r/ atomic Density Functional Theory (DFT), Molecular oo {< i » .
approach Dynamics (MD) s @ YIx

Figure 2.10 — Classification of mathematical models used in the literature to simulate

vanadium redox flow batteries according to their approach and application. Figure from [69].

2.6.1. Molecular and micro-scale models

Molecular scale models, such as density functional theory, molecular dynamics, and
metadynamics, are useful to research methodologies to improve the stability of the electrolyte
[70], solubility of vanadium ions [71], ion selectivity of membranes [72], and catalytic
activity of electrodes [73]. They provide information about the structure and interaction
between materials at a molecular and atomic scale. On the other hand, micro scale models
can be used to study the impact of the electrode microstructure on the performance of a VRFB
and provide insights for optimization. For example, the lattice Boltzmann method can be
used to study the impact of the flow rate and electrode porosity in the performance of a VRFB
[74] and the impact of oxygen evolution on the surface area of the electrodes [75]; it simulates
the electrolyte flow in the electrode at the pore scale [76]. However, micro-scale models must

be coupled to a macro scale model to simulate local concentrations of species and
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electrochemical behavior of VRFBs [77]. Molecular and micro-scale models provide
important information for the development of new materials, but they are computationally
expensive; they are not suitable for simulating electrochemical cells, stacks, or battery

systems.

2.6.2. Macro-scale models

Simulations carried out using macro-scale models are considerably faster than simulations
using micro and molecular models [76]. Some macro-scale models simulate the
microstructure of the components or molecular interactions using algebraic equations which
reduces the simulation time. Other macro-scale models assume that the impact of these
properties is negligible, which can decrease the accuracy of the model. However, macro-
scale models can be used to simulate characterization techniques for electrochemical cells,
stacks, and battery systems. Additionally, they are a very useful tool to optimize the design
of the flow fields, distribution channels, stack, and piping system. The most relevant macro
scale models used in the literature and their applications for VRFBs are discussed below. The
Monte Carlo model is a stochastic method that, for VRFBS, is used mostly to perform market
analysis [78, 79] which is not within the scope of this work; this model is not addressed in
the sections below. Interestingly, kinetic Monte Carlo simulations (molecular scale) were
used to predict parameters for macro-scale models of Li-ion batteries [77] but not for VRFBs.

Continuum model

For the continuum model (e.g., multi-dimensional phenomenological models), it is
assumed that all materials are homogenous, and that the microscopic, molecular, and atomic
structures are negligible. It can simulate the electrolyte flow through the electrode and any
flow conveyances (e.g., distribution channels, flow fields, and manifolds) at macro scale; the
electrolyte flow pattern is assumed uniform at the pore scale. This model can also simulate
the electrochemical reactions, transport of electrons and redox species, and charge
conservation [80]. Thus, at cell-scale, multi-dimensional models can provide relevant
information about the distribution of the electrolyte, redox species, and current in the
electrodes [2]; a performance comparison between cells with different flow fields,
distribution channels, and electrode designs can be carried out using this tool. The

temperature distribution within the cell can also be simulated to assess the presence of
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hotspots and avoid material damage during operation [4]. Furthermore, multi-dimensional
models can be used to study the impact of each transport mechanism (diffusion, convection
and migration) and compare the crossover when using different types of ion exchange
membranes [81] to provide insights for the development of membranes with higher ion
selectivity. The oxygen [62] and hydrogen [61] evolution can also be simulated using this
model. At stack-scale, the continuum model can be used to evaluate the impact of shunt
currents in the performance of a VRFB [50]. Regardless, a multi-dimensional computational
domain (mesh) is required to perform the simulations since the finite volume method is used
to solve the partial differential equations. Depending on the size of the computational domain

and on the complexity of the model, the simulations can last from seconds to several weeks.

Reduced-order model

The continuum and reduced-order models can simulate the same physicochemical
phenomena, but the latter are less complex and require less computational power. Thus, they
have similar applications. Reduced-order models may [82] or may not [83] require a mesh to
solve the equations which also affects the required computational power. For example,
Vynnycky and Assuncédo [67] used an asymptotic method to reduce the complexity of a 2D
phenomenological model from eleven to four equations. As result, the simulation time was
reduced by 300 times. Cheng et al. [82] simplified a 3D model of a VRFB equipped with a
serpentine flow field to a 2D model by using empirical equations for the inlet and outlet
boundary conditions. Such model simplification allowed the authors to carry out 7350
simulations to study the impact of different electrode property combinations on the pressure
drop and electrochemical performance of a VRFB. The reduced-order models are, thus,
suitable to simulate the electrochemical performance of electrochemical cells and stacks.
However, variations of physical quantities in one or more directions are typically neglected

which can lead to simulation results with lower accuracy than the continuum model.

Lumped parameter model

The lumped parameter model is a 0D dynamic model that uses equations with far less
complexity (ordinary differential equations) than the previous macro-scale models (partial
differential equations) [84]. This model can be used to determine the concentration of the

redox species under transient conditions and simulate charge-discharge cycling; a mass
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balance of the redox species, in the electrodes and storage tanks, is used to determine the
concentration of the redox species, and algebraic equations are used to calculate the potential
of the VRFB [85]. However, the distribution of the electrolyte, redox species, and current in
the components is assumed uniform. The effect of using a flow field can be simulated by
coupling the lumped parameter model with an equivalent circuit model [86]. This model also
needs to be coupled with an equivalent circuit model to simulate shunt currents since it does
not consider charge conservation and species transport equations [87]. The thermal behavior
of a VRFB [88] and self-discharge due to crossover [89] can also be simulated using the
lumped parameter model.

Compared to the continuum model, the duration of the simulations carried out using the
lumped parameter model is much lower. Thus, this model is typically favored over the
continuum model to simulate stacks and battery systems. The latter can be used, for example,
to compare all the inherent losses (e.g., shunt currents, crossover, overpotentials, inverter and
pumping) of a VRFB system [90] or to optimize the stack layout and flow rate in a battery

system comprising several stacks [91].

Equivalent circuit model

Equivalent circuit models have been widely used to simulate batteries since they are
simple to create, and the simulations are very fast (seconds). This model uses electrical
components to simulate physicochemical phenomena [92]. For example, each
electrochemical cell is simulated as a potential source connected in series to an equivalent
circuit model that simulates the overpotentials generated by activation, ohmic, and
concentration polarization losses. Shunt currents in flow conveyances are simulated as simple
resistors. However, this model assumes that the distribution of the electrolyte, species and
current in each cell and electrode is uniform, similarly to the lumped parameter model.
Regardless, it is a powerful tool that can be used to simulate charge-discharge cycles [93,
94], polarization curves [95] and EIS [16]. The equivalent circuit model can also be used to
simulate the hydraulic losses, crossover [96], and thermal behavior [97] of electrochemical
cells, stacks, and battery systems. Other applications, such as using the model as a tool to

estimate the state of charge [98] and capacity [95] in real time, to develop cooling strategies
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[99], or to complement other models [100], are also reported in the literature. For VRFBs,

this model has been mostly used to study shunt currents in stacks [101].

Empirical models

Empirical models are developed based on experimental data. The experimental data is
used to create correlations that can be used to estimate the parameters of VRFBs. Thus,
physicochemical phenomena are not considered in these models. Empirical models to
estimate the open circuit potential [6], diffusivity of the ions [102], electrolyte conductivity
[103], and viscosity [104] are reported in the literature. These models are used in combination
with other mathematical models since they are very simple. Other authors [105] used
empirical models to estimate the optimal number of battery systems to maximize the overall
energy efficiency in a megawatt-scale battery. The previous model was also used by the same
authors to simulate the VRFB when combined with a wind farm and to perform a market
analysis [106]. Empirical models have also been used to characterize and optimize a

microgrid system comprising a VRFB and a photovoltaic panel [107].

2.7. Conclusions

Vanadium redox flow batteries display a simple working principle but the mechanisms
that cause performance losses present many challenges. A careful selection of materials
(electrodes, membrane, and bipolar plates) is required to ensure that a battery displays a good
energy and stability performance. However, it was concluded that the most critical bottleneck
for the development of high performant and durable stacks are the design of the distribution
channels and manifold, and the arrangement of the electrochemical cells. A poor stack design
leads to a low energy efficiency and may lead to battery failure. Furthermore, it was
concluded that macro scale models can be used to research and accelerate the development
of stacks; the continuum models are useful for optimizing the design of the distribution
channels since they can simulate losses from concentration polarization, and equivalent
circuit models can be used to optimize the design of the stack since they required less time
to simulate shunt currents in stacks. Ultimately, it can be concluded that this chapter provides
relevant information about the challenges that need to be addressed to develop VRFBs that

display a high performance and a long cycle life.
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3. Impact of the distribution
channels in the performance

Equation Chapter (Next) Section 1

3.1. Abstract

The high capital cost, driven by the poor performance, still hinders the widespread
application of vanadium redox flow batteries. This work compares two different cell designs
to demonstrate that the electrolyte flow velocity and pattern are of critical importance to
increase the overall battery performance. The Oriented-Distribution-Path (ODP) cell design
includes inlet and outlet distribution channels, while the Multi-Distribution-Path (MDP)
design does not. The introduction of the distribution channels in the ODP caused the
electrolyte flow pattern through the electrode to be less uniform. However, the latter reduced
the concentration polarization under high current density and low flow rate conditions. In a
charge-discharge cycle comparison, the MDP displayed the highest cell energy efficiency at
80 mA cm and at a flow rate of 300 ml min™t. However, the best overall performance was
obtained using the ODP at 80 mAcm? and a flow rate of 10 ml mint. This work
demonstrates that the highest system energy efficiency is achieved when using low flow rates
together with a cell design that promotes a high pressure drop. The insights of this study
apply to other chemistries making it useful to define guidelines for designing energy-efficient
redox flow batteries.
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3.2. Introduction

A myriad of flow field designs has been considered in the proton-exchange membrane
fuel cell research field, and many of those configurations have been adopted in vanadium
redox flow batteries (VRFB). The most used flow field designs are the conventional (i.e.,
without flow field) and the interdigitated. In the conventional design, the electrolyte is
pumped through porous carbon felt electrodes, flowing parallel to the membrane and bipolar
plate, while in the interdigitated configuration, the channels are blocked alternately at the
inlet and outlet; the electrolyte is forced to flow through the electrode perpendicular and
parallel to the membrane. Since the electrolyte is forced to flow through the electrode, these
flow fields display a flow-through configuration. Flow-by configurations, namely,
serpentine, parallel, and spiral, have also been investigated [1-4]; the electrolyte may flow

through the electrode and flow field channels

It is still unclear which flow field configuration provides the best performance; in an
experimental study conducted by Xu et al. [1], the conventional flow-through design was
compared with the serpentine flow field; the latter exhibited a 5 % higher energy efficiency.
Other authors [5-7] also demonstrated that the serpentine flow field outperforms the
conventional design. The study carried out by Maurya et al. [8] consisted in comparing the
performance of a VRFB using the conventional design with the interdigitated and serpentine
flow fields designs. The results showed that the conventional design outperforms the other
two; this contradicts the conclusion of previous authors [5-7]. Yin et al. [9] compared the
conventional design with the interdigitated and concluded that, at cell scale, the conventional
design outperforms the interdigitated. At system scale (e.g., including pump energy
consumption), the opposite was observed since the conventional design displays a higher
pressure drop. Reed et al. [10] also demonstrated that a VRFB stack with a conventional
design achieves higher energy efficiencies than a stack with an interdigitated flow field at the

expense of having a higher pressure drop.

Although it seems generally accepted that using flow fields may be useful to increase the
performance of a given VRFB, a critical disadvantage arises: the need for thicker bipolar
plates, which leads to an increase in stack weight, dimensions, material use and

manufacturing costs [10], and higher bipolar plate electrical resistance. Thus, the
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conventional flow-through design seems to be the most desirable and suitable for the

widespread commercialization of VRFB systems [11].

In this work, two conventional flow-through designs are presented and assessed: a) the
Multiple Distribution Path (MDP), where no distribution channels are used for the inlet and
the outlet; b) the Oriented Distribution Path (ODP), where the electrolyte is routed through
an inlet distribution channel to the electrode and collected by an outlet distribution channel.
Very few studies are found in the literature analyzing cells using inlet and outlet distribution
channels [5, 12], but none of them address the impact of such feature. Comparative
computational fluid dynamics (CFD) simulations were carried out to assess the effect of the
cell design on the electrolyte distribution and flow velocity. Additionally, the ODP and the
MDP cells were experimentally characterized and compared concerning charge-discharge

cycling, polarization curves performance, and pump energy consumption.

3.3. Experimental methods

3.3.1. Material

A cation exchange membrane (CEM) Nafion® 212 was purchased from lon Power.
Polyacrylonitrile-based graphite felts (GF, GFD 4.6 EA, SGL Group, Germany) with 4.6 mm
of uncompressed thickness were used as electrodes. All GF electrode samples were boiled in
1.0 M H2S04 solution to remove non-carbon residues from the manufacturing process and
thoroughly rinsed with deionized water. Afterwards, the electrode samples were dried
overnight at 80 °C and stored until further use. Based on our previous work [13], GF electrode
samples were thermally treated under an air atmosphere at 400 °C for 12 h using a furnace
muffle. A commercially available vanadium solution (1.6 M V3+/V4+ 50:50 molar ratio,
GfE Metalle und Materialien GmbH, Germany) was used as electrolyte, without further

treatment or purification.

3.3.2. VRFB setup and performance

Each cell included two stainless steel endplates and two copper plates, working as current
collectors, directly connected to two bipolar plates. The electrical insulation of the endplates
was ensured by using 2 mm thick LDPE (low-density polyethylene) separators. To ensure

the desired compression and to prevent leakage of electrolyte, EPDM (ethylene propylene
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diene monomer) rubber gaskets were placed between parts. Further details may be found
elsewhere [13]. Figure 3.1 illustrates the two flow-through designs used in this study. Both
cell configurations use two 0.60 mm thick graphite foils as bipolar plates (PVV15, SGL Group,
USA) with an active area of 50 mm x 50 mm. The distribution channels included in the ODP
design are 2 mm wide and 2 mm deep. GF electrodes were compressed by 25 % of their

initial thickness.

Figure 3.1 — Half-cell designs based on conventional flow-through configurations used in
this work: a) Multiple Distribution Path (MDP); b) Oriented Distribution Path (ODP). 1 —
graphite felt electrode; 2 — EPDM gasket; 3 — graphite bipolar plate.

The electrolyte was pumped from the reservoirs to the cell using two QDOS 120 Watson-
Marlow (91 % nominal efficiency — given by supplier). 150 ml of electrolyte was used in
each tank and the system was purged with nitrogen throughout the experiments to prevent

oxidation of vanadium redox species.

The electrochemical measurements were carried out at room temperature using an
electrochemical workstation (Zahner Zennium) coupled to a potentiostat (PP240, Zahner
Elektrik). The discharge polarization curves were obtained using a scan rate of 10 mV s*

from ca. 1.40 V, corresponding to 50 % SoC, down to 0 V. The cell was considered 50 %

68



Impact of the distribution channels in the performance

charged whenever the electric current was < 20 mA at 1.40 V. Neither hydrogen nor oxygen
evolution were observed during the experiments. Also, post-experiment inspections of the
components of the cell did not exhibit any deposition or agglomeration of corrosion-resulting
materials. To ensure identical initial conditions, fresh electrolyte, newly prepared electrodes,

and clean membranes were used for each new test.

Coulombic (7c), potential (7p), cell energy (77ee), and system energy (7see) efficiencies

were calculated from the following equations:

[ 140t
e = (3.1)
[1.at,
E dt
T = }Eddtd (32)
Mg =Tlc X1 (3.3)
_ J.( IdEd - I:)pump)dtd (34)

Tsee = [(1.E, + Py ),

pump

where 1 is the operating current (A), E is the cell potential (V), and subscripts ¢ and d denote
charging and discharging stages, respectively. The power consumption of both pumps

(Ppumps) Was determined using the following equation [14]:

p o4 (3.5)

where 7oump is the pump efficiency, Q is the volumetric flow rate (m? s™), and Ap is the total

pressure drop (Pa).

3.3.3. Pressure drop measurements

The pressure drop measurements in both configurations were carried out using pressure
gauges (Wika, 100 kPa maximum pressure) placed at the inlet and outlet of the cell. Fresh
electrolyte was fed to both sides of the cell. Each pressure reading was obtained after flow

rate stabilization to obtain accurate readings. Inlet and outlet pressures were recorded
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between 10 ml min™t and 300 ml mint in 10 ml min increments. The pressure drop of the
cell was calculated by subtracting the outlet pressure from the inlet pressure for each flow
rate. The pressure drop was determined for both cell configurations with and without
electrodes. No limitations were observed in the experiments when using tanks with 150 ml
of electrolyte and high flow rates (e.g., 300 ml min™) since the cell electrolyte intake is much

lower (< 10 ml) than the available electrolyte volume.

3.4. Mathematical methods

3.4.1. Governing equations

The electrolyte flow in both cells was simulated assuming that the vanadium electrolyte
is incompressible and isothermal. The porous electrodes were assumed isotropic. The mass
(Eg. (3.6)) and momentum (Eq. (3.7)) conservation equations were used to simulate the
electrolyte flow in the distribution channels and electrode:

a@%+v-(5p\7)=0 (3.6)

o(gpV)
ot

+V-(g0W)=—-&Vp+pg +V - (euVV)+S,, (3.7)

m

where ¢ is the porosity, p is the density (assumed 1350 kg m™), p is the pressure (kg m? s2),
g is the gravity acceleration vector (9.8 m s2), ¥ is the electrolyte velocity vector, expressed

in m s and Smom is the source term of the momentum equation (kg m2 s2).

Darcy’s law (Eq. (3.8)) was used to simulate the pressure drop in the electrode:

Spom = — -V (3.8)

where 4 is the viscosity (assumed 4.928 x 107 kg m™ s [15]). The permeability of the
electrode, K,, was determined with the Kozeny-Carman equation:
d:&’

K =—— 3.9
" 16k (1-¢) (39)
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where ds is the fiber diameter (17.6 um [13]) and kkc is the Kozeny-Carman constant; the
Kozeny-Carman constant was obtained as a fitting parameter. An electrode porosity, ¢, of

0.92 was obtained for 25 % compression, according to the following equation [16]:
é‘O
5=1—g(1—50) (3.10)

where & and ¢ are the initial (4.60 mm) and the compressed (3.45 mm) electrode thickness,

respectively, and & is the initial porosity (0.94, provided by the supplier).

At the distribution channels, the porosity and the momentum source term assumed values

of 1 and 0, respectively.

3.4.2. Boundary conditions
The mass flow rate (), determined using Eq. (3.11), was used as a boundary condition
at both inlets.

meQ (3.11)
Yo,

The pressure at the outlet was assumed constant and equal to atmospheric pressure. The

no-flux boundary condition was used for the remaining boundaries.

3.4.3. Numerical procedure

The simulations were carried out under steady-state conditions using Ansys Fluent. The
computational domains are 3D domains divided into three different element zones (electrode,
inlet, and outlet) with over 170 000 polyhedral elements. The mass and momentum
conservation equations were solved with SIMPLE algorithms pre-installed within the
software package. A PRESTO! and second order upwind spatial discretization schemes were
used for pressure and flow velocity, respectively. A residual convergence criterion of 1x10°¢

was used for all variables.
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3.5. Results and discussion

3.5.1. Hydraulic performance

Pressure drop

A low pressure drop, in the VRFB, minimizes the pump energy consumption and the
degradation of the electrodes [17]. Thus, the pressure drop of both cells was determined
experimentally and compared. Figure 3.2 shows the pressure drop as a function of the
electrolyte flow rate for both cells with and without electrodes. Two important observations
can be drawn from Figure 3.2: (1) for a given flow rate, the ODP cell exhibits a higher
pressure drop than that of MDP cell, regardless of the electrodes being inserted in the cell or
not; (2) the pressure drop increase rate as a function of the flow rate in the ODP cell is greater

than the increase rate in the MDP cell.
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Figure 3.2 — Pressure drop of ODP (circle) and MDP (triangle) cells with (solid) and without
(hollow) graphite felt (GF).

In the ODP cell, the cross-sectional area of the distribution channels is smaller than the
cross-sectional area of the distribution channels of the MDP cell. Thus, the flow velocity in
the ODP cell is higher than in the MDP cell. Also, the pressure drop is proportional to the
square of velocity in a square cross-section channel [18]; the pressure drop increases at a
higher rate in the ODP cell due to the lower channel cross-sectional area. Even at lower flow
rates, the ODP cell exhibited a slightly higher pressure drop than the MDP cell. Furthermore,

72



Impact of the distribution channels in the performance

for the same electrolyte flow rate, the ODP cell should display higher flow velocity than the
MDP cell within the electrode zone since the cross-sectional area of the distribution
channel | electrode interface in the ODP cell (2 mm x 2 mm) is lower than in the MDP cell
(3.45 mm x 4 mm).

Electrolyte distribution

Three-dimensional flow simulations were carried out to analyze the electrolyte
distribution in both cells. The Kozeny-Carman constant (kck) was used as a fitting parameter
and a value of 13.5 was obtained; the permeability of the electrode is 1.75 x 1071° m?, which
is similar to the value found in the literature (2.50 x 101 m?) [19]. The Kozeny-Carman
constant is related to the morphology (e.g., fiber geometry and tortuosity) of the graphite felt
[20]. A carbon felt electrode with a high tortuosity displays lower permeability, leading to a
higher pressure drop. In this work, the effect of the tortuosity was assumed negligible since

it is close to unity at 25 % compression [21].

Figure 3.3 shows that the simulated pressure drop fits well with the experimental data for
both cells. A larger difference between the simulated and the experimental data is observed
at lower flow rates. This is expected since the reading error of the experimental data
(x 2.5 kPa) is more significant at lower pressure drops. Regardless, the fitting quality is
sufficient to perform a flow velocity and an electrolyte distribution comparison between the
ODP and the MDP cells.
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Figure 3.3 — Simulated (lines) and experimental (symbols) pressure drop of ODP (circle) and
MDP (triangle) cells.

The flow velocity and electrolyte distribution in the electrode are more relevant for the
performance of the cell since it is where the reaction occurs; the average electrolyte velocity
in the electrode of the ODP and the MDP cells was also simulated (Figure 3.4). The flow
velocity difference between the two cell designs was calculated using the MDP cell as
reference (Eqg. (3.12)):

X —X
X, = —MDP _ZoDP (3.12)
XMDP
- 35 1.74%
(] r| —MDP P
E 3.0 + ---ODP - 1.72%
o | - 1]
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= n g
% 20 1 1.68%
S 1 ©
z 15 ¢ 1+ 1.66% @
-3 1 2
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Figure 3.4 — Simulated average (line) and relative (square) flow velocity in the electrode
using the ODP (dashed line) and the MDP (solid line) cells. The MDP cell is used as a
reference to determine the relative flow velocity; positive values indicate that the ODP cell

has a higher average flow velocity.

The average flow velocity in the electrode of the ODP cell is 1.65 % higher than in the
electrode of the MDP cell since the area of the distribution channel | electrode interface in
the ODP cell is lower (Figure 3.4). Such a slight difference led to an average pressure drop
increase of 17.6 % (Figure 3.3). This means that a 1.65 % flow velocity increase can lead to
a pump energy consumption increase higher than 17.6 % (Eq. (3.5)). Depending on the

energy output of the VRFB, such a small variation of the flow velocity may have a substantial
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impact on the performance of the redox flow cells. Moreover, the electrolyte refresh rate and
distribution depend on the flow velocity; a lower concentration overpotential is expected and
unfed areas at the electrode may arise in the presence of a high flow velocity.

Since the electrolyte flow is mainly controlled by advection, the electrolyte distribution

can be assessed using the uniformity index (Ul) of the flow velocity (Eg. (3.13)).

I
Ul=1l-—— (3.13)
2Mv

where V is the electrode volume, || and |#| are the local and the average electrolyte flow
velocity. The uniformity index compares the local flow velocity with the average flow
velocity in the electrode; a higher uniformity index indicates a more uniform flow velocity
in the electrode and, thus, a more uniform electrolyte distribution. The relative uniformity

index was determined using the MDP cell as a reference (Figure 3.5).
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Figure 3.5 — Simulated uniformity index of the flow velocity in the electrode using the ODP
(dashed line) and the MDP (solid line) cells and respective relative difference (square). The
MDP cell is used as a reference to determine the relative uniformity index; negative values

mean that the ODP cell has a lower average uniformity index.

Overall, the results show that the ODP cell has a more uneven electrolyte distribution than
the MDP cell; the ODP cell has an average uniformity index 2.74 % lower than the MDP.
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The more uneven electrolyte distribution displayed by the ODP cell can lead to a lower cell
performance when compared with the MDP cell. Though, the impact of having a uniformity
index of 0.96 (ODP) vs. 0.99 (MDP) in the performance of a VRFB is still unclear.

Figure 3.5 also shows that the electrolyte distribution in the ODP cell becomes more
uneven as the flow rate increases. Such behavior is not observed in the MDP cell; the quality
of the electrolyte distribution remains mostly similar for all flow rates. Thus, the electrolyte
distribution in the ODP cell becomes more uneven with the flow rate increase than in the
MDP cell. The opposite trend was observed for the average flow velocity (Figure 3.4); the
average flow velocity in the ODP cell increased at a higher rate with the flow rate increase
than the MDP cell.

The contours of flow velocity and uniformity index at the electrode of the MDP and ODP
cells, for a flow rate of 300 ml min, are shown in Figure 3.6.
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Figure 3.6 — Contours of 1) flow velocity and 2) uniformity index of the flow velocity in the
electrode using the a) MDP and the b) ODP cells at a flow rate of 300 ml min*.
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The MDP cell displays a symmetric electrolyte distribution; the uniformity index is lower
in the entry and exit regions than in the middle region of the electrode. Also, the uniformity
index is lower at the corners of the electrode since the flow velocity is lower. In this cell
design, the area of the electrode | feeding zone surface can be increased to increase the flow
velocity at the corners of the electrode and improve the uniformity index. Concerning the
ODRP cell, the uniformity index is higher at the entry region of the electrode, but it decreases
significantly towards the exit. The narrow distribution channels force the electrolyte to flow
in a diagonal path (from the right bottom corner to the top left corner of the electrode); the
flow velocity is greater in the top left corner than in the top right corner. Such velocity
gradient can be reduced, and the uniformity index can be increased, by creating an
accumulation zone before and after the electrode (e.g., increasing the width of the distribution
channels). Also, the average uniformity index of both cells can be increased by increasing
the active area since the regions with a lower uniformity index are located at the corners of
the electrodes. The ODP cell can benefit the most from the increase of active area,
particularly by increasing the cell width, since the distance between the bottom right and top
left corners of the electrode increases, and a flow pattern close to a plug flow is obtained in

the middle region of the electrode.

Both cells offer different benefits that can improve the performance of a VRFB; the ODP
displays a higher average flow velocity which can contribute to a faster electrolyte refresh
rate at the electrode | electrolyte interface and the MDP offers a more uniform electrolyte
distribution and a lower pressure drop, which can help at increasing the material stability and
decreasing the pump energy consumption. The electrochemical characterization of both cells
designs is then required to understand the impact of such differences in electrochemical

performance.

3.5.2. Electrochemical performance

Discharge polarization
Discharge polarization curves at different flow rates (Figure 3.7) were carried out to
further investigate the impact of the electrolyte distribution and flow velocity in the VRFB

performance.
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Figure 3.7 — Discharge polarization curves at different flow rates of a) MDP and b) ODP

cells.

In vanadium redox flow cells, the overpotentials (energy losses) arise from (1) kinetics of
the electrochemical reactions at the electrode | electrolyte interface, noticeable at low current
densities; (2) ohmic losses, related to contact resistances between bipolar plate and electrode,
electronic resistances and ionic transport resistances — the latter includes the transport of the
redox species and charge balancing through the electrolyte and membrane and; (3)
concentration polarization, related to the refresh rate of active species at the

electrode | electrolyte interface [22].
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A linear relationship between the cell potential and the current density is observed at low
current densities in both cases, regardless of the flow rate (Figure 3.7). This is a result of
small kinetic losses. Furthermore, it is expected the ohmic resistances to be identical between
cells since they were operated at similar conditions and using similar components (bipolar
plate, electrode, membrane, and electrolyte). Any performance difference should be assigned
to the introduction of the distribution channels, which affects the electrolyte refresh rate and
distribution.

The impact of the concentration polarization in the performance of the cell is observed at
high overpotentials, which is equivalent to the low cell potential region in the discharge
polarization curves. The current density measured at the lowest cell potential is limited by
the concentration of reagents at the surface of the electrode. Among other parameters, the
latter is affected by the flow velocity [23]. The results (Figure 3.7) show that as the flow rate
increases from 10 ml min to 300 ml min™, the limiting current density increases, as
expected; the dominant effect of concentration polarization, caused by the low electrolyte
refresh rate, becomes gradually smaller. For the MDP cell, the current increases from
294 mA cm2 up to 1454 mA cm. For the ODP cell, the current increases from 329 mA cm-
2 up to 1178 mA cm. Figure 3.7 also shows that the ODP cell outperformed the MDP cell
up to a flow rate of 200 ml min™. This trend reverses for higher flow rates; in the ODP, the
average flow velocity increases at the expense of decreasing the uniformity of the electrolyte
distribution. Yet, the ODP cell outperforms the MDP at low flow rates. Clearly, the
electrolyte refresh rate was the performance limiting mechanism of the cells. As the flow rate
increases, the electrolyte refresh rate increases on both cells and the electrolyte distribution
in the ODP cell becomes more uneven when compared to the MDP cell. The electrolyte flow
velocity increase was not able to compensate for the performance loss caused by a more

uneven electrolyte distribution.

Another important performance indicator that the electrolyte distribution and refresh rate
can affect is the conversion of the redox species [24, 25]. The latter is determined as a ratio
between the experimental and theoretical limiting current densities and can be used to

evaluate the fraction of vanadium converted in a single pass. Thus, the theoretical limiting
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current (iL) was calculated assuming the active vanadium ions are completely converted in a
single pass [26]:

I, :%C-SOC (3.14)

where n is the number of electrons, F is the Faraday constant (96 485 mol A s), and A is the
active area of the cells (25 cm?), c is the total vanadium concentration (1.6 M) and SoC is the
state of charge (50 %).

As Figure 3.8 shows, the conversion of the redox species decreases as the flow rate
increases, for both cell designs; high flow rates lead to lower concentration polarization but
also lead to a lower residence time of the vanadium ions. Regardless, the ODP cell displays
a higher conversion than the MDP cell at flow rates below 100 ml min* and the opposite is
observed at higher flow rates. Such difference was assigned to a lower concentration
polarization, which is observed at low flow rates for the ODP cell and at high flow rates for
the MDP cell, similar to the results discussed above.

100
go || ——ODP

80 T/ -»-mDP
70 |
60 |
50 |
40 1
30 |
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10 {
o+

0 50 100 150 200 250 300

Flow rate /ml min-

Species conversion /%

Figure 3.8 — Species conversion in a single electrolyte pass when using the a) MDP and the
b) ODP cells at different flow rates, 0 V and 50 % state of charge.

These results show that cells with a poor electrolyte distribution (ODP) can outperform
cells with better electrolyte distribution (MDP) if the flow velocity can compensate for the
loss of electrolyte distribution quality. However, along with a higher average flow velocity

comes a higher pump energy consumption. The increase in average flow velocity may
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improve the performance at cell scale (cell energy efficiency), but not at system scale (system

energy efficiency).

Charge-discharge cycles

Charge-discharge cycles were carried out at different flow rates for the ODP and for the
MDP cells to evaluate the impact of the cell design on the cell and system efficiencies. For
the cycling tests (Figure 3.9), both the MDP and the ODP cells were operated under similar
experimental conditions. For each set of operating conditions, the cells underwent 20 cycles
to have a representative amount of data. A constant current density of 80 mA cm? was
applied. Electric potential cut-offs of 0.80 V and 1.65 V were defined as lower and upper
limits, respectively. Electrolyte flow rates of 10 ml min*, 150 ml min't and 300 ml min™*
were used. The system efficiency was determined using the pressure drop data shown above
and Eq. (3.4).
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Figure 3.9 — ODP and MDP cell and system efficiencies at 80 mA cm current density
averaged over 20 cycles for a flow rate of a)10 mlmin?, b) 150 ml min? and

¢) 300 ml min. The standard deviation of the efficiencies is displayed as error bars.
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The coulombic, potential, and energy efficiencies of the two cell designs are relatively
similar with a slight advantage for ODP at 10 ml min™ and 150 ml min. On average, the
ODP cell outperforms the MDP cell in ca. 3 % energy efficiency. For the highest flow rate
(300 ml mint), the MDP cell outperforms the ODP cell in 0.4 % energy efficiency. The
standard deviation of the efficiencies for 20 cycles was obtained. As shown in Figure 3.9, the
standard deviation of the energy efficiency is significant at a flow rate of 10 ml min
(= 3.0 % for the MDP and = 3.8 % for the ODP) since the standard deviation of the coulombic
efficiency is also significant (4.2 % for the MDP and +4.6 % for the ODP). The
introduction of the distribution channels should increase the coulombic efficiency since the
resistance to shunt currents increases [27]. However, shunt currents arise when several cells
are electrically connected in series and hydraulically connected in parallel; in this work, the
introduction of the distribution channels should only affect the potential efficiency, which
displays a maximum standard deviation of + 0.7 % (ODP using a flow rate of 150 ml min™).
The data shown in Figure 3.9 can be used to assess the impact of the distribution channels on

the performance of a VRFB regarding electrolyte distribution and refresh rate.

The potential efficiency provides information regarding the energy expended on the
reaction (Kinetic losses), electronic and ionic transport (ohmic losses), and concentration
polarization. During charge-discharge cycling, the concentration polarization is only
significant at the end of the charging and discharging steps [23]. The latter has a small
contribution to the performance of the VRFB during charge-discharge cycles. The overall
impact of the concentration polarization in the performance of the cells is then not so obvious
when using the potential efficiency as comparison criteria. Regardless, the results shown in
Figure 3.9 agree well with the information shown above: at a flow rate of 10 ml min* the
ODP design displays a higher potential efficiency; the ODP has a higher electrolyte refresh
rate than the MDP due to a higher average electrolyte flow velocity. At 150 ml min* and
300 ml min, the MDP cell displays a higher potential efficiency than the ODP cell; the
increased flow velocity in the ODP cell is not able to compensate for the poor electrolyte
distribution.

The cell efficiencies were computed according to Eg. (3.1)-(3.3). The cell energy

efficiency, however, only accounts for energy used by the cell, and pumping power is not

83



Chapter 3

considered. Figure 3.9 shows that the highest system energy efficiency is obtained when
using the ODP cell at the lowest flow rate (10 ml min). The performance improvement
obtained in the MDP cell by using high flow rates was not able to compensate for the energy
consumed by the pumps. These results demonstrate that having a cell design that promotes a
higher electrolyte refresh rate at the electrode | electrolyte interface is more advantageous at
a commercial scale; low flow rates are preferred to minimize the pump energy consumption

and unfed areas within the electrode, maximizing the overall efficiency.

3.6. Conclusions

This work compares the performance of two vanadium redox flow cells with distributions
channels (named Oriented Distribution Path, ODP) and without distribution channels (named
Multiple Distribution Path, MDP). This comparison is carried out to assess whether the
presence of distribution channels in a vanadium redox flow cell with no flow field is relevant

for electrochemical performance. The obtained results provided useful insights:

e It was shown experimentally and from the flow simulations that the introduction
of the distribution channels (ODP) promoted a more uneven electrolyte
distribution and higher pressure drop and, consequently, a higher electrolyte flow
velocity in the electrode.

e The polarization curves, together with the simulation results, show that a good
electrolyte distribution alone is not sufficient to obtain the best electrochemical
performance of the cell; at low flow rates, the ODP outperformed the MDP due to
increased electrolyte flow velocity, resulting in a lower concentration
overpotential. The opposite was observed at high flow rates; the electrolyte flow
velocity becomes sufficiently high for the electrolyte distribution to become the

limiting factor in the performance.

e The charge-discharge cycles agreed well with the previous results; the potential
efficiency of the ODP was higher than the MDP at low flow rates, but inferior at
high flow rates. Furthermore, the best cell performance was obtained using the
MDP at high flow rates (300 ml min'). Such a high flow rate, however, led to a
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significant pump energy consumption; the ODP displayed the best overall

performance at 10 ml min™,

The results obtained in this work suggest that to improve the overall electrochemical
performance, vanadium redox flow batteries should be operated at low flow rates and have a
cell design that promotes a high electrolyte flow velocity. The introduction of the distribution
channels clearly enhances the overall performance of the vanadium redox flow battery.
Regardless, further improvements can be made to the conventional cell design to outperform
both the MDP and the ODP cells at all flow rates. The system energy efficiency of larger
VRFBs can be improved by using wider and thinner distribution channels to improve the

electrolyte distribution. Also, narrow electrodes should be used to increase flow velocity.
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Modelling and study of the concentration overpotential
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4. Modelling and study of the
concentration overpotential

Equation Chapter (Next) Section 1

4.1. Abstract

Flow batteries exhibit relatively low power density owing to ohmic and concentration
overpotentials, which leads to higher system costs. In this work, a phenomenological model
of a vanadium redox flow battery (VRFB) equipped with an anion exchange membrane
(AEM) was developed and validated. The model is used to assess the concentration
overpotential during charge-discharge cycling at different operating conditions and a method
to determine the mass transfer coefficient is presented. Also, a strategy to reduce the
concentration overpotential is proposed. The simulated charge-discharge curve displays the
lowest relative error reported in the literature for VRFB equipped with an AEM; the results
reveal that the mass transfer coefficient is overestimated in most models in the literature. It
is demonstrated that the concentration overpotentials during charging and discharging steps
are not equal owing to a mismatch between the state of charge and the state of discharge.
Also, the current density has a greater impact on this overpotential than the flow rate. Higher
overpotentials were found near the membrane since the electronic conductivity is higher than
the ionic conductivity. The simulation results show that positioning the distribution channels
close to the membrane allows a reduction of the concentration overpotential up to 3.9 %.
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4.2. Introduction

Multi-dimensional models and simulations are time and cost-saving tools that can be used,
for example, to study phenomena that hinder the performance of a vanadium electrochemical
cell; Shah et al. [1] developed a transient model where mass and momentum conservation
and species transport equations were combined with a kinetic model to study the effect of
vanadium concentration, electrode porosity and flow rate in the performance of the VRFB.
Later, the same authors included hydrogen and oxygen evolution [2, 3] and energy
conservation [4] in their model to study the effect of gas evolution and temperature in the
operation of a VRFB. Knehr et al. [5] studied the influence of operating conditions in the
capacity loss by developing and using a transient model where vanadium crossover and side
reactions are considered. The more recent work carried out involving multi-dimensional
modelling consists in studying various effects in VRFBSs, e.g., vanadium and water crossover
on the capacity loss [6, 7], the influence of the flow field configurations on the performance
[8-12] and electrolyte distribution and pressure loss optimization [12]. Nonetheless, most of
these studies were performed for serpentine and interdigitated flow fields. Information about
the influence of the electrolyte distribution in the through-plane direction of the electrode in
the mass transfer resistances when using a conventional flow field design is scarcely found
in the literature. Also, to the best knowledge of the authors, information regarding the effect
of the operating parameters in such mass transfer resistance under transient conditions is
scarce; Zheng et al. [13] used a steady-state three-dimensional model to study the influence
of the current density in the mass transfer resistance. However, the simulations were only
carried out for the charging step; the effect of mass transfer in the step transition and during
the discharging step was not evaluated. Tang et al. [14] quantified the mass transfer resistance
of a VRFB at a constant and a variable flow rate during the discharging step. Nonetheless,

no further research regarding this topic was carried out by the authors.

There is a knowledge gap regarding the mass transfer resistance on a VRFB under charge-
discharge cycling, which is of paramount importance for improving the energy efficiency
and overall performance of the VRFB technology. Therefore, the main goal of this work is
to systematically analyze the mass transfer resistance by determining the concentration

overpotential under charge-discharge cycling at different operating conditions, and to
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propose a strategy to reduce such overpotential. So far, concentration overpotential has been
determined by comparing the limiting current density based on the surface area of the
electrode with the current density based on the projected area [13-15] which may lead to
overestimation of the overpotential. Therefore, this work clarifies the calculation of the
concentration overpotential, and a more accurate method to determine such overpotential is
proposed and compared to simulation results. This work analysis the mass transfer related
overpotentials in a VRFB, which is critical for assisting in design and operation optimization.
Also, it demonstrates that the mass transfer coefficient can be estimated from the polarization
curves. The use of an experimental mass transfer coefficient allows the development of more
accurate simulators. To the best of our knowledge, the influence of the distribution channel
position, in a through-plane direction, in the mass transfer resistance has never been studied.
In addition, the mass transfer resistances of four conventional VRFB with different

distribution channel positions in a through-plane direction are also assessed.

This work is carried out using a 2D dynamic phenomenological model for a VRFB
equipped with an anion exchange membrane (AEM). The mathematical model considers the
electrochemical reactions, mass, and species transport in the porous medium, mass
conservation for the tanks, and Donnan exclusion. The reported phenomenological models
for VRFB equipped with an AEM consider only the transport of ions (mostly HSO4") through
the membrane [6, 16]; this is a simplified approach to model charge balancing when using
an AEM. However, this model considers that only SO.% is transported through the
membrane. As such, in the presence of an applied driving force (e.g., electric field), the
reversible ionic reaction H*+ S0.*> = HSO4 will occur at the electrode | membrane
interface [17]. This allows capturing more accurately the potential change at the
electrode | membrane interface due to the Donnan exclusion effect. To the best knowledge
of the authors, the model presented in this work displays the lowest mean relative error for a
VRFB equipped with an AEM.

4.3. Experimental setup
The redox flow cell uses two graphite plates with milled distribution channels before and
after the reactional area to force the electrolyte to flow through the electrode (Figure Error!

Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to
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appear here..1). These channels have a cross-sectional area of 2 x 2 mm?. In the reactional
zones, polyacrylonitrile-based graphite felts (GF, GFD 4.6 EA, SGL Group, Germany) with
an active area of 16 cm? and 4.6 mm uncompressed thickness (compressed to 25 %) were
used as electrodes. The electrodes were boiled in 1 M H>SO4 and thermally treated in a
furnace muffle under and air atmosphere at 400 °C for 12 h. The AEM FAP 450 was
purchased from Fumatech (BWT AG, Germany) and used without any treatment. A
commercial vanadium solution with 1.6 M V3*/\V/** 50:50 molar ratio and 2 M H;SO4 (GfE
Metalle und Materialien GmbH, Germany) was used as electrolyte, without further treatment

or purification. More details may be found elsewhere [18].

4.4. Mathematical model

The mass conservation and electrolyte flow were described using the continuity and
momentum conservation equations. The charge transport was described using the Nernst-
Planck equation and the charge conservation equations. The Butler-VVolmer equation was
used to describe the electrochemical reaction kinetics. Additionally, the following
assumptions were made [19]:

e Incompressible fluid;

e Isotropic electrodes and membrane;

e Negligible gravity effect;

¢ Dilute solution approximation (activity coefficient is equal to unity);
e Negligible membrane crossover;

¢ Negligible hydrogen and oxygen evolution reactions;

e Isothermal behavior;

e Newtonian fluid;

¢ No precipitation of vanadium.
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4.4.1. Governing Equations

Fluid flow conservation equations

The hydrodynamic flow was described using the momentum conservation equation (Eq.
(4.1)), which is a balance of linear momentum (Newton’s second law), together with the
continuity equation (Eqg. (4.2)), which describes the conservation of mass [20]. The total mass
of the vanadium electrolyte was assumed constant and, to describe the hydrodynamic flow

of the electrolyte, a low Reynolds number — laminar flow — was assumed:

%+V-(5p\7\7):—ng+V-(8yV\7)+ Soom 4.1)
%+V-(8p\7) -0 (4.2)

where ¢ is the porosity of the electrode, p is the density of the electrolyte, ¥ is the velocity of
the electrolyte, p is the pressure, u is the viscosity of the electrolyte and Smom is the source
term of the momentum equation. The source term of the momentum equation in the electrode

region is given by the Darcy’s law (Eq. (4.3)) .

Spom = =V (4.3)

where  is the viscosity, and the permeability of the electrode (Kr) was determined with the
Kozeny-Carman equation (Eq. (4.4)).

2.3
dre

=t 4.4
" 16k (1-¢)’ 4

where df is the fiber diameter and kkc is the Kozeny-Carman constant, used as fitting

parameter to describe the morphology of the porous media.

Species transport equations

The transport of ions in the dilute solution was described by the Nernst-Planck, as follows:

—~4+V-N =S 45
P P =9 (4.5)
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where i is the molar concentration of ion i and N, is the total flux of ion i. S; is the source
term used to implement the concentration variations due to electrochemical reactions (Eqg.

(4.6) at the positive electrode and Eq. (4.7) at the negative electrode) - Table 4.1.

discharge

VO, +2H" +¢° TT) VO® +H,0 (4.6)
Ve 4>d_°“i’ge V2 (4.7)
Ischarge

Table 4.1 — Reaction rate source terms of species transport equations.

Source term  Positive electrode  Negative electrode

S, i _#
S, ] r:_F
S, - 0

The flux of each species, N, was determined considering the additive contribution of three

different transport mechanisms: diffusion, advection, and migration (Eg. (4.8)).

—

Ni = Ndiff + Nadvec

+N,, (4.8)

The diffusion transport, due to concentration gradients of species i, was described using
Fick’s law (Eq. (4.9)).

Ndiff =" Dieﬁvci (4.9)

where ﬁdiff is the ion flux due to diffusion, Vci is the concentration gradient of ion i and D¢

is the effective ion diffusivity which was determined as follows:
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0
D = 15D, £ (4.10)
U
where £ is the solvent viscosity and D is the ion diffusivity (Table Error! Use the Home

tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..1)

The advective flux (N,qvec) refers to the transport of ions due to pressure gradient as
follows [21]:

N,y =CV (4.11)

advec

The migration transport is caused by electric potential gradients within the system. The
velocity at which the ions are transported is limited by their mobility [22]. Therefore, the

migration flux (ﬁmig) of species i can be determined as follows:

eff
N _ Z; FDI

mg — RT

c,Va, (4.12)

where z; is the valence state, R is the gas constant, F is the Faraday constant (96 485 C-mol
1, T is the temperature (assumed to be 298.15 K), and V¢ is the electric potential gradient

of the liquid phase.

The complete Nernst-Planck equation is:

oec,
ot

z,FD"

+V-(c

,v)—v.(fofVci)—v-{ ciV¢ej:Si (4.13)
The former equation was solved for V?*, V3*, VO?*, VO,*, H*, and HSO4 ions. The

concentration of SO4> was obtained according to the electroneutrality condition (Eq. (4.14)

):
> z,c, =0 (4.14)
Charge conservation equations

The electric current, expressed as current density (1), due to transport of ions was

determined using the following equation [22]:
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i= FYzN (4.15)

The volumetric current density (V- 7) can be determined combining Eq. (4.8) with Eq.
(4.15), as follows:

2 M eff
V-T:V-(FZziciV—FZzinﬁVci—FZZ%QV@) (4.16)

Thus, the electrolyte conductivity (o) can be estimated using Eq. (4.17).

2 eff
o, =F? ﬁc

4.17
) —~ RT ' (4.17)

In this work, the electrolyte conductivity is determined using a linear regression that
relates experimental values of conductivity with the state of charge (Table Error! Use the
Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear
here..1). Thus, Eq. (4.16) was rewritten as function of the electrolyte conductivity as shown
in Eq. (4.18). Also, in the event of an electrochemical reaction, charges between the
electrolyte and electrode are exchanged. The volumetric current density is given by the flux

of charges leaving or entering each phase [23]:

v-(FZzicivj—v- FRZTzi Vo, |-V-(o.Vg,)=+] (4.18)

Considering the charge conservation between phases, the flux of charges entering/leaving
the solid phase (1) must be the same leaving/entering the liquid phase (i.) (Eq. (4.19)).

-—

Vig=—V-i,=—] (4.19)

The charge conservation equation of the solid phase was described using Ohm’s law (Eq.

(4.20)).
I;=—0;"V¢, (4.20)

where ¢ is the potential in the solid phase and o*" is the effective conductivity of the

electrodes and bipolar plates.
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S04% was assumed to be transported through the membrane only by migration, where the

current density in the membrane region (7 mem) Was determined with Eq. (4.21).
Te,mem = _O-memv¢e,mem (421)

The conductivity of the membrane was provided by the manufacturer (Table Error! Use
the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to
appear here..2) and assumed constant.

Reaction kinetics
The relationship between the net reaction rate (j/nF) and the activation overpotential was

described by the Butler-Volmer equation:

; : i (iJXF i i - ﬁe Fr!
i e o k! Crse’nli . RTﬂm k! Cg;: . ;Tnam
I= al:Cred Cox ox| G e —Kea| T |€ (4.22)

red Cox

where j is the volumetric current density, a is the surface area of the pore walls per total
volume of the electrode, c'req and c'ox are molar concentrations of the vanadium ion with
lowest and highest oxidation state, respectively, in the electrode i; superscript s refers to the
electrode fibers, k' is the reaction rate constant, « is the charge transfer coefficient and 77'ac is

the activation overpotential (Eq. (4.23)). These parameters are summarized in Appendix A.2.
M =#. —¢, —E' (4.23)

where E' is the cell reaction potential in the absence of current (OCV) in the positive (Eq.
(2.7)) and negative (Eq. (4.25)) electrodes, estimated from the Nernst equation.

RT [ G0, (60)

E"=E" +—In (4.24)
Cv02+
C 3+

E-on,-ﬂm( : } .25
F CV2+

where E%! is the standard cell reduction potential and the superscript i refers to the electrodes.
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Mass transfer

In a non-equilibrium state, the concentration of reactants at the electrode fibers and in the
bulk electrolyte is different. Therefore, the overpotential associated with reactant depletion
on the electrode fibers, known as concentration overpotential, can be determined with Eqg.
(4.26) [21].

Mo = E' —E' = g In [—C:?ﬂaﬂt } (4.26)

reactant

where E*' is the cell reaction potential at the electrode fibers (Eq. (4.24) and (4.25)). Thus,

the cell concentration overpotential n_  can be determined with Eq. (4.27).

T =10 (—Cf:a“am } “Lin (—Cf:i“*’“‘ J @.21)

F reactant F reactant
where Cheactant IS the reactant concentration at the electrode i.

The mass transfer phenomenon is described by the flux of mass transferred between the
electrode fibers and the bulk solution (Eg. (4.28)) [24].

NS =k, (c-¢) (4.28)

where the mass transfer coefficient (km) refers to the mass transfer rate of species i from/to
the electrode fibers to/from the bulk electrolyte. The mass transfer mechanism considers three
different steps (Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header
1 to the text that you want to appear here..2). The first and third steps are controlled by
advection and diffusion mechanisms, while the second step is controlled by the

electrochemical reaction [24].

The mass transfer coefficient used was computed using a correlation described elsewhere

[25], and where the first coefficient (5.35x107%) was used as a fitting parameter:

-0.615 d 0.409
k,, =5.35x10°° ( D‘e‘ﬁ J (&j [ (4.29)
7

The electrochemical reactions occur only at the electrode fibers (second step); any change

in the ion concentration between the electrode and the bulk electrolyte (first and third steps)
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is the result of an exchange of charges between the liquid and the solid phases. Since charge
is conserved, the flux of ions must be in equilibrium with the flux of electrons at the electrode
surface (Eq. (4.30) and Eq. (4.31)).

km,red (Cred o Crsed ) = aiF (430)
I(m,ox (Cox - sz ) = _i (431)

The expressions used to determine the concentration of vanadium ions on the electrode

fibers (c%) can be found elsewhere [19].

4.4.2. Boundary and initial conditions

The boundary conditions of the computational domain used in this simulation are
identified and numbered in Figure Error! Use the Home tab to apply Titulo 6;ND
Appendix Header 1 to the text that you want to appear here..3.

At the inlet of both electrodes (boundaries 1 and 3 - Figure Error! Use the Home tab to
apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..3), the
flow rate was given (Eq. (4.32)). Additionally, the concentration of each species at the inlet

varied at every timestep (Eq. (4.33)).

. Q
_f.§j = Xin 4.32
Ai-v A (4.32)
¢ =Cinit) (4.33)

where Qin is the inlet volumetric flow rate, Ain is the inlet channel area, and cin,i(t) is the inlet

concentration of species i at instant t.

The inlet concentration of species i at a given instant t was determined from a mass balance
on the tanks (Eq. (4.34)).

de,,; (t)
dt

= \/i(jvoutcout,idA)ut - JAVinCin,idAn ) (4.34)

tank
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where Viank is the electrolyte volume in each tank and coui is the outlet concentration of

species i.

The absolute pressure at the outlets (boundaries 4 and 2 - Figure Error! Use the Home
tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..3)
was assumed constant and equal to the atmospheric pressure (pam, Eq. (4.35)). The following

boundary conditions were used for the remaining variables:
P = Pam | n- liii =0 | ﬁ'(_aserfv¢s) =0 | ﬁ'(_aev¢e) =0 (435)

The transport mechanism of sulfate and bisulfate ions through the AEM, for balancing the
electronic current, suggested by Lorrain et al. [17] was adopted in this model; only sulfate
ions permeate the membrane and the bisulfate ions may transfer the proton to the electrolyte
before permeating as sulfate ion; on the other side of the membrane, the permeated sulfate
ion may acquire a proton from the electrolyte becoming bisulfate ion. To ensure the
electroneutrality of the system, the flux of sulfate ions across the AEM must be proportional

to the reaction rate (N = i/anSOﬁ_). It is reasonable to assume that half of the permeated

s03~

sulfate ions (NSOE_IZ) arise from the bisulfate dissociation reaction (H* + SO4% = HSOx),

which occurs at the electrode | membrane interface [17], and that such reaction is

instantaneous. Thus, at the electrode | membrane interface we have: NH+ = _ﬁHSOZ =
Nsoi‘ /2. At the negative electrode | membrane interface, protons react with sulfate ions to

produce bisulfate and the reverse reaction occurs at the positive electrode | membrane
interface. Therefore, the boundary conditions for H* and HSO4™ at the electrode | membrane

interface can be written as:

~ i
i-N,=4——— 4.36
H 2nFz (4.36)

S0

— |

i
2anSO§_

n- NHso;

(4.37)

At the negative electrode | membrane interface (boundary 18 - Figure Error! Use the

Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear
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here..3), the right-hand term of Eq. (4.36) is negative and the right-hand term of Eq. (4.37)
IS positive. At the positive electrode | membrane interface (boundary 19 - Figure Error! Use
the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to
appear here..3), the signs are reversed. Since the concentration of SO4" is determined with
the electroneutrality condition (Eqg. (4.14)), no boundary conditions were used for this

species.

The charge-discharge cycling of a VRFB was carried out at constant current (galvanostatic
mode). This operating mode was simulated using the following boundary condition at the

bipolar plate in contact with the positive electrode:
~n1-(0s"Vg,)=i (boundary 6) (4.38)

where i is the operating current density, which is positive for charging and negative for
discharging. At the bipolar plate in contact with the negative electrode, the potential of the
solid phase was set to O to act as reference electrode. For the other external boundaries

(boundaries 7 to 16), the following boundary conditions were adopted for all variables:
i-N,=0| i-(-o{"Vg,)=0 | A-(-0,V4,)=0 (4.39)

A single-domain approach was implemented for the inner boundaries between the
electrodes and the membrane (boundaries 18 and 19 - Figure Error! Use the Home tab to
apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..3) for
the potential in the liquid phase [20]. A similar approach was adopted for the potential in the
solid phase for the inner boundaries between the bipolar plates and the electrodes (boundaries
17 and 20 - Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to
the text that you want to appear here..3). Eq. (4.20) was also solved for the membrane and
the single-domain approach was used at the interfaces between the electrodes and the
membrane (boundaries 18 and 19 - Figure Error! Use the Home tab to apply Titulo 6;ND
Appendix Header 1 to the text that you want to appear here..3). This is possible by using
an extremely low value of electronic conductivity (1 x 108 S m™) for the membrane since it

acts as an insulator.
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The Donnan potential (Ep, EQ. (4.40)) within the VRFB was calculated in this model to
simulate the effect of the repulsion of protons at the interface between the negative electrode
and the membrane (c, y+) and between the positive electrode and the membrane (c;, y+) in

the cell potential [26].

F C

1,H*

C ..
LI (J (4.40)

The initial conditions (t=0s) used in the present model for positive and negative

electrodes are:
c=C|@g =E"| ¢ =E|¢4=0 (4.41)

where the initial concentration of the species (c) was defined as function of the state of
charge of the battery, which denotes the ratio between the amount of energy stored in the
VRFB and the total energy storage capacity, or (SoC, Eq. (4.42)), and total vanadium (cv)

and sulfuric acid concentration.

2+ + C
SoC— ¥ vo (4.42)
2¢,

where Tyz+ and Tyoy are the molar concentration of V2t and VO, ions averaged over the

volume of a half-cell.

The equations used to determine the initial concentrations of the ionic species are
summarized in Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1
to the text that you want to appear here..4. It was assumed that, after the charge separation
step, at the positive electrode only VO?* are present and at the negative electrode only V3*

are present.

4.4.3. Numerical procedure

The computational domain was divided into 5 zones with a total of 2100 elements. The
model variables for each domain are shown in Figure Error! Use the Home tab to apply
Titulo 6;ND Appendix Header 1 to the text that you want to appear here..4. The

governing equations were discretized using a finite volume method and solved using the
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commercial software package Fluent 19.2. The SIMPLE algorithm, pre-installed within the
software package, was used to solve the pressure-velocity coupling for unsteady state
conditions. Species and charge transport equations were implemented using user-define
scalars and solved with the Second Order Upwind discretization method. The remaining
equations, including the boundary and initial conditions, were implemented using user-
defined functions. Under-relaxation factor was used for species and charge transport
equations to handle convergence problems. A residual value of 10° was used as stop
condition for every time step for all governing equations. All the parameters used in the

simulation are described in Appendix A.2.

4.5. Results and discussion

4.5.1. Model validation

The electrochemical model was validated against experimental data obtained for a lab-
scale cell. The lab cell was run at 160 ml min* feed rate, for each electrolyte, and at
80 mA cm2; the volume of each electrolyte storage tank was 80 ml. Applied potential cut-
offs of 1.65 V and 0.80 V were used for the charging and discharging steps, respectively. The
SoC at the start of the charging step was assumed to be 7.5 %. Figure 4.1 shows the

experimental and the simulated charge-discharge curves.
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Figure 4.1 — Simulation and experimental charge-discharge curves for a VRFB with 16 cm?

active area.

The simulation results agree with the experimental data with a mean relative error of
0.51 % for the charging step and a mean relative error of 3.65 % for the discharging step; the
different behavior between both steps is known in the literature and may be attributed to the
kinetic parameters (k and a) [27]. The kinetic parameters for the oxidation reaction may not
be equal to the kinetic parameters for the reduction reaction at both electrodes. In this work,
it was assumed that the Kinetic parameters of the oxidation reaction are equal to the
parameters of the reduction reaction due to the lack of experimental data for the GFD 4.6 EA
electrode. Nonetheless, the simulated and the experimental data match at end of the
discharging step, which is not observed in most models found in the literature. This is related
to the mass transfer coefficient which was used as a fitting parameter. It is expected that the
mass transfer resistance displays a significant contribution to the total overpotential in this
region [14]; this means that most of the reported models are overestimating the mass transfer
coefficient. Mass transfer coefficients close to the obtained are reported in the literature [28].
This evidence supports the accuracy of the developed model, which to the best knowledge of

the authors displays the lowest mean relative error for a VRFB equipped with an AEM.
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4.5.2. Concentration overpotential during cycling

The average concentration overpotential of the VRFB, which is independent of the axial

(x) and coronal (y) positions in the electrode, was analyzed during charge-discharge cycling

(Figure 4.2); the operating conditions were the same as for the previous section.
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Figure 4.2 — Average concentration overpotential and SoC of the VRFB during charge-

discharge cycling at 80 mA cm and 160 ml min™.

Figure 4.2 shows that the concentration overpotential increases exponentially over the
charging and the discharging steps, with the highest concentration overpotential values being
observed at the end of each step. At the end of the charging and discharging steps, the
concentration of reactants available at the electrode fibers and in the bulk electrolyte is very
low; even a slight decrease of the concentration of the reactant at the electrode fibers leads
to a sharp increase in the concentration overpotential. This behavior was confirmed by
discharging the VRFB to an SoC of 8.6 %, corresponding to a state of discharge of 91.4 %,
where the concentration overpotential increased from 10.9 mV (mean value for the charging
step) to 23.9 mV (mean value for the discharging step). Also, a maximum concentration
overpotential of 189 mV was obtained at 8.6 % SoC during the discharging step while during
the charging step a maximum concentration overpotential of 42 mV was observed at 86.7 %

SoC. It must be pointed out that operating a VRFB at low or high SoC should be avoided
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since depletion of reactants at the electrode fibers may lead to side reactions, such as

hydrogen [2, 29, 30] and oxygen [3] evolutions, and oxidation of carbon materials [31].

A sharp increase in the concentration overpotential was also observed at the beginning of
the discharging step. This behavior was attributed to the ability of the VRFB to work as a
capacitor; at the beginning of the discharging step, there is an accumulation of reactants on
the electrode fibers, which are immediately available to react. Thus, the reactants
concentration gradient between the electrode fibers and the bulk electrolyte is extremely low

and the concentration overpotential is also low.

The mass transfer coefficient (Eq. (4.29)) used in this simulation is up to three orders of
magnitude lower than the mass transfer coefficient used by other authors [13-15]. According
to You et al. [19], a lower mass transfer coefficient should yield a higher overpotential.
However, the values of concentration overpotential obtained in this work are within the range
of values found in the literature [13-15]. This discrepancy may be ascribed to the
mathematical terms used in the equation to determine the concentration overpotential, where
some authors typically use current density based on the projected area instead of the surface
area of the electrode as in this work (Figure Error! Use the Home tab to apply Titulo 6;ND
Appendix Header 1 to the text that you want to appear here..7). The approach used in
this work is more accurate since the electrochemical reactions occur at the electrode fibers,
and not only at the electrode | bipolar interface; the above mentioned reports use simulators
developed based on the projected area but fail to compare with the corresponding simplified
model, indicated by Eq. (4.43):

I pa = av—e'ectrOde nFk, cq (4.43)
' A
These authors compare with Eq. (4.44):
i, =nFk,C; (4.44)

which gives the current density based on the electrode surface area. The term a-Veiectrode/A in
Eq. (4.43) is the ratio between the electrode real surface area by the project area at the bipolar

plate, and it is often in the order of thousands.
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Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..5 shows two simulated polarization curves (50 % SoC and a
feed flow rate of 10 ml mint and 160 ml min™), where the limiting current density is
compared with the one obtained with Eq. (4.43). When Eq. (4.43) is used, the limiting current
density obtained are close to each other, with a maximum relative difference of ca. 3.70 %.
Thus, the mass transfer coefficient can be estimated with reasonable accuracy using
experimental polarization curves and Eq. (4.43).

The mass transfer resistances are the second highest source of overpotential of this VRFB,
with an average overpotential of 16.4 mV @ 80 mA cm, while the ohmic losses are the
main source of overpotential with an average value of 117.0 mV and the activation
overpotential is 14.5 mV. The negative electrode displays a higher concentration (11.9 mV)
and activation overpotentials (9.5 mV) than the positive electrode (9.0 mV and 0.5 mV,
respectively) due to the slower reaction rate and diffusion of V2" and V3* ions. This result

agrees with the experimental results in the literature [32].

4.5.3. Influence of the current density

The concentration overpotential behavior was also studied at three different current
densities: 80 mA cm2, 120 mA cm and 160 mA cm - Figure 4.3. The flow rate was set to
160 ml mint, which corresponds to stoichiometric ratios between flow and current (1) of
160, 107, and 80 at 50 % SoC, respectively. The applied potential cut-off for the charging
step was increased to 1.80V and 1.95V for current densities of 120 mA cm? and
160 mA cm?, respectively, to compensate for the total overpotential increase. For the
discharging step, applied cut-offs of 0.65 V and 0.40 V were used for a current density of
120 mA cm? and 160 mA cm, respectively. All the remaining variables used in the

simulation were kept unchanged.
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Figure 4.3 — Average concentration overpotential of the VRFB during cycling at current
densities of 80 mA cm (solid line), 120 mA cm (dash line), and 160 mA cm (dash dot

line).

Figure 4.3 shows that the concentration overpotential increases with the current density.
This trend is in agreement with the information found in the literature [13]. Within the range
of the current densities used in this work, the relationship between the two variables is linear;
at a current density of 120 mA cm, the average concentration overpotential for the charging
step was 26.4 mV while at 160 mA cm2 a value of 118 mV was obtained. For the discharging
step, average concentration overpotentials of 27.9 mV and 104 mV were obtained at current
densities of 120 mA cm and 160 mA cm, respectively. The number of electrons available
to participate in the electrochemical reaction increases with the current. Thus, increasing the
current density will increase the reaction rate. When the reaction rate increases and the mass
transfer rate is unchanged, the rate of reactants’ depletion at the electrode fibers increases,

leading to an increase in concentration overpotential.

The results obtained in this work also demonstrate that for high values of SoC the
concentration overpotential increase is sharper than predicted by Zheng et al. [13]. For

example, these authors obtained an average concentration overpotential as high as 0.8 mV

112



Modelling and study of the concentration overpotential

for 10 % SoC and slightly below 7.5 mV for 85 % SoC at a current density of 160 mA cm?,
while in the present work values of 43 mV and 585 mV were obtained for the same SoC and
current density, during charge step. The present work considers a much lower mass transfer
rate, which explains such discrepancy; the reactant depletion at the electrode fibers is faster
for lower mass transfer rates and, thus, the concentration overpotential increase rate is

increased.

At higher current densities, the performance of a VRFB as a capacitor improves; a faster
increase in the concentration overpotential at the start of the discharging step is observed.
During the charging step, the product accumulation at the electrode fibers is higher when
applying higher current densities. When changing to the discharging step, the combined
effect of increased reaction rate and a higher accumulation of reactants lead to a sharper

increase in the concentration overpotential.

Figure 4.4 (a), Figure 4.4 (b), and Figure 4.4 (c) show the influence of the current density
in the local concentration overpotential, which is a function of the axial position in the
electrode, and net reaction rate distribution profiles and the concentration profile of V* ion

at the electrode fibers, respectively, in the through-plane direction of the negative electrode.
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Figure 4.4 — Distribution profile of (a) local concentration overpotential, (b) net reaction rate
and (c) V?* concentration at the electrode fibers in the through-plane direction (X direction)
of the negative electrode at 80 mA cm? (solid line), 120 mA cm? (dash line), and
160 mA cm (dash dot dot line) and 80 % SoC. The bipolar plate | electrode interface is

located at X = 0.0 mm and the electrode | membrane interface is located at X = 3.5 mm.
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Increasing the current density leads to a more uniform distribution of the local
concentration overpotential in the through-plane direction of the electrodes (Figure 4.4 (a));
the increasing overpotential in the middle of the electrode and near the electrode | bipolar
plate interface (X = 0.0 mm) is slightly higher compared to the increasing overpotential near
the membrane (X = 3.5 mm). The net reaction rate distribution also becomes more uniform
with the current density increase (Figure 4.4 (b)); the mass transfer rate is much lower when
compared to the increasing reaction rate and a more uniform distribution of the reactant at
the electrode is observed (Figure 4.4 (c)). Thus, for higher current densities, the distribution
of the local concentration overpotential is more uniform. These results show that the design
of the distribution channels of a VRFB becomes more critical when operating the battery at
high current density; a proper electrolyte distribution and high mass transfer rates must be
guaranteed to ensure low concentration overpotentials, low overpotential gradients and,
consequently, a long lifespan of the materials of the battery. Figure 4.4 (b) also shows that at
0.0 mm < X < 1.0 mm there is a lower contribution to the reaction extension and, thus, a
thinner electrode could be more beneficial to the performance of the battery at lower current

densities.

4.5.4. Influence of the flow rate

To study the influence of the advective flux (Eq. (4.11)) in the mass transfer resistance,
the average concentration overpotential of the VRFB was determined during charge-
discharge cycling at three different flow rates: 40 ml min, 80 ml min* and 160 ml min -
Figure 4.5. All the remaining variables used in the simulation were kept unchanged, including

the current density (80 mA cm).
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Figure 4.5 — Average concentration overpotential of the VRFB during cycling at flow rates

of 40 ml min* (dash dot line), 80 ml min* (dash line) and 160 ml min* (solid line).

When the flow rate was decreased from 160 ml min? to 80 ml min?, the average
concentration overpotential increased from 10.9 mV to 16.8 mV at the charging step and
from 23.9 mV to 34.9 mV at the discharging step. Within the range of the flow rates studied,
the highest overpotential was observed at a flow rate of 40 ml min; an average concentration
overpotential of 20.7 mV was obtained for the charging step and 41.8 mV for the discharging
step. These results are related to the advective flux decrease in the electrodes, which reduces
the reactant transfer rate within the pores of the electrode; for the same reaction rate, the
reactant concentration gradient between the electrode fibers and bulk electrolyte increases
and, consequently, the concentration overpotential also increases. A similar trend was
observed by Monteiro et al. [18] who performed polarization curves and charge-discharge
cycles under different flow rates; for a fixed current density, lower flow rates led to higher
overpotentials. Nonetheless, the advective flux is highly dependent on the design of the

distribution channels; low flow rates may be safely used if the cell design allows a high flow

velocity in the electrode.
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The flow rate also affects the distribution of the ions in the electrode. Figure 4.6 (a) and
Figure 4.6 (b) show the distribution profiles of the local concentration overpotential and
reactant mass transfer coefficient, respectively, in the negative electrode at 80 % SoC for

flow rates between 40 ml min't and 160 ml min.
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Figure 4.6 — Distribution profile of the (a) local concentration overpotential and (b) reactant
mass transfer coefficient in the through-plane direction (X direction) of the negative electrode
at 40 ml min (dash dot line), 80 ml min* (dash line) and 160 ml min (solid line) and 80 %
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SoC. The bipolar plate |electrode interface is located at X =0.0mm, the
electrode | membrane interface is located at X =3.5mm and the inlet/outlet channel is
located at 0.0 mm < X < 1.0 mm.

The local concentration overpotential increase with the flow rate decrease was observed
in all zones of the electrode (Figure 4.6 (a)). The vanadium ions are distributed through the
electrode by advective and diffusive transport mechanisms. A lower advective flux leads to
a higher residence time in the electrode. Consequently, the regeneration rate of the electrolyte
in the electrode is slower, and the reactant concentration gradient in the pores of the electrode
increases. Figure 4.6 (a) also shows that the distribution of the local concentration
overpotential in the electrode is slightly improved when using lower flow rates; a steeper
increase in the concentration overpotential is observed closer to the bipolar plate interface
when compared to other regions of the electrode. Figure 4.6 (b) shows that the mass transfer
coefficient profile in the through-plane direction is more uniform at lower feed flow rates
due to a better electrolyte distribution over the electrodes. Additionally, the mass transfer
coefficient decrease is more notorious closer to the bipolar plate interface, where the
inlet/outlet channels are located, than closer to the membrane; as the feed flow rate decreases,
the concentration overpotential (Figure 4.6 (a)) increase closer to the membrane is less
notorious when compared to the region close to bipolar plate interface. Thus, the more
uniform concentration overpotential profile may be attributed to the more uniform flow

velocity when decreasing the flow rate.

4.5.5. Distribution channel position

The effect of the inlet and outlet channel position in the through-plane direction in the
concentration overpotential was analyzed. Three new cells with different distribution channel
positions were created (Figure Error! Use the Home tab to apply Titulo 6;ND Appendix
Header 1 to the text that you want to appear here..6): cell M featuring the inlet and outlet
channels close to the membrane, cell C with the distribution channels positioned at the center
of the electrode and cell E with the distribution channels with the same depth as the thickness
of the electrode. Cell BP refers to the cell used to validate the model. The inlet/outlet channel
depth of cells BP, Mand C is 1 mm. .
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The simulations were carried out at three different flow rates (40 ml min™, 80 ml min‘*
and 160 mI mint) and at a constant current density of 160 mA-cm?2. The relative
concentration overpotential (7concrel, EQ. (4.45)) was calculated to compare the average
concentration overpotential at the charging step of cells M, C, and E with the results obtained

for the reference cell, BP, at the same operating conditions.

ﬂconc’ = 77conc,i - nconc,BP %100 (445)

nconc,BP

The results (Figure 4.7) show that cells M, C, and E performed better at all flow rates
when compared to cell BP.

e |
R %

Figure 4.7 — Relative concentration overpotential for geometries M, C and E at a current

density of 160 mA cm and flow rates of 40 ml min, 80 ml min* and 160 ml min™.

Cell M displayed the best result among the other geometries when a flow rate of
160 ml min*! was used. Cells C and E exhibited a concentration overpotential improvement
up to 1.8 % and 1.3 %, respectively, when compared to the cell BP. Figure 4.7 also shows
that cell E displayed higher relative concentration overpotentials when compared to cells M
and C; most likely owing to the higher inlet/outlet area which results in a lower advective
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flux in the electrodes. These results also show that a uniform electrolyte flow in the through-

plane direction does not provide the best performance results.

Figure 4.8 shows the concentration overpotential in the negative electrode for all cells at
an SoC of 80 % during the charging step to further understand the previous results. A flow
rate of 160 ml min™! and a current density of 160 mA cm were used in the simulation.
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Figure 4.8 — Concentration overpotential contour in the through-plane direction of the
negative electrode at 80 % SoC for cells (a) BP, (b) M, (c) C, and (d) E. The bipolar
plate | electrode interface is located at X = 0.0 mm and the electrode | membrane interface is
located at X =3.5mm. The inlet is located at Y =0 mm and the outlet is located at
Y =40 mm.

It is possible to observe that the zone with the highest concentration overpotential is
located closer to the membrane (X = 3.5 mm), regardless of the position of the distribution
channels. The resistance to the transport of electrons through carbon felt is lower than to the
transport of ions through the electrolyte; there is a higher accumulation of ions and higher
reaction rates closer to the membrane. Increasing the advective flux closer to the membrane
provides higher mass transfer rates in this zone and, thus, the highest overall reduction in the
concentration overpotential is obtained. The results discrepancy between cells M and BP
could be minimized by improving the conductivity of the electrolyte using, for example,
chloride acid [33].

The zone with lowest concentration overpotential is located at 0.0 mm < X < 1.4 mm.
Positioning the inlet and outlet distribution channels at 0.0 mm <X < 1.0 mm (cell BP)
results in higher average concentration overpotentials since the overpotential and the
advective flux are exponentially related; the concentration overpotential reduction near
bipolar plate will be lower than at any other position (cell M, C, and E). Thus, improving
mass transfer rates at the location with the lowest concentration overpotential leads to a worse
cell performance. This effect becomes even more relevant when decreasing the flow rate due

to the exponential relationship between the two parameters.

When designing a larger VRFB, the position of the inlet/outlet channels may become more
important than for a lab-scale cell. Typically, the electrolyte velocity inside the electrode of
a larger VRFB is lower than in lab-scale cells; a higher pressure drop would be observed in
stacks for the same electrolyte velocity due to the increased electrode dimensions.
Nonetheless, designing a cell with an inlet/outlet channel location near the membrane
increases the difficulty of building a redox flow battery. Also, despite the positive results
obtained for cell M, it should be noticed that the transport mechanisms of vanadium ions

through the ion exchange membrane were not included in this model. Increasing the flow
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velocity near the membrane may increase the vanadium crossover, leading to higher capacity

loss rates [5].

4.6. Conclusion

A 2D, dynamic, isothermal model, incorporating the charge and species transport and the
electrochemical reaction equations was successfully developed, implemented in a CFD
platform (ANSYS Fluent 19.2) and validated against experimental results from a vanadium
redox flow cell equipped with an AEM; a charge-discharge cycle was simulated with a mean
relative error of 1.85 %, using only the mass transfer coefficient as a fitting parameter. Also,
contrarily to most of the models found in the literature, a good match between the simulated
and experimental data at the end of the discharge step is observed, where the mass transfer
resistances are dominant; this may indicate that most of the reported models overestimate the

mass transfer coefficient.

The developed simulator was used to compute the concentration overpotentials during
charge-discharge cycling, at different flow rates and current densities. Although the mass
transfer coefficient used in this work is lower than most of the mass transfer coefficients used
in literature simulators, the overpotentials determined with the developed simulator are
within the range found in experimental and theoretical studies; it is demonstrated that, for
flow batteries, using the current density based on the projected area to determine the
concentration overpotential leads to unrealistic values. Instead, the reactant concentration at
the electrode fibers or the current density based on the surface area of the electrode should
be used. It was found that the charging and discharging steps display different average
concentration overpotentials, regardless of the operating conditions; a mismatch between the
state of charge during the charging step and the state of discharge during the discharging step
is then observed. To minimize the impact of the concentration overpotential in the
performance and lifetime of a VRFB, the battery should be operated using a lower potential
range. For example, VRFB equipped with AEM and CEM should be operating within
1.14V -1.60Vand 1.10 V - 1.55 V, respectively, which corresponds to a state of charge of
20 % — 80 %. The results also show that at the beginning of the discharging step, the VRFB

acts as a capacitor due to the accumulation of charges at the electrode fibers at the end of the
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charging step. This behavior was more prominent for lower flow rates, or higher current

densities.

The concentration overpotential was also studied at different feed flow rates and current
densities in the through-plane direction for a fixed SoC. The results show that increasing the
current density, compared with lowering the feed flow rate, has a greater effect on the
concentration overpotential gradient in the through-plane direction. Optimizing the
electrolyte feed position in the through-plane direction is critical to minimize the

concentration overpotential at high current densities.

Through simulations, it was found that the discrepancy between the electrode and the
electrolyte conductivities leads to a significant concentration overpotential gradient at the
electrodes; higher concentration overpotentials are observed at the surface between the
electrode and the membrane. This is a consequence of the electronic conductivity of the
bipolar plate and porous electrode being higher than the ionic conductivity of the electrolyte
and the ion exchange membrane. Thus, the concentration overpotential is not only sensitive
to the mass transfer mechanism. Also, the position of the inlet and outlet distribution channels
should not be neglected when designing a vanadium redox flow cell with a conventional flow
field. Simulations performed for geometries with different inlet/outlet channel positions
suggest that the highest reduction in concentration overpotential is obtained when using

higher advective fluxes near the membrane.
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5. A parametric study for shunt
current mitigation and stack
design optimization

Equation Chapter (Next) Section 1

5.1. Abstract

Shunt currents can hinder the performance and reduce the lifespan of redox flow batteries.
This work focuses on finding the best approach to mitigate the shunt currents in vanadium
redox flow batteries. A 2D dynamic phenomenological model was used to compute the shunt
currents as a function of the design and operating conditions of a stack with 6 cells and 16 cm?
active area, operated at 80 mA cm. In parallel, an equivalent circuit model was used to
compute the same shunt currents but with a far smaller computing time. Finally, an artificial
intelligence-based software was used to obtain a simple mathematical correlation that best fit
the simulated shunt currents, as a function of the external resistances (manifold and
distribution channels, from 0.08 Q to 2621 Q), operating current (from 4 A to 512 A) and the
number of cells (from 5 to 40) in a stack. The correlation was then used to perform a

sensitivity analysis to the previous parameters.

The results show that the shunt currents decrease with the internal resistances (activation,
ohmic, and mass transfer). Nonetheless, the external resistances have the greatest impact on
the shunt currents, particularly the manifold electrical resistance. Based on these findings, a
novel redox flow battery stack design (343 cm? active area), with high manifold resistance
and a low distribution channel resistance, is proposed to mitigate the shunt currents; cells
with no electrochemical activity (dumping cells), evenly inserted into the stack, were
considered to increase the manifold resistance. This new stack displays 23.6 % lower shunt
current losses, 33 % lower pressure drop and 19 % higher nominal power output at

80 mA cm2 when compared with a conventional stack.
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5.2. Introduction

Shunt currents have been subject of study for many years. In 1976, Prokopius [1]
suggested that shunt currents in flow batteries can be determined using an equivalent circuit
model (ECM). This approach assumes that the shunt currents depend only on the cell
potential, conductivity of the electrolyte, and geometry of the distribution channels and
manifold. Later, other authors adopted the same approach and used an ECM to study the
shunt currents in redox flow batteries [2] and fuel cells [3]. Few methodologies have been
reported to measure shunt currents, such as using a magnetic amplifier to measure the
magnetic field created by the shunt currents [4] and directly measure the potential drop [5]
or the shunt current [6] in the manifolds. However, most studies found in the literature focus
on the impact of the stack design and operating parameters in the shunt currents; Chen et al.
[7] used an ECM to demonstrate that the shunt currents increase with the increasing state of
charge (SoC) and with the increasing number of cells. Feng et al. [8] used a similar approach
to show that the shunt current loss (SCL), relative to the cell current, decreases as the cell
current increases. The influence of the shunt currents in the temperature of the stack during
standby conditions has also been subject of study; Tang et al. [9] used a dynamic model to
simulate shunt currents in a 40 cell-stack and found that 14% of the total heat generated in a
stack is related to shunt currents. More recently, Trovo et al. [10] demonstrated that shunt
currents may lead to temperature differences between cells of up to 10 °C. Strategies to
reduce shunt currents, such as optimizing the piping [11] and the electrical [12] system
design, are reported in the literature. Other approaches include decreasing the electrolyte
conductivity [13] or changing the geometry of the distribution channels [14] and manifold
[8]; most stacks found in the literature [15-17] use long and narrow distribution channels and
short distances between adjacent cells. However, there is a clear information gap in the
literature regarding the impact of other factors, such as flow rate and physical and chemical
properties of the internal components (electrolyte, electrode, and membrane), in the shunt
currents. Also, these studies are carried out for specific stack designs which can lead to
contradictory conclusions. For example, Yin et al. [13] concluded that the geometry of the
manifold has a greater impact in the shunt currents than the flow channels. In opposition,
Xing et al. [8] and Chen et al. [7] concluded that the flow channels are more relevant to

minimize shunt currents.
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This work aims at studying the impact of operating and design parameters, and physical
and chemical properties of internal components, e.g., electronic conductivity and electrode
surface area, in the shunt currents. Also, a novel strategy to reduce the shunt currents is
presented. This study is based on the simulation of the shunt currents in VRFB stacks using
a 2D dynamic phenomenological model (DPM) and an equivalent circuit model (ECM) for
several stack configurations. The impact of the flow rate and physical and chemical
properties of the internal components are studied using the DPM; shunt currents are simulated
for different values of kinetic, ohmic and mass transfer related parameters. The ECM is used
to simulate shunt currents for more than 20 000 combinations of values of external
resistances (distribution channels and manifold geometry), operating current, and number of
cells in a stack. A simple mathematical correlation relating the latter parameters with the
relative shunt current losses was then obtained using an artificial intelligence (Al) based
software (Eurega, DataRobot, Inc.) in combination with the data from the ECM. The impact
of the stack design and operating current in the shunt currents is studied by using the
correlation to perform a sensitivity analysis. The sensitivity analysis includes a wide range
of conditions to provide critical information regarding which parameters affect the SCL the
most and how they scale with the SCL. Lastly, the ECM was used to benchmark several stack
designs to reduce the shunt currents and the pressure drop and increase the stack nominal
power output. A novel stack design including cells with no electrochemical activity — named
dumping cells (dc) — is proposed. This work provides critical information to optimize the
stack design by providing a pathway to minimize the SCL and the pressure drop and increase

the stack nominal power output.

5.3. Redox flow cell stacks

5.3.1. 6 cells-stack

The six cells-stack (Figure 5.1) simulated in this work consists of a stack of six
electrochemical cells. The design of each cell is described elsewhere [18]. Briefly, each redox
flow cell comprises two graphite felts as electrodes (GFD 4.6 EA, SGL Group, Germany)
with a compressed thickness of 3.5 mm (25 % compression) and an anion exchange
membrane (FAP450, Fumatech, BWT AG, Germany). The latter has a lower cost and lower

vanadium crossover rates than cation exchange membranes. The active area of the redox flow
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cell is 4 cm x 4 cm. The vanadium electrolyte used consists of 1.6 M V**/V** 50:50 molar
ratio in 2 M H>SO4 (GfE Metalle und Materialien GmbH, Germany). The stack design was
adapted to a 2D geometry to reduce computational time; 1 mm thick bipolar plates and 3 mm
thick current collectors were assumed. The shunt currents were only simulated for the
positive half-cell. This is a conservative assumption since the positive electrolyte has a higher
conductivity than the negative electrolyte (Table Error! Use the Home tab to apply Titulo
6;ND Appendix Header 1 to the text that you want to appear here..3). The distribution

channels and manifold dimensions (in mm) can be found in Figure 5.1.
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Figure 5.1 — Schematic representation of the vanadium redox flow stack while charging with

six cells, and dimensions of the distribution channels and manifold (in mm).

5.3.2. N cells-stack

The N cells-stack comprises N cells electrically connected in series. The N cells-stack is
used to study the influence of the distribution channels and manifold geometry, operating
current, and number of cells on the shunt current intensity. Thus, different stack, distribution

channels and manifold designs are considered and simulated.
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5.3.3. 40 cells-stack equipped with dumping cells
A dumping cell (dc) consists of a cell that contains a flow channel, herein referred to as
dumping cell channel, connecting feed and collecting streams from adjacent electrochemical

cells — Figure 5.2.

- ;‘VEIectronte exit

Figure 5.2 — 3D representation of a dumping cell. The electrolyte flow direction at the front

(solid line) and back (dashed lined) of the dumping cell is represented by the arrows.

The dumping cell does not have any components that allow the electrochemical reactions
to occur, nor does it have components to measure currents. Thus, it cannot be used to monitor
shunt currents or the state of charge. The purpose of the dumping cell is to act as a manifold
extension and, consequently, to dump shunt currents. The electrical connection between
adjacent electrochemical cells can be established using electrically connected current
collectors placed at the adjacent electrochemical cells. The 40 cells-stack equipped with M
dumping cells can, thus, be described as follows: a stack of several N electrochemical cells-
stacks with a dumping cell between two adjacent N cells-stacks. For example, a 40 cells-
stack equipped with one dumping cell consists of two stacks comprising 20 electrochemical

cells, and a dumping cell between these stacks.
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Each electrochemical cell comprises similar internal components as the six cells stack.
The flow frame has a height of 200 mm, a width of 300 mm and a thickness of 2 mm.
Furthermore, each flow frame has two distribution channels (Figure 5.3), for feeding and
collecting the electrolyte, with a width of 3 mm, a depth of 1.5 mm and a length of 27 mm
(short frame channel, SFC, Figure 5.3 (a)) or 540 mm (long frame channel, LFC, Figure 5.3
(b)). Both distribution channel designs display low manufacturing complexity and a low
pressure drop. Additionally, the LFC can reduce shunt currents. The distance from the
manifold to the distribution channel | electrode interface, known as elevation, is 11.0 mm and
22.5 mm, respectively for the SFC and LFC. The distance between two adjacent
electrochemical cells is 7.95 mm; the manifold has a total length of 318 mm (7.95 mm x 40

electrochemical cells) and a diameter of 8.00 mm.

(a) (b)
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Figure 5.3 — Flow frame with (a) two short distribution channels (short frame channel, SFC)

and (b) two long distribution channels (long frame channel, LFC).

The dumping cell has the same height and width as the flow frame. The area available to
design the dumping cell channels is limited to less than half of the height (100 mm) and half
of the width (150 mm) of the flow frames; the stack has four manifolds (two inlets and two
outlets) and one dumping cell channel per manifold is required. Furthermore, the dumping
cell should be designed such that the electrolyte flows on both sides of the dumping cell; the
electrolyte is forced to flow through the dumping cell channels and a pass-through hole is

used to ensure the electrolyte flows to the opposite side of the dumping cell (Figure 5.2). The
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electrolyte entrance and exit are parallel to each other and at opposite sides of the dumping
cell. Thus, it is not required to make modifications to the stack design. Different dimensions

of the dumping cell channel are considered throughout this work.

The SCL and the pressure drop of the 40 cells-stack equipped with M dumping cells are
compared to the results of a 40 cells-stack with no dumping cell. To minimize shunt currents,
the latter has flow frames with long channels (Figure 5.3 (b)), contrarily to the stack equipped
with M dumping cells which has flow frames with short channels (Figure 5.3 (a)). The
remaining distribution channel and outer dimensions, as well as manifold dimensions, are the

same as for the 40 cells-stack equipped with M dumping cells.

5.4. Numerical methods

5.4.1. Dynamic phenomenological model

The 2D dynamic phenomenological model (DPM) used to simulate shunt currents in a Six
cells-stack (Figure 5.1) is described and was validated with experimental data in our previous
work (Chapter 4) [18]. The model considers the momentum (Eq. (5.1)) and mass (Eq. (5.2))
conservation equations and the Nernst-Planck equation (Eqg. (5.3)) in the electrodes to

describe the electrolyte flow and the transport of ions in the electrolyte, respectively.

ALY L (5pW) = —evp+V (697) Loy (5.1)
ot K,
ogp _
——+V-(go0V)=0 (5.2)
ot
OeC, _ ] z,FD:" Vi
7+V~(civ)—v.(Difvai)—v-[ = CiV¢eJ=in— (5.3)

where ¢ is the porosity of the electrode, p is the electrolyte density, ¥ is the velocity of the
electrolyte, p is the pressure, u is the viscosity of the electrolyte, Ky is the permeability of the
electrode [18], ci, D™, zi and w are the molar concentration, the effective diffusion
coefficient, the valence state and the stoichiometric number of species i, respectively, F is
Faraday constant (96 485 C mol™), R is the ideal gas constant (8.314 J K mol?), T is the
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temperature (assumed 298.15 K), n is the number of electrons, ¢ is the potential in the liquid
phase and j is the volumetric current density. The concentration of SO+ was determined

using the electroneutrality condition:

Z ¢ =0 (5.4)

Charge conservation equations were used in the liquid (electrolyte and membrane)
(Eq.(5.5)) and solid (electrodes, bipolar plates, and current collectors) (Eq. (5.6)) phases to
simulate the electric current that arises due to the transport of electrons (solid phase) and ions

(liquid phase).

-V. 3% Vo, |-V-(o,Vg,)=+] (5.5)
~V-(of"V,)=-] (5.6)

where o is the electrolyte/membrane conductivity, o=* is the effective conductivity of the

electrode/bipolar plate/current collector and ¢ is the potential in the solid phase.

Shunt currents arise due to the transport of ions in the electrolyte, through the distribution
channels and the manifold, which is promoted by a potential gradient. By implementing Eq.
(5.3) and Eg. (5.5) in the distribution channels and manifolds, shunt currents can be
simulated. The electric current flowing in the distribution channels and manifold can be
determined by calculating the electric current in the y and x directions, respectively, as

follows:

0 RT o©
|, =| -0, 2 L2 i p, (5.7)
v FY o
04, RT oo
|, =| -0, 22— e 5.8
X e oX FZZi oX Ay (58)
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where Axzy; IS the area perpendicular to the electrolyte flow.

The electrochemical reaction that occurs at the electrodes was simulated using the Butler-

Volmer equation (Eq. (5.9)).

Ayl (e a1 (e ~apFn
j=a'Fcr(-:‘d Cox k<IJx %d e RT _k:ed % e RT (59)

red Cox

where a is the surface area of the electrode, « is the charge transfer coefficient and k is the
reaction rate constant, ox and red subscripts refer to the vanadium species with highest (V°*
and V3*) and lowest (V** and V") oxidation state at electrode i and 7 is the activation

overpotential [18].

The mass transfer mechanism was modelled assuming the transport of ions between the
surface of the fibers of the electrodes and the bulk electrolyte described by a linear equation
(Eq. (5.10) and Eq. (5.11)):

km,red (Cred - Crsed ) = # (510)
km,ox (Cox - sz ) = _% (511)

where km is the mass transfer coefficient [18] and the superscript s refers to the surface of the
fibers of the electrode. Further details regarding the parameters used in this work can be

found in Appendix B.1.

Boundary and initial conditions

The galvanostatic operating mode was simulated applying the Neumann type of boundary
condition for the potential in the solid phase, and setting it equal to the operating current (Eq.
(5.12)), at the positive current collector.

~-V-(0f"Ve ) =i (5.12)

139



Chapter 5

The negative current collector was assumed to be the reference electrode and the potential
in the solid phase was set to 0. The species concentration at the inlet, under dynamic

conditions, was determined from a mass balance on the tanks (Eq.(5.13)).

dcm,it(t) _ vi (Voo A~ [0 (5.13)

d tank
where the subscripts in and out refer to the inlet and outlet boundary conditions, Viank is the

electrolyte volume for each side of the RFB and t is the instant t.

At the inlets of the negative electrodes and positive manifold, the following boundary
condition can be used to simulate the flow of the electrolyte at a given flow rate Q:

- Q
-A-v=—"2N 5.14
A:,in ( )

where N is the number of cells, which is equal to six for the inlet at the positive manifold and
equal to one for the inlets at the negative electrodes; the negative side does not have a
common manifold. At the outlets, the pressure was set equal to the atmospheric pressure.

Eqg. (5.5) and Eqg. (5.6) were solved for all zones using a single domain approach.
Eq. (5.1) - (5.3) were solved only in the electrodes and the following boundary conditions

were used at the bipolar plate | electrode and membrane | electrode interfaces:

n-N, =0 (5.15)
where ﬁi is the molar flux of species i. The equations used to determine the initial species
concentrations can be found in [18]. To accelerate convergency, different initial guess values
were provided to the potential in the solid and liquid phases of each negative (Eqg. (5.16) and
Eq. (5.17)) and positive (Eqg. (5.18) and Eqg. (5.19)) half-cells, manifold and distribution
channels (Eg. (5.19)). The potential in the liquid phase at the ion exchange membrane is
(¢e*+¢e)12. The negative electrode is used as reference electrode in each cell and, thus, the
potential in the solid phase is set equal to the potential of the positive electrode from the

previous cell. At the positive electrode, the total potential at each cell is assumed for the
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potential in the solid phase. The potential in the liquid phase is determined for the case where

the activation overpotential is 0 at both electrodes.

¢ =(E"—E +n3y)-(N-1) (5.16)
¢ =¢, —E (5.17)

¢ =(E"—E +7,)-N (5.18)
¢ =¢ —E (5.19)

where E* and E™ are the cell reaction potential, in the absence of current (OCV), of the
positive (Eqg. (5.20)) and negative (Eq. (5.21)) half-cells, respectively, and 7ini is the initial

guess for the overpotential.

RT [ €y ()

E*=E* +—In (5.20)
F Cvo2+
C 3+

E = E°’+ﬂln[ v ] (5.21)
F CV2+

where E%* and E% are the standard cell reaction potential in the positive and negative half-

cells.

Numerical procedure

The mathematical model was implemented in Ansys Fluent 19.2. The mass and
momentum equations were solved using the built-in PISO algorithm. The remaining partial
differential equations were implemented using user-defined scalars, through a custom script,
and were solved with the second order upwind discretization method. The boundary
conditions were implemented using pre-defined macros provided by Ansys, Inc. The
remaining equations were also implemented in the custom script using user-defined memory

macros. Convergency issues were solved using under-relaxations factors for species and
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charge transport equations. The domain of the six cell-stack consisted of ten zones. The mesh
had a total of 80 200 quadrilateral elements. The stop condition criteria consisted in having
residual values, for all governing equations, lower than 10 and the value of Eq. (5.9)
changing by no more than 10 A m?,

5.4.2. Equivalent circuit model

The equivalent circuit model (ECM) was developed following the assumptions below:
e Negligible membrane crossover;
¢ Negligible side reactions;
e Isothermal behavior;
¢ Negligible electrolyte flow effect in the shunt currents;
e Negligible kinetic and mass transfer resistances;
e Each cell is well described by an open circuit potential and a resistor.

The ECM uses Simscape blocks, included in the Simulink®/ MATLAB® software, to
create a circuit model with ohmic resistances in parallel and in series connected to potential
sources (Eocp) and to a current source (1) (Figure 5.4). The internal cell ohmic resistances,
Reen, are connected in series to each other and to the potential sources while most of the
external resistances (channels, R¢, and manifold, Rm) are connected in parallel to each other
and to the internal resistances. The resistance of the distribution channels was determined as

follows:

_L4

RC
o, A

(5.22)

where £c and A are the length and area of the distribution channel. The manifold resistance
is determined using the distance between two adjacent cells, £m, and the area perpendicular

to the flow of the electrolyte, Am:

R,=—-12 5.23
A (5.23)
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The internal ohmic resistance of each electrochemical cell can be determined taking into
consideration the ohmic resistances of the membrane (mem), electrolytes (e), electrodes, and
bipolar plate (BP):

Rcell,i — mem +i+5electrode _}_i_gelectrode +2i§electrode i% (524)
Coen A o, A o, A o, A o A

where ¢ is the thickness of the component and A is the active area of the stack. The resistance
of the current collector (cc) can be determined using the following equation:

R ol

= 5.25
cC O_CC A ( )

The open circuit potential (OCP) of each cell, Eocp, was determined using Eq. (5.26).

Eoep =E"—E (5.26)

Figure 5.4 (a) and (b) show the schematic representation of the ECM used for the six cells-
stack and N cells-stack, respectively. Figure 5.4 (c) shows the schematic representation of

Rm*

Rec

@ Reell 1 . — . @ 5\?&, L _— @ Reell,s Rec
w3 el e
Rt E Rt
————— AR -—— A
Cell 1 Cell i Cell 6
(a)
(D
(.
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N cells-stack N cells-stack
model : g ; model

20 cells-stack Dumping cell 20 cells-stack

Figure 5.4 — Schematic representation of the equivalent circuit model used to simulate shunt
currents in the (a) positive side of a six cell VRFB stack, (b) VRFB stack with N cells and
(c) VRFB stack with 40 cells (2 x 20 cells-stack) and one dumping cell. Reen,i is the cell
internal resistance of cell i, R is the resistance of the current collector and Rqc is the
resistance of the dumping cell. The ¢ and m refer to the distribution channels and manifold,

respectively, and the superscripts + and — refer to the positive and negative side, respectively.
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In the equivalent circuit of the six cells-stack (Figure 5.4 (a)), the electrical resistance of
the distribution channels and manifold of the negative side was not simulated. The circuit
model for the N cell-stack (Figure 5.4 (b)) considers the electrical resistances of the inlet and
outlet manifold and distribution channels for both positive and negative sides, as typically
described in the literature [10]. The models shown in Figure 5.4 (a) and Figure 5.4 (b) can be
divided into three different sections: first cell, middle cell i, which is repeated N-2 times, and
last cell N. The shunt currents in a 40 cell-stack equipped with M dumping cells (Figure 5.4
(c)) is simulated using the N cell-stack model. Additionally, a resistor is added after each N
cell-stack in parallel with the manifold resistance to simulate the resistance of the dumping
cell (dc) to shunt currents. The latter was calculated using the following equation:
EN

Rdc =
O, Adc

(5.27)

where £q4c and Aqc are the length and area of the dumping cell channels.

5.4.3. Mathematical correlation and sensitivity analysis

The determination of the mathematical correlation and the sensitivity analysis were
carried out using the Eurega software (Nutonian, Inc.). This software uses symbolic
regression to automatically generate sets of symbolic equations that relate the independent
variables with the dependent variable while minimizing the error between the supplied and
the simulated data. This is accomplished by simultaneously searching for parameters and
mathematical equations and optimizing the fitting criteria of the mathematical equations with
a given dataset. Further reading is suggested for more information regarding the software
[19] and symbolic regression [20, 21]. Thus, the dataset obtained for the N cells-stack can be
provided to this software to generate a correlation that relates the relative shunt current losses
(SCL) with the external cell resistances, operating current, and number of cells in a stack (Eq.
(5.28)).

SCL®%) = f(R_,R.,1,N) (5.28)

The relative SCL defines the total current efficiency lost in the stack due to shunt currents.

It is determined by comparing the electric current generated by the electrochemical reaction
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at the charging and discharging steps (Eq. (5.29)). Charge loss due to crossover of vanadium

ions is not simulated.

Z I charge,i

SCL(%) =|1-—%  |x100 (5.29)

N
Z I discharge,i

i=1

N
=1

where I; is the average current in the electrodes of the cell i. The dataset is generated running
the ECM for a large number of design and operating conditions. The design parameters were
changed as shown in Table 5.1, except for N which assumes values of 5, 10, 20, 30, and 40
cells.

Table 5.1 — Design (manifold resistance, Rm and distribution channel resistance, R¢) and
operating parameters (electric current, 1) used in the equivalent circuit model to simulate

shunt currents. The number of cells (N) used in the simulations is 5, 10, 20, 30, and 40.

Value Rm (for each Rc) Rc (foreach 1) | (for each N)
Minimum 0.08 Q 0.08 Q 4A
Maximum 2621 Q 2621 Q 512 A
Increment Xi+1 = 2 Xi

The simulations were carried out for the charging (I) and discharging (-I) steps so that the
SCL can be determined (Eqg. (5.29)). Thus, a total of 10 240 data points were obtained from
a total of 20 480 combinations of simulated conditions. Conversely to what is found in
conventional stack designs, higher manifold resistances are considered in this study. The goal
Is to study the viability of using long manifolds to reduce SCL. The fitting criteria consisted
in minimizing the logarithm squashed error since the dataset contained large outliers (e.g.,
when SCL > 20 %).

The sensitivity analysis was carried out using the correlation obtained in this work to
determine the relative impact of each variable in the relative SCL through a first order

derivative-based method:
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S| =‘8SCL
15)4

SX

(5.30)

SSCL

where Sl is the sensitivity index (SI), x is the input variable (Rm, Rc, |1 or N) and sy is the
standard deviation of x (Eq. (5.31)).
s, = | (% —x) (5.31)
Nz
where X is the average value of x. The standard deviations of x and SCL were used in Eq.
(5.30) to uniformize the scale and units. The mathematical meaning of the sensitivity index
can be explained as follows: on average, if x is changed by a value of sy, then the shunt current

losses will change by a value of Sl-sscL. Thus, the greater the average rate of change m (Eqg.

(5.32)), the greater the impact that x has, on average, in the SCL:

dy=m-ox ——> 05CL =2 SseL gy s dSCL =Sl sy, (5.32)
S

X

5.4.4. Pressure drop

To minimize shunt currents, the geometric ratio between the length and the cross-sectional
area (I/A) of the distribution channels and manifold must be maximized (Eq. (5.22) and Eq.
(5.23)). However, the pressure drop in such conveyances increases with the increasing I/A
ratio. High pressure drop values increase pump energy consumption, can produce early leaks,

and accelerate stack degradation.

The pressure drop caused by the electrolyte flow through the porous carbon felt electrode

(Apelectrode) Was obtained using the Darcy’s law and by considering the pressure drop gain/loss

due to gravity (Eq. (5.33)):

v
Apelectrode = /kl_ I+ pgAy (533)

p

147



Chapter 5

where | is the length of the electrode, g is the gravitational acceleration (9.81 m? s%) and Ay
is the elevation, which assumes a positive value when the ending point of flow (outlet) is

above the starting point of flow (inlet) and a negative value when the opposite is observed.

The pressure drop (Ap) in the remaining flow conveyances (distribution channels,
manifolds, and dumping cells) was determined using the Darcy-Weisbach equation where

gravity was also taken into account (Eg. (5.34)).

| pv°
Ap=f,——+ pgA 5.34
p ° D paAay (5.34)

eq

where | is the length of the flow conveyance. The friction factor fp and the equivalent
diameter of a rectangular flow conveyance, Deq, were determined using Eq. (5.35) [22] and
Eq. (5.36) [23], respectively:

a 2(a-1)b 2(a-1)(1-b)
D
f {%J 0.75In [Ej 0.88In| 6.82 = (5.35)
Re 5.37 K,

)0.625

(W5,

D,=13——"—¢
eq (W +§i )0.25

(5.36)

where k; is the surface absolute roughness (assumed 2.5 x 10 m for plastic [24]) and W and
ol are the width and depth of the rectangular flow conveyance, respectively. The parameters

a and b and the Reynolds number can be determined using the following equations [22]:

A
(222
b=+ (5.38)
1+ Re
De
150 —*
k
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_ pD,v
7,

Re (5.39)

5.5. Results and discussion

5.5.1. Model comparison

The dynamic phenomenological model (DPM) and the equivalent circuit model (ECM)
employ different methodologies to simulate the shunt currents. The DPM uses several
complex equations solved in multi-dimensional meshes while the ECM uses mostly Ohm’s
and Kirchhoff laws. A comparison between both models is required to understand the

implications of using each model to study the shunt currents.

Figure 5.5 shows the simulated shunt currents in the manifold and distribution channels
and the cumulative cell potential of the six cells-stack (Figure 5.1) using the DPM and the
ECM, and the relative difference between models. The shunt currents were simulated at 50 %
SoC, for the charging step, and with a current density of 80 mA cm. The simulation data

can be found in Appendix B.2.
(a)
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Figure 5.5 — Shunt currents in the (a) manifold and (b) distribution channels and (c)
cumulative cell potential of a VRFB six cells-stack simulated using the dynamic
phenomenological model (DPM, black squares) and the equivalent circuit model (ECM, red

circles) for charging step, and the relative difference between models (blue triangles).

The results show that there is an average relative difference between the shunt currents
determined using both models of 11.7 % and 12.8 % in the manifold (Figure 5.5 (a)) and

distribution channels (Figure 5.5 (b)), respectively. Such difference was assigned to the

150



A parametric study for shunt current mitigation and stack design optimization

oversimplification of the ECM, which led to an overestimation of the cell potentials (Figure
5.5 (c)). The errors of the DPM model were minimized by using an optimized mesh (Figure
Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you
want to appear here..1), a timestep of 107 s, and strict convergency criteria. The ECM was
solved using the Kirchhoff law which results in a set of linear algebraic equations [25]; the
solution algorithm of the ECM does not introduce significant numerical errors. The ECM
does not simulate the electrochemical reactions, which include the reaction kinetics and the
charge separation at the electrolyte | electrode interface — double layer capacitance effect
[26]; the ECM is a steady state model, and capacitances are dynamic resistances that can only
be simulated at unsteady state. Thus, the ECM assumes that the cell overpotential is only
generated by the ohmic resistances. The electrochemical reaction is typically modelled in
ECMs using a capacitor (dynamic resistance) in parallel with a resistor (ohmic resistance)
[27]. The overpotential generated by the Kkinetic resistance is much lower than the
overpotential generated by the ohmic resistance [28]. Thus, a lower potential difference
between the first and last cell of the stack - the driving force of shunt currents - is obtained
when the electrochemical reaction simulation is included in the ECM. Consequently, the

shunt currents simulated by the ECM become lower.

The DPM should produce more realistic shunt current values since it simulates the
electrochemical reaction. The difference between the models results becomes larger with the
increasing number of cells; the stacks are electrically connected in series and the source of
this difference is caused by the assumptions of the equivalent circuit model that is used to
simulate the internal resistances of each cell — the results difference is additive. However, the
downside of the DPM is that it is extremely time-consuming compared to the ECM,
particularly when it is required to simulate stacks with high number of cells and complex
distribution channel designs. For example, the DPM required 60 hours to simulate the six
cells stack (2D mesh with 80 000 elements), while the ECM required less than 30 seconds in
a computer equipped with an i9-9900K processor and 32 GB RAM. The simulation time
difference becomes even greater as the number of cells increases. Furthermore, the ECM
overestimates the shunt currents; the real stacks will perform better than predicted by the

model. The ECM can be considered an acceptable alternative when simulating shunt currents
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in a stack with many cells or complex distribution channel designs because the simulation

time is greatly reduced.

5.5.2. Effect of the internal resistances in the shunt currents

The shunt currents were studied as a function of the cell internal resistances, as indicated
in Figure 5.6. Parameters related to a) reaction rate — reaction rate constant, k; b) charge
transport — membrane, omem, electrode, os, and electrolyte, ce, conductivities; and ¢) mass
transfer — surface area, a, and mass transfer coefficient, km were considered. The parameters
a, K, omem, os and km were increased tenfold and ce was increased fivefold, compared with
the simulation results using the reference parameter values (baseline simulation results, BL,
Appendix B.1). The flow rate, Q, and the thickness of the electrode, deiec, were also studied
since they affect the mass transfer and the ohmic resistances, respectively. The flow rate was
decreased tenfold and the electrode thickness was decreased from 3.45 mm to 2.00 mm. An
SoC of 50 % and a current density of 80 mA cm were used in the simulations, which were

carried out for the charging step.

In general, the shunt currents in the distribution channels (Table Error! Use the Home
tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..6)
and in the manifold (Table Error! Use the Home tab to apply Titulo 6;ND Appendix
Header 1 to the text that you want to appear here..7) are slightly affected by the internal
resistances; when the internal resistances decrease, the shunt currents also decrease (Figure
5.6).
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Figure 5.6 — Average shunt current in the manifold and potential drop, A¢e, in a VRFB six
cells-stack simulated using the dynamic phenomenological model (DPM) and reference
parameters (baseline simulation - BL), tenfold higher surface area, a, reaction rate constant,
k, membrane, omem, and electrode, oz, conductivities, and mass transfer coefficient, km,
fivefold higher electrolyte conductivity, oe, tenfold lower flow rate, Q, and a lower electrode

thickness (2.0 mm), elec.

As the results indicate, increasing omem and o leads to the highest reduction of the average
shunt current in the manifolds (by 4 mA and 2 mA, respectively) followed by a and kn
increase which provided an average shunt current reduction of 1 mA relative to the baseline
simulation. Increasing k had the lowest impact in the shunt currents, with an average shunt
current reduction of 0.1 mA. This trend is consistent with the contribution of each internal
resistance on the potential difference between the first and last cells of the stack (potential
drop, A¢e); the charge transport resistances display the highest effect on the shunt currents,
followed by the mass transfer and reaction kinetic resistances [28]. Such potential drop is the
driving force of the shunt currents. When the potential drop is decreased (e.g., by decreasing

internal resistances), the shunt currents decrease (Figure 5.6). For example, the potential drop
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was reduced from 7.1V to 6.9 V when omem Was increased tenfold. As result, the average

shunt current in the manifold was reduced by 2.5 %.

The internal resistances decrease when ok is increased or delec is decreased; shunt currents
should have also decreased since the charge transport resistance and, consequently, the
potential drop decrease. Nonetheless, this was not observed (Figure 5.6). Shunt currents arise
from the transport of ions through the distribution channels and manifold. Thus, shunt
currents increase when such transport is facilitated. When o is increased, the mobility of ions
in the electrolyte is increased and the transport of ions is facilitated. The resistance to the
transport of ions through the manifold was also decreased when d&iec Was decreased since the
distance between two adjacent cells was shortened. Nevertheless, when deec is decreased
without modifying the manifold dimensions, shunt currents also decrease; the bipolar plate
thickness can be increased to compensate for the deec decrease. Seems clear that the shunt
currents increase due to increased ionic flux in the distribution channels and manifold is
greater than the shunt currents decrease due to the reduction of Ag,; the external resistances

have a greater impact in the shunt currents than the internal resistances.

5.5.3. Effect of Rm, R, N, and I in the shunt currents

The effect of the external resistances (Rc and Rm) in the shunt currents is addressed in this
section aiming to optimize the stack design. The operating current, I, and number of cells in
a stack, N, are also included in this section since both affect the shunt currents [8, 13]. This
study is carried out using the ECM for a stack with N cells (Figure 5.4 (b)) at a fixed SoC
(50 %) for both the charging and discharging steps. The internal resistance of each cell is
assumed constant (0.0045 Q, Eq. (5.24)) since it has a very low impact on the shunt currents.

Data with no physical meaning, e.g., SCL > 100 %, were excluded.

The shunt current losses (SCL) determined using the different combinations of Rm, R, |
and N ranged between 5.0 x 10 % and 99.9 % (Figure 5.7).
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Figure 5.7 — Number of simulations that resulted in shunt current losses (SCL) within a
specific range, e.g., above 1 % and less or equal than 2 % (> 1 - 2), and respective cumulative
percentage. The simulations were carried out using the equivalent circuit model with different

combinations of values of Rm, R, I, and N.

Figure 5.7 shows that nearly 60 % of the simulations displayed an SCL of 1 % or lower.
Such low SCL could only be obtained when an Ri greater than 327 Q (Table Error! Use the
Home tab to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear
here..8 and Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to
the text that you want to appear here..9), or when an adequate combination of values of
Rm, Re, I and N was used. A stack with an Rm higher than 327 Q can greatly simplify the
design and manufacturing process of the flow frames. Nonetheless, designing a conventional
stack with an Rm greater than 327 QQ may not be feasible; an exceedingly long distance
between two adjacent cells or an extremely narrow manifold is required. Thus, different stack

designs need to be considered.
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To perform a sensitivity analysis, a correlation relating the SCL with Ry, Re, I, and N must
be determined, and its accuracy must be assessed. The following correlation was obtained by

providing the results shown in Figure 5.7 to Eureqa software:

1010N?

SCL(%) = — =
5N?+NIR, + N?IR_+12IR —R,

(5.40)

Furthermore, Eq. (5.40) was compared with the dataset provided to the Eurega software
to verify its goodness of fit; a mean absolute error of 2.86 % and a maximum absolute error
of 5.72 % were obtained, which demonstrates that Eq. (5.40) has good accuracy for all the
9872 data points used in this work. The highest absolute errors were observed when high
values of Rm, low values of Rc or N =40 were used (Table Error! Use the Home tab to
apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..10 and
Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..11). The accuracy of the correlation is further analyzed by
comparing Eqg. (5.40) with the ECM for different combinations of values of Rm, R, Reenl, N,
and | that can be found in the literature (Table 5.2). The distribution channels and manifold
resistances were calculated using Eg. (5.22), Eq. (5.23), and the average resistivity of
electrolyte at both half-cells. An SoC of 50 % and a current density of 80 mA cm were used
for all simulations. The results (Table 5.2) demonstrate that Eq. (5.40) has good accuracy for
combinations of values that are not in the dataset of this work, even when the internal
resistance is modified; the correlation proposed in this work is easier to use to determine the
SCL in an RFB stack than the DPM and ECM models. The sensitivity analysis can be carried
out using Eq. (5.40), taking into account that this correlation is only valid within the
following ranges: 5<N<40, 4A<I<bB12A, 008Q<R:<2621Q and
0.08 Q <Rm <2621 Q.
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Table 5.2 — Shunt current loss (SCL) determined using the equivalent circuit model (ECM)
and Eq. (5.40) with different combinations of values of manifold resistance, Rm, distribution
channels resistance, Rc, internal cell resistance, Rcen, active area, A, operating current, I, and

number of cells in a stack, N.

SCL /% SCL /%
Rm/Q Rc/Q Reen /Q A lcm?

(ECM)  (Eq. (5.40))

4.20 4.08 0.38 90 0.0040 900 72.0 19 [7]
0.61 0.59 1.23 366 0.0036 476 38.1 10 [8]
0.42 0.40 0.28 2764 0.0014 1500 120.0 40 [9]
0.29 0.28 1.07 863 0.0009 3608 288.6 30 [29]
0.44 0.42 1.08 707 0.0013 780 62.4 15 [30]

The sensitivity analysis carried out in this work (Figure 5.8) shows that, on average, the
Rm has a much greater impact in the SCL than any other variable; it has the highest sensitivity
index (425) and the highest average rate of change m (10.8 % Q1), followed by R¢ (SI = 27.6
andm =0.71 % Q1), 1 (Sl =5.4and m = 0.57 % A1) and N (SI = 0.23 and m = 0.31 % cell’
1)_
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Figure 5.8 — Sensitivity index (SI) and average rate of change m (dSCL = m- 0x) of the
manifold resistance, Rm, distribution channels resistance, R¢, operating current, 1, and number

of cells in a stack, N.

These results are in agreement with the results obtained by Yin et al. [13] but not with the
work of Xing et al. [8] and Chen et al. [7]. Xing et al. [8] showed that increasing R¢ by 50 %
provides a greater reduction in the shunt currents than increasing Rm by 50 %. Chen et al. [7]
demonstrated that the Rc has a higher impact in the SCL than the Rm by increasing them
twofold. However, other authors [13] increased Rc and Rm by a factor of 30 to demonstrate
that Rm has a greater impact on the SCL. There is an ongoing discussion regarding the impact
of each resistance in the SCL. However, all conclusions are correct; if mrcARc > MrmARM
(Eq. (5.32)), where m; is the local rate of the parameter i, then the change in SCL due to Rc
increase is greater than the change in SCL due to Rm increase. The opposite is also true if
MrmARm > MrcARc. In short, all the previous authors compared the two resistances by using
values with very distinctive magnitudes; Xing et al. [8] used an R¢ and an Rm of 365.89 Q
and 1.23 Q, respectively, Chen et al. [7] used Rc =89.5 Q and Rn =0.38 Q2, and Yin et al.
[13] used values of Rc and Rm with similar magnitudes. The minimum value of AR that

causes R to have a greater impact in the SCL than R can be determined using Eq. (5.41).
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Eq. (5.41) shows that the minimum value of AR depends on the stack design and operating
conditions. Thus, an in-depth analysis is required to understand the impact of the external
resistances in the SCL. This work offers a clearer conclusion since the sensitivity index is
independent of the magnitude of the variables. Also, several combinations of values of R¢
and Rm with orders of magnitude ranging from 10 to 10° were used. For the same value

increment (Ax), Rm is the parameter that affects SCL the most.

The results presented in this work regarding the rate of change are averages and should
not be used to estimate the change in SCL caused by a local increment in the value of x.
Instead, the first order derivative of Eq. (5.40) with respect to x (m = dSCL/dx) should be
used since it represents a local rate of change, m. Still, there is no circumstance where the
local rate of change of Rm is lower than the local rate of change of R¢. Also, it was found that
the local rate of change is always negative for Rm, Rc, and | and always positive for N; the
SCL always decreases with the increasing Rm, Rc, and | and with the decreasing N. This
agrees with the information found in the literature [7, 8, 13]. The SCL is expected to increase
with the N since the potential difference between the first and last cells of the stack (the

driving force of shunt currents) increases.

The stack design of a VRFB can be improved since mrm > mgrc; Ap can be reduced, and
the nominal power delivered by the stack can be increased while maintaining the same SCL.
For example, SCL can be reduced by increasing the active area. Nonetheless, the following
aspects need to be considered: the electrolyte distribution becomes worse [31], and
assembling, handling, and transporting the stack becomes harder with the increasing active
area. The latter can be minimized by increasing the ratio between the active area and the flow
frame area. Likewise, the pressure drop increases significantly with the increasing electrode
height (Eq. (5.33)). Using an active area of 1600 cm? in a stack with 40 cells, a wide manifold
(Rm = 2.56 Q) and short flow channels (R = 0.08 Q) is sufficient to achieve an SCL as low
as 1.58 % at a current density of 160 mA cm; there are no significant improvements in the

shunt current losses when developing stacks with an active area above 1600 cm?.
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5.5.4. Novel stack equipped with M dumping cells

Given the findings presented above, a novel stack design with lower SCL and pressure
drop, Ap, and higher active area than a conventional stack design is proposed in this section:
the Ap in a conventional stack can be reduced and the active area can be increased by simply
decreasing the length of the distribution channel (Figure 5.3). Though, it is expected the SCL

to increase since R¢ decreases.

The SCL of a conventional stack with 40 cells using a shorter and a longer distribution
channel (SFC and LFC, respectively, Figure 5.3) was determined using Eq. (5.40) and
compared. A current density of 80 mA cm was assumed for the calculations. The Rm is 4 Q
for both stack designs and the R is 3147 Q for the LFC and 157 Q for the SFC. Additionally,
the Ap was determined using Eq. (5.33)-(5.39) and assuming a flow rate of 4 I min™t. The
viscosity of the negative electrolyte and the conductivity of the positive electrolyte were used
in the calculation of Ap and SCL, respectively. The electrolyte is assumed to be at 50 % SoC.

These conditions are used throughout this section, unless otherwise stated.

As shown in Table 5.3, the Ap was decreased by 45 % when the length of the LFC was
reduced, with the consequence of increasing the SCL by 317 %. Also, the active area was
increased from 288 cm? to 343 cm?, which corresponds to a nominal power increase of
19.1 % for the same current density; a stack comprising 40 cells with an active area of
288 cm?, operated at a current density of 160 mA cm and displaying an average charge-
discharge cycle potential of 1.3 V per cell delivers a nominal power of 2.396 kW. If the active

area is increased to 343 cm?, the stack is now able to deliver a nominal power of 2.854 kKW.

Table 5.3 — Pressure drop (Ap) and shunt current loss (SCL) in a conventional stack with 40
cells and long (long frame channel, LFC) and short (short frame channel, SFC) distribution

channels at 80 mA cm.

Distribution channel Ap /mbar SCL /%
LFC 181 1.57
SFC 99 6.55
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Since the local rate of change of Rm (mrm) is always greater than the local rate of change
of Rc (mre), the best option to reduce the SCL in the stack while using the SFC and
maintaining a low Ap, consists in increasing Rm. Dumping cells act as an extension of the
manifold and, thus, can be used to reduce the SCL as effectively as the manifold. Therefore,
the ECM was used to simulate the SCL in a 40 cell-stack equipped with a dumping cell
(Figure 5.4 (c)) after every 20, 10, and 5 cells (Figure 5.9); a total of one, three, and seven
dumping cells are used, respectively. The resistance of each dumping cell, Rqc, ranged from
50 © to 1917 Q and was incremented by a factor of 1.2 (xi+1 = 1.2 Xj). The pressure drop
caused by the dumping cells is determined using Eq. (5.34) and assuming that the dumping
cell channels have a width and a depth of 15 mm and 10 mm, respectively. The total length
of the channel in the dumping cell was determined using Eq. (5.27).
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Shunt current loss

Figure 5.9 — Pressure drop caused by the dumping cells (Apdumping cells) @nd shunt current loss

(SCL) of the 40 cells stack using one, three and seven dumping cells (dc).

Figure 5.9 shows that the SCL can be reduced using dumping cells, even when a low
dumping cell resistance to shunt currents (Rqc) is considered. In fact, an SCL equal or lower

to the SCL of the stack using the LFC can be achieved when three or more dumping cells are
used.
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A lower Ap is obtained for the same SCL with the increasing number of dumping cells.
This trend suggests that the optimal number of dumping cells to minimize SCL and Ap is N-
1, which is equivalent to having a conventional stack with a long manifold distance between
two adjacent cells, or high Rm. However, the assembly complexity increases as the number
of dumping cells increases. Using seven dumping cells appears to be the best trade-off
between stack performance and assembly complexity; for the same SCL, seven dumping
cells display a pressure drop 35 % lower than three dumping cells. Also, an SCL as low as
0.50 % can be achieved using seven dumping cells. Thus, no further dumping cells are

required.

To obtain an SCL as low as 1.57 % (SCL of the conventional stack using LFC) an R of,
at least, 104 Q is required when using seven dumping cells (Figure 5.9). Nonetheless, the
dumping cell design must be optimized such that the Ap caused by electrolyte flow in the
dumping cells is not higher than 82 mbar (ApLrc-Apsrc, Table 5.3). Eq. (5.34) was used to
calculate the pressure drop in the dumping cell and Eq. (5.27) was used to calculate the Rqc.
The geometric constraints (constant values) given to optimize the dumping cell design are

described above and shown in Figure 5.10.
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[ )
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Figure 5.10 — 2D drawing of the optimized dumping cell and geometric constrains used to

optimize the dumping cell design.
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The Solver add-in (Microsoft Excel) was used to find the optimal values of length, width
and depth of the dumping cell channels, in the dumping cell, that minimize Ap (Eq. (5.34))
while Rgc > 104 Q (Eq. (5.27)). The minimum and maximum depth, width and vertical length

of the channels used in the Solver add-in can be found in Table 5.4.

Table 5.4 — Minimum and maximum depth, width, and vertical length of the channels of the

dumping cell. Values used in the Solver add-in to optimize the dumping cell flow channel

design.
Parameter Minimum value Maximum value Optimized value
Channel depth 1 mm 13 mm 13 mm
Channel width 1 mm 16 mm 16 mm
Channel vertical length 1 mm 96 mm 88 mm

The maximum depth was imposed by the maximum (30 mm) and minimum (4 mm)
thickness of the dumping cell. Since both sides of the dumping cell have channels, the
maximum depth of the channel is (30 — 4) / 2 = 16 mm. The maximum width of the channel
(2 x 8 mm) was set based on the space available from the center of the manifold to the upper
border (10 mm, Figure 5.10) and a safety margin (2 mm, Figure 5.10) given on top of the
channels to place gaskets to prevent leakages (10 — 2 = 8 mm). A minimum safety margin of
2 mm was also given at the bottom of the channels to place gaskets. The maximum vertical
length of the channel was, thus, set to 96 mm (100 — 2 x 2 = 96 mm). The horizontal length
of the channel was set to 134 mm, according to the constraints shown in Figure 5.10
(150 — 2 x 8 = 134 mm).

For the dumping cell design presented in this work, the optimal dumping cell channel
design consists of a single serpentine channel with a depth, width, and length of 13 mm,
16 mm, and 1012 mm, respectively (Figure 5.2). The total Ap caused by the seven dumping
cellsis 22.2 mbar and Rqc = 128 Q. As such, the stack using an SFC and seven dumping cells
has a much lower Ap (121 mbar) compared to the stack using an LFC (181 mbar), a 19.1 %
higher active area and a lower SCL (1.20 % vs. 1.57 %).
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The stacks studied in this section have a low active area and the dumping cell was
optimized considering a moderate operating current density. Still, the performance was
greatly improved. The number of dumping cells required to obtain SCL of 1 % or lower,
while minimizing pressure drop, will decrease with the increasing active area or operating
current. Thus, using dumping cells to optimize the performance of an RFB stack becomes

more viable as the active area of the stack is increased.

The implementation of a dumping cell in a stack requires two gaskets (stack | gasket |
dumping cell | gasket | stack) to prevent internal and external leakages, and the dumping cell
itself, which can be made of a polymer resistant to sulfuric acid (e.g., polyvinyl chloride or
polypropylene) through milling or molding. Thus, it has little impact on the assembly

complexity of a stack, and it requires very low maintenance.
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5.6. Conclusion

A 2D dynamic phenomenological model (DPM) and an equivalent circuit model (ECM)
were successfully used to simulate shunt currents in vanadium redox flow battery stacks. The
results obtained using both models were for the first time compared in this work. 1t was found
that the ECM overestimated the shunt currents in the distribution channels by 12.8 % and
manifold by 11.7 % when compared to the DPM. The oversimplification of the ECM is
demonstrated to be the root of such difference; the ECM overestimates the cell potentials.
However, the ECM is considerably faster than the DPM simulating shunt currents. Further
improvements, such as including the kinetic and mass transfer resistances, are required in the

ECM to minimize the results differences between the two approaches.

This work shows that lower shunt currents are obtained when the internal resistances are
decreased; the ohmic resistances are the main contributor for decreasing the shunt currents,
followed by mass transfer and kinetic resistances. This was assigned to the decrease of the
potential drop across the stack. However, the reduction of the shunt current intensity is only
observed when the internal resistance does not directly influence the transport of ions across
the manifold and distribution channels; the external (channels and manifold) resistances have
a much greater impact on the shunt currents than the internal resistances. Furthermore, the
results suggest that more attention towards shunt currents is required when using compact
redox flow battery stack designs or highly conductive electrolytes, and in the event of a poor
electrolyte distribution.

A correlation relating the shunt current losses (SCL) with the external resistances
(manifold, Rm, and distribution channels, R¢), operating current (1), and number of cells (N)
was proposed; it agrees well with the ECM for any combination of parameters within the
following value ranges: 5<N<40, 4A<I<512A, 0.08Q<R:<2621Q and
0.08 Q <Rm <2621 Q3. Thus, a method to determine the SCL of an RFB stack with a
conventional design that does not require any software is presented; iterating through stack
designs becomes faster and easier. The correlation was then used to carry out a sensitivity
analysis. The sensitivity analysis was carried out considering more than 20 000 simulations
with different stack designs. Thus, this work clarifies contradictory information found in the

literature about the impact of the manifolds and channels on the shunt currents. It was found
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that Rm has a much greater impact on the SCL than the remaining parameters. Additionally,
the SCL always decreases with the increasing Rm, Rc, and | and with the decreasing N. A
moderate active area size (A < 1600 cm?) is recommended to minimize the SCL, stack design
complexity, pressure drop, and handling difficulty, and to avoid carbon material degradation.
Using an external hydraulic circuit connected to the manifold, instead of using long

distribution channels is also recommended to minimize the SCL and pressure drop.

A novel stack design, equipped with dumping cells, is proposed. This stack displays a
high Rm and a low R and performs better than a stack with a high Rc and a low Rnm
(conventional design), as suggested by the parametric study carried out in this work; the novel
stack comprises seven dumping cells and displays an SCL 23.6 % and a pressure drop 33 %
lower than the stack with conventional design. Additionally, the active area was increased by
19 %, which leads to a nominal power increase by the same amount. The dumping cell
design, first presented in this work, can be added to or removed from any conventional stack
without additional changes in the stack design. This modularity also offers the advantage of
having two different stacks based on the same design with different costs and performance.
The nominal power increase may help this technology to hit the market since the price per
KW decreases. As such, this work clearly offers critical information regarding the

optimization of the stack design.
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6. Modelling of a solar redox flow
cell

Equation Chapter (Next) Section 1

6.1. Abstract

The increasing offer of energy, especially electricity from renewable sources, has been
fueling the investment in energy storage technologies. However, most of the energy
harvesting technologies produce non-dispatchable electricity. The solar redox flow cell
(SRFC) technology stands out by converting sunlight into storable energy. The latter is easily
converted into electricity. However, some challenges that need to be addressed before SRFCs
become commercially available. Phenomenological models are a powerful tool that can be
used to accelerate the development of any technology. This work reports the first
multidimensional, dynamic, and phenomenological model of a vanadium SRFC. The mass
and momentum conservation equations are incorporated in the model to simulate the
electrolyte flow. The charge transport is simulated by implementing the charge conservation,
the Nernst-Planck, and drift-diffusion equations. The photoelectrochemical and
electrochemical reactions are simulated using the Butler-Volmer equation. The model is
validated against experimental data of a vanadium SRFC using a cadmium sulfide
semiconductor (n-type). The energy band shifting for different bias potentials and the
accumulation and depletion of charges at the space charge region are simulated. The
photopotential is determined using the minor carrier concentration and it is demonstrated to
be equivalent to the potential difference between the quasi-Fermi energy levels of the
electrons and holes. The impact of recombination mechanisms in the performance of the
SRFC is analyzed; the surface recombination competes with surface reactions, affecting the
onset potential, while non-surface recombination mechanisms affect the concentration of

holes, decreasing the maximum current density.

173



Chapter 6

6.2. Introduction

For the solar redox flow cells (SRFC) to reach the commercialization stage, several key
aspects need to be addressed, namely [1]: 1) the energy density is low when compared to
other storage solutions since, typically, low electrolyte concentrations are used; and 2) the
power density is normally low when compared to other similar technologies, despite the
recent developments that report an SRFC with 20.1 % of solar-to-chemical energy

conversion efficiency [2].

In such an early stage, the development of dynamic models is essential since it can provide
new insights and useful information to accelerate the development of this technology. To the
best of the authors’ knowledge, dynamic phenomenological models of SRFCs have never
been reported. Wei et al. [3] developed a multidimensional steady-state model to analyze the
distribution of charges in the photoelectrode of a vanadium SRFC. The authors simulated the
positive side and the negative side separately and no model validation was carried out.
Moreover, the model included only the charge transport equations at the photoelectrode,
which is not sufficient to predict changes in the energy band diagram and the photocurrent.
More complex models can be found for photoelectrochemical water splitting; Cendula et al.
[4] developed a steady-state 1D model by carrying out an extensive analysis of the
photoelectrode energy diagram. Y. Gaudy and S. Haussener [5] introduced a
multidimensional electromagnetic wave propagation model to simulate light propagation
through the semiconductor and the electrolyte. Igbal et al. [6-8] focused on the development
of a steady-state model capable of simulating surface state phenomena, the photopotential,
and the photocurrent at semiconductor | electrolyte interface. These models can only simulate
the semiconductor and they were built following a similar approach: the drift-diffusion
equation is used to describe the transport of electrons and holes, the Poisson equation is used
to describe charge conservation and a pseudo-Schottky contact approximation at the
semiconductor | electrolyte interface is considered to simulate the photoelectrochemical
reaction. This approximation assumes that the electrolyte acts as a metal. A different
approach to simulate the photoelectrochemical reaction consists in using the Butler-\Volmer
equation, such as in the redox flow batteries (RFB) [9] models; the driving force of the

electrochemical reaction, when using a conductor, is given by the difference between the bias
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potential and the standard reduction potential (overpotential). When using a semiconductor,
intrinsic losses must be considered, and the driving force of the reaction is given by the
difference between the quasi-Fermi energy level of the minority carrier and the standard
reduction potential. H. Zhang, H. Wang, and J. Xuan [10] reported a model for PECs using
this approach. However, the activation and ohmic overpotentials were neglected and the

reaction was assumed to be promoted only by the photopotential.

In this work, a 2D dynamic model of a vanadium SRFC, using a cadmium sulfide (CdS)
semiconductor as the photoelectrode, CdS(s) | V3, VO || V3, V2" | carbon felt(s), is
presented. The model considers the mass, momentum, and charge conservation equations,
and the Nernst-Planck and drift-diffusion transport equations. The recombination and
generation of holes and electrons in the photoelectrode were also simulated. A
comprehensive analysis of the energy band diagram was carried out to model the quasi-Fermi
energy level of the holes and electrons. The Butler-Volmer and Tafel equations were used to
describe the electrochemical and photoelectrochemical reactions, respectively. A set of
boundary conditions were implemented to simulate the transport of electrons through the
external circuit and the electroneutrality within the SRFC. The model is validated by
comparing the simulated i-V curve with experimental data from the literature [11]. This work
aims at exploring the response of the model, especially regarding the photoelectrode, under
different bias potentials and studying the impact of the recombination mechanisms on the
performance of the SRFC.

6.3. Mathematical model

The SRFC (Figure 6.1) modeled in this work comprises i) a positive half-cell, where a
CdS photoelectrode is contacting with the V3*/VO?* electrolyte; ii) a negative half-cell,
where a carbon felt electrode is contacting with the VV2*/\V3* electrolyte; iii) a cation exchange
membrane, Nafion® 117, dividing both half-cells. Further information regarding the cell

setup may be found elsewhere [11].
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Figure 6.1 — Schematic representation of the all-vanadium solar redox flow cell setup

simulated in this work and labeling of boundary conditions.

The photoelectrochemical reaction (Eqg. (6.1)) occurs at the surface of the photoelectrode,
while the electrochemical reaction (Eq. (6.2)) occurs at the surface of the fibers of the

electrode.

V¥* +H,0+h" —— VO™ +2H" (6.1)
V¥ +e == V¥ (6.2)

The model was built based on the following main assumptions [12]:
e incompressible fluid;
e isotropic electrode and membrane;
e negligible gravity effect;
e dilute solution approximation (activity coefficients were considered equal to 1);
¢ negligible membrane crossover;

o negligible hydrogen and oxygen evolution reactions;
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e isothermal behavior;
e no precipitation of vanadium;
e non-degenerated photoelectrode.

The energy levels are indicated against the SHE electrode.

6.3.1. Governing Equations

Fluid flow conservation equations

The hydrodynamic flow in the negative electrode was described using Eqg. (6.3), which is
a balance of lincar momentum (Newton’s second law) [13]. This equation was solved
together with the continuity equation (Eq. (6.4)), which describes the conservation of mass.
The total mass of the vanadium electrolyte was assumed constant and, to describe the
hydrodynamic flow of the electrolyte, a low Reynolds number — laminar flow — was assumed.

The following equations were used in the negative electrode:

@+V-(ep\7\7):—ng+V-(g,uV\7)+Smom (6.3)
%+V~(€p\7)=0 (6.4)

where ¢ is the porosity of the electrode, p is the density of the electrolyte, ¥ is the velocity of
the electrolyte, p is the static pressure, g is the viscosity and Smom is the source term of the
momentum equation. The source term of the momentum equation in the electrode region is

given by Darcy’s law (Eq. (6.5)).

Spom = — -V (6.5)

The permeability of the electrode (K») was determined with the Kozeny-Carman equation
(Eq. (6.6)).

2
d?e’

K =— 7t
" 16k (1-¢)’

(6.6)
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where ds is the fiber diameter of the carbon felt and kkc is the Kozeny-Carman constant, used

to describe the morphology of the porous media. On the positive side, no porous media is

used (Smom =0and e=1).

Charge transport equations in the electrolyte
The transport of ions in the dilute solution was described by the Nernst-Planck equation,
as follows:

—14+V-N, =S, (6.7)

where c; is the molar concentration of ion i and IVL- is the total flux of ion i. Sj is the source
term used to simulate the concentration variations of V#* (Syz+ = —j_/nF) and V3 (Sys+ =
j_/nF) due to the electrochemical reaction that takes place at the negative electrode. In the

positive chamber, S; is set to 0.

The flux of each species, IVi, was determined considering the additive contribution of three
different transport mechanisms: diffusion (Ngjzr), advection (Nagyec) and migration (Npig)

(Eq.(6.8)) [14, 15].

eff
N, = Ny + N zFD

\| eff vi
+ N, =-D7 Ve +¢v - cVa, (6.8)

advec i

where Dieff is the effective diffusivity, V¢; is the concentration gradient of ion i, zj is the
valence state, R is the gas constant, F is the Faraday constant (96 485 C mol™?), T is the
temperature (assumed to be 298.15 K) and V ¢ is the electric potential gradient of the liquid

phase.

The complete Nernst-Planck equation is:

eff
o0&, V(g z,FD;

8t 1

v)—v-(fovai)—v-( civ¢e]= S, (6.9)

The effective ion diffusivity (Eq. (6.10)) was calculated using the following equation [16]:

0
D" = £1°D, £ (6.10)
y7;
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where /£ is the solvent viscosity.

The former equation was solved for V2, V3* VO?, H* and HSOs ions. The

concentration of SO4> was obtained according to the electroneutrality condition (Eq. (6.11)

):
z zc, =0 (6.11)

i
Charge transport equations in the photoelectrode
The transport of electrons and holes in the photoelectrode under bias potential and

illumination was simulated using the drift-diffusion equation:

ac Z,FD.

V~(DiVCi)—V-( T

Civ¢5cj = Gi - Rrec,i (612)

where V ¢gsc is the electric field in the photoelectrode and G; is the generation rate of carrier i

due to photon absorption given by [17]:
G = M (A) 1,87
N

a

(6.13)

where 7inj IS the electron injection efficiency, lo is the incident photon flux, Na is the
Avogadro number, and x is the distance from the outer surface (xs) of the photoelectrode into
the photoelectrode. The absorption coefficient, (1), at the wavelength A, was calculated as
follows [18]:

AA( hc Ve
all)=| =0 _E 6.14
() hco( A gj (6.14)

where A is the absorption constant, h is the Planck’s constant, co is the speed of light in

vacuum and Egq is the photoelectrode bandgap.

The recombination of electrons and holes is given by the total recombination rate, R,
which considers the band-to-band, R;.c.stB, AUger, R cc,aug, and Shockley-Read-Hall, R;c srH,

recombination mechanisms [5]:

Rrec,i = Rrec,BTB + Rrec,Aug + Rrec,SRH (615)

179



Chapter 6

N
R =——2 (cc —C 6.16
rec,BTB NdonorTBTB’h ( n¥p mt) ( )
Rrec,Aug = ( NaZCAug,nCn + NscAug,pCp )(Cncp _Ciit) (617)
c,C, —C
Rrec,SRH = ( d t) (618)

TSRH,e (Ch + Gt ) + Tsrun (Ce + Gt )

where Ngonor IS the donor density, Caug,i is the Auger recombination constant for charge carrier
i and 7 is the lifetime of the charge carrier i, determined with the following equation [18,
19]:

1
= 6.19
TsRH,i SN ( )

trap

and the intrinsic carrier concentration in the photoelectrode, cint, can be calculated with Eq.
(6.20) [19]:

FEy

JN_.N,.e 2RT
c =N CB VB (6.20)

int N

a

with & as the capture cross-section of charge carrier | and vw as thermal velocity. Niap, Ncs,
and Ny are the trap density, electron density in the conduction band (CB), and the hole
density in the valence band (VB), respectively.

The concentration of the charge carriers under dark conditions (e.g., when applying a bias

potential under no illumination), Cidark, Was determined using the following equation:

aCi arl Zi FDI
%_v.(Divci,dark)_v'[?q,darkvgéscj:0 (6.21)

Charge conservation equations
The electric current, expressed as current density (1), due to transport of ions was

determined using the following equation [15]:

i= FZziNi (6.22)
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Thus, the charge conservation (V- 7) can be simulated by combining Eg. (6.8) with Eq.
(6.22) as follows:

Vi=V [FZZ V—FZZinﬁVC Fzzﬂcvqﬁ] (6.23)

and the electrolyte conductivity (o.) can be estimated with Eq. (6.24).

2 R eff
e (6.24)
~"RT

Eq. (6.23) can be rewritten as a function of the electrolyte conductivity as shown in Eq.
(6.25). Also, in the event of an electrochemical reaction, charges between the electrolyte and
electrode are exchanged. Thus, the volumetric current density (A m?3) in the negative
electrode is given by the flux of charges leaving or entering each phase [20]:

v-(FiZzicivj—v- ngi Vo, |-V-(o,Vg,)=+] (6.25)

The charge conservation between phases was simulated by assuming the flux of charges
entering/leaving the solid phase (1) the same as the flux of charges leaving/entering the liquid
phase (z,) (Eq. (6.26)).

Vi ==V, =—]j (6.26)
The charge conservation equation of the solid phase was described using Ohm’s law:
Vs =V-(0f"Vg,) (6.27)

where ¢ is the potential in the solid phase and o*™ is the effective conductivity of the

electrode and bipolar plate.

In the positive chamber, the charge transfer occurs at the surface of the photoelectrode.
Thus, it is assumed that j =0 A m (Eq. (6.25)). Instead, a proper boundary condition is
applied to simulate the charge conservation, which is described in the section regarding

boundary conditions.
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The charge conservation (V - Tg mem) in the membrane was simulated with Eq. (6.28).
\ 'Te,mem =V (O-memv¢e,mem ) (628)

In the bulk of the photoelectrode, the electroneutrality condition is observed. However,
near to the interface between the photoelectrode and the electrolyte, electroneutrality may
not be observed due to depletion/accumulation of charges. The electrostatic potential at the
photoelectrode, ¢sc, can be determined with the Poisson equation, which considers the

distribution of electrons and holes [21]:

Escéy a

~V-(Vis )= F (M+ z,C, + zncnj (6.29)

where &sc and & are the permittivity of the photoelectrode and vacuum, respectively, and
Ndonor 1S the donor concentration. The electrostatic potential is assumed constant and equal to
the band bending at the bulk of the photoelectrode. To determine the electrostatic potential
in the space charge region, the thickness of the space charge layer (SCL), dsci, is first
estimated using Eq. (6.30) [21].

265: ‘AEBB,total
N

F donor

N

a

(6.30)

5s<:|_ =

Then, Eq. (6.29) is simplified to the following set of equations which were solved in the
photoelectrode region:

N

2

F % (5SC|_ - X)
¢sc = AEBB,total - a2 0<x< 5SCL &AEBB,total >0
Escéy
N onor 2
F Iili(‘%a _X) (6.31)
Psc = ABgg o + a2 0 <X <8y &AEgg 0 <0
Escéy
¢sc = AEBB,totaI x> 5SCL

where x = 0 is at the photoelectrode | electrolyte interface.
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Reaction kinetics
The electrochemical reaction rate (j/nF) at the negative electrode is related to the

overpotential by the Butler-VVolmer equation [12]:

CS awFn” CS —edF11—
- @red  %ox T pT
= aFCred Cox kox Cr_ed e " - kred C& e i (632)

red 0X

where j is the volumetric current density, a is the surface area of the electrode, Creq and Cox
are the molar concentrations of the vanadium ion with the lowest and highest oxidation state,
respectively; the superscript s refers to the electrode fibers, k is the reaction rate constant, «

is the charge transfer coefficient and 7 is the overpotential at the negative electrode:
n=¢ -¢ -E (6.33)

Similarly, the reaction rate at the surface of the photoelectrode can be related to the

overpotential with the Tafel equation:

red ~ox

cs axFnt

i, =nkFcimacoo (ﬂje RT (6.34)
Cred

where ci® is the concentration of the charge carrier i at the surface of the photoelectrode. The

overpotential at the photoelectrode, 7", is given by the difference between the quasi-Fermi

energy level of holes, Erp, the potential in the liquid phase, and the redox potential of the

electrolyte at the photoelectrode | electrolyte interface [21]:
n =E.,—¢ —E' (6.35)

e

where E' is the cell reaction potential in the absence of current (OCP) in the positive (Eq.

(6.36)) and negative (Eq. (6.37)) chambers, estimated from the Nernst equation:

RT Cvoz* (CH* )2

E'=E% +——1In (6.36)
F Coe
C 3+

E-:Eo,-ﬂ.n[ ¥ ] 637
F CV2+
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where E%' is the standard reduction potential.

Mass transfer
The mass transfer phenomena in the negative electrode can be described as the flux of
mass transferred between the electrode fibers and the bulk solution (Eqg. (6.38)) [22].

NS =k, (¢ —c) (6.38)

where the mass transfer coefficient (km,i) refers to the mass transfer rate of species i from the
electrode fibers to the bulk electrolyte and vice-versa. The mass transfer mechanism is
controlled by advection and diffusion mechanisms, while the migration is typically

considered negligible [22].

The mass transfer coefficient was computed using a correlation described elsewhere [23]:

-0.615 d 0.409
k . = o.1o3(%j (&J v o (6.39)
' D. Y7,

The electrochemical reactions occur only at the electrode fibers. Since the charge is
conserved, the flux of ions must be in equilibrium with the flux of electrons at the surface of
the electrode (Eq. (6.40) and Eqg. (6.41)).

km,red (Cred o Crsed ) = aiF (640)
km,ox (Cox - sz ) = _all: (641)

The expressions used to determine the concentration of vanadium ions at the electrode

fibers (ci®) as a function of the overpotential can be found elsewhere [12].

Quasi-Fermi energy levels at the photoelectrode

To determine the quasi-Fermi energy levels at the CdS photoelectrode, a comprehensive
analysis of the energy band diagram under different operating conditions is required (Figure
6.2).
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(a) (b)
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Half-cell Half-cell n-type Half-cell Half-cell n-type
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Figure 6.2 — Schematic representation of the energy band diagram of a solar redox flow cell
when (a) the photoelectrode (n-type) and the electrolyte are not in contact, (b) the
photoelectrode and the electrolyte are in contact and in equilibrium, (c) a potential (Epias) is
applied to the cell and (d) a potential is applied to the cell and the cell is under solar

illumination. Illustration not to scale.

When the photoelectrode is not in contact with the electrolyte, the conduction, Ecsp, and
valence, Evs o= Ecpo + Eg, bands and the Fermi energy level, Ero (Eq. (6.42)), are flat (Figure
6.2 (a)) [21].

RT N
EF,O = ECB,O —?M[%j (642)
CB

The equilibrium condition is observed when the photoelectrode is in contact with the

electrolyte and no potential is applied nor light is reaching the photoelectrode (Figure 6.2
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(b)). In equilibrium, the Fermi energy level is equal to the electrolyte redox potential (Ereq =
E™) and the conduction and valence bands suffer a shift equivalent to the difference between
the Fermi energy level before the photoelectrode is in contact with the electrolyte and the

Fermi energy level under equilibrium conditions, AEgg eq:

AEgs = Er o —Erg (6.43)

BBeq ~ —Feq

E E.so +AE

BB.eq (6.44)

CBeq — —CB,0

The concentration of electrons under equilibrium conditions, Cneq, IS assumed to be equal
to the donor concentration, Ndonor, and the concentration of holes in equilibrium is determined
as [19]:

2

Cpoq =11 (6.45)

p.eq
Cn,eq

When a potential, Enias, is applied to the SRFC and no light is reaching the photoelectrode,
the equilibrium condition is no longer observed and the total overpotential of the SRFC can

be calculated with the following equation:

Thotar = nt:r)tal + ntgtal = Ebias - (E+ - E_) (646)

Under such circumstances, the energy bands are shifted by an amount equivalent to the
total overpotential at the photoelectrode, 7't (EQ. (6.47)), when compared to the

equilibrium condition (Figure 6.2 (¢)):

ntJ(rJtaI = Ebias - E+ + E_ _nt;tal = E E+ +¢_ (647)

bias

where 7r7total IS the total overpotential at the negative electrode, which considers the activation,
ohmic, and concentration overpotentials. The band bending and the energy band potentials
under dark condition can be calculated as:

AEgg qa = AEgg e + Mrota (6.48)
EF,dark = EF,eq +77tJ(r)taI (649)
ECB,dark = Ecs,o + AEBB,dark (6.50)
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Under illumination, the concentration of free electrons and holes increases when
compared to the dark condition. Thus, the shift observed in the energy levels due to the
absorption of photons can be estimated by comparing the concentration of electrons under
the light condition (Eq. (6.12)) and under the dark condition (Eq. (6.21)) (Figure 6.2 (d)).
The band bending and the conduction band potentials of a photoelectrode under illumination

and bias potential can be determined as follows:

C

RT C, . RT
AEBB,totaI = AEBB,dark a ? In[ J = EF,eq - EF,O F ot — ? In[

Cn,dark

n } (6.51)

n,dark
ECB = ECB,O + AEBB,totaI (6.52)

and the quasi-Fermi energy level of electrons, Er,n, can be determined with Eq. (6.53) while

the quasi-Fermi energy level of holes can be determined using Eq. (6.54):

RT C,
Een = Braa = InLC ] = Ero + ABgg oia (6.53)
n,dark

RT (¢ RT (¢,
EF,p = EF,dark + ? In[ P J = EF,O + AEBB,toIaI + ? In( P J (654)

Cp,dark Cp,dark Cn,dark

Finally, Eq. (6.52) can be rewritten as a function of the electrostatic potential of the

photoelectrode as follows:

ECB = ECB,O + ¢sc (6.55)

Assuming that the Fermi energy level Er is equal to the flat band potential, Es, Eq. (6.31)

becomes similar to the band bending determined using the Mott-Schottky equation:

Cn,dark

L RT, (
AEBB,totaI =E + Mot — Efb _? In( ] (656)

Using Eq. (6.56) in Eq. (6.53) and Eq. (6.54), the quasi-Fermi energy levels can be

rewritten as:

.. RT C,
EF,n =E +77total _?In( J (657)

Cn,dark
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E., =E" 75 +Eln( % ] (6.58)
F Cpdark
Compared to VRFB models [12], E* + n'wotal is equivalent to the potential in the solid
phase of the positive electrode (conductor), ¢&*. Thus, the third term on the right-hand side
of Eq. (6.57) and Eq. (6.58) represents the potential that arises in a p-type and an n-type
photoelectrode, respectively, due to photogeneration of charges (photopotential), Epn.

6.3.2. Boundary and initial conditions
At the inlet of both chambers (y = Yo, X1 <X <Xz, and X3 <x < Xs), the electrolyte flow
velocity was given as boundary condition (Eq. (6.59)). Additionally, the concentration of

each species varied at every timestep (Eqg. (6.60)).

_ - Q
-N- = _<in 6-59
' A, (659
¢ =Cii(t) (6.60)

where Qin is the inlet volumetric flow rate, Ain is the inlet channel area, and cin,i(t) is the inlet

concentration of species i at instant t.

The inlet concentration cin,i(t) was determined from a mass balance of the electrolyte tanks
(Eq. (6.61)).

dc;,; (t)
dt

= \/L(J.voutcout,idp\)ut - _[vincin,idAn ) (661)

tank
where Vink is the electrolyte volume in each tank and cou, is the outlet concentration of
species i.

The absolute pressure at the outlets (y =y1, X1 <x <Xz, and x3 <X <x4) was assumed
constant and equal to the atmospheric pressure (patm, Eq. (6.62)). The no-flux condition was

used for the remaining variables:

P = Pam | ﬁ-(—DieffVCi):o | ﬁ'(_aseﬁv¢s)zo | ﬁ-(—aeV¢e)=O (662)
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The negative bipolar plate was used as a reference electrode by using the following

boundary condition at yo<y <yiandx = Xo:
¢ =0 (6.63)

At the photoelectrode | electrolyte interface (Yo<y <y1, X = x4) the following boundary
conditions were used to simulate the concentration change of the charged species due to the
photoelectrochemical reaction (Eq. (6.1)), and the surface recombination of electrons and
holes:

—-(-D{LVC . ) =——

V3+

nk
-n- (_DSZZ*VCVOZ* ) - +#
- (-Dgve,,. )= +2# (6.64)

n '(_Dnvcn ) = _ksr (Cn _Cn,dark)

ﬁ(—D VCP) = _n__ksr (Cp _Cp,dark)

where ks is the surface recombination rate. Additionally, the electrostatic potential of the
photoelectrode was set to 0 and the following boundary condition was used to simulate the
accumulation of positive charges in the electrolyte owing to the photoelectrochemical

reaction:
/3 =0|—ﬁ~V~(aeV¢e)=+i (6.65)

At the outer surface of the photoelectrode (yo < y < y1,x = xs5) the following boundary
conditions were used for the electrostatic potential and electrons transport equation:
[

¢SC = AEBB,totalI | - (_Devce) = _F (666)

A single domain approach was adopted for the potential in the liquid phase at the positive
chamber, membrane and negative electrode, and for the potential in the solid phase at the
negative electrode and negative current collector. For the remaining boundaries (x = X1, X =

X2 and x = x3), the no-flux condition was adopted for all variables.
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The initial conditions (t = 0 s) used in the present model were:
G :Cio | ¢, =Cheq |Cp =Cheq | 3 =0| ¢e| =(E"-E +77tota|) b—E' (667)

where b is a constant that assumes values of 0 and 1 at the negative and positive electrodes,
respectively. The initial concentration of the species (ci®) was defined as a function of SoC

(Eq. (6.68)) and total vanadium and sulfuric acid concentration.

- +

CZ C 2
SoC=—¥ = v (6.68)
3++C

vo2+

c + C_2 C

% Vs %

The equations used to determine the initial concentrations of the ionic species are

summarized in Eq. (6.69).

con =¢, -SoC

¢ =c% =c,(1-SoC)

o (6.69)
Cyoz =Cy -SoC

€7 =Cy 50, +26, -SOC

where cv is the total vanadium concentration in the electrolyte (0.4 M) and Ch2sos is the

sulfuric acid concentration in the electrolyte (2 M).

6.3.3. Numerical procedure

The computational domain was divided into five zones with 6000 elements. The
governing equations were discretized using a finite volume method and solved using the
commercial software package Fluent 19.2. The SIMPLE algorithm, pre-installed within the
software package, was used to solve the pressure-velocity coupling for unsteady-state
conditions. Species and charge transport equations were implemented using user-defined
scalars and solved with the Second Order Upwind discretization method. The remaining
equations, including the boundary and initial conditions, were implemented using user-
defined functions. The under-relaxation factor was used for the species and charge transport
equations to handle the convergence problems. A residual value of 10 was used as a stop
condition for every time step for all governing equations. The value of the parameters used

in the simulations can be found in Appendix C.1.
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6.4. Results and discussion

6.4.1. Model validation

The proposed model was validated against the experimental polarization (i-V) curve
(Figure 6.3) obtained by Azevedo et al. [11]. The cell is initially discharged (0.05 % SoC).
The potential applied to the cell (bias potential) ranged from -1V to 0V (assuming the
negative electrode as the reference electrode) with a scan rate of 10 mV s and the current

density was calculated using Eq. (6.34).

Figure 6.3 (a) shows the experimental and simulated i-V curves; the simulated curve
displays an acceptable fitting to the experimental values, with a better agreement at the
beginning and at the end of the i-V curve. The latter are the most relevant zones in an i-V
curve since both are related to characteristics of the photoelectrode: in an n-type
photoelectrode, the onset potential is the lowest potential at which the photoelectrochemical
reaction occurs, leading to a current density increase, and it is related to the Fermi energy
level — settled after the band bending potential being established [24], Eq. (6.56). The current
density plateau is related to the concentration of holes available for the photoelectrochemical
reaction, Eq. (6.35) and Eq. (6.58).

The values used for the fitting parameters are close to those found in the literature, as can
be seen in Table 6.1. However, there is no information in the literature regarding the reaction
rate constant for the CdS photoelectrode/vanadium electrolyte pair. As expected, this reaction
constant is much lower than the corresponding one for the carbon felt electrode [25].

Table 6.1 — Comparison between the values used in the simulation and values found in the

literature for the fitting parameters.

Parameter Fitted value Literature value Ref. ‘
Surface recombination rate, ksr 3x108ms? 1x10°ms? [26]
Absorption constant, A 7.15 x 105 m2eVv12 3-10 x 108 mlev1? [18, 27]
Conduction band potential, Ecso -0.763 V 0.72V [28]

Figure 6.3 (b) shows that the simulated current density at the photoelectrode (Eqg. (6.34))

and at the negative electrode (Eq. (6.32)) are the same. The experimental i-V curve (Figure
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6.3 (a)) was obtained using a two electrodes configuration: the negative side is the counter
electrode and the photoelectrode is the working electrode [11]. The same assumption was
made for the simulation. Thus, the SRFC will work in closed circuit when a bias potential is
applied; the number of electrons leaving the photoelectrode must be the same number of
electrons reaching the negative electrode. The current response, which is settled by the
reaction, must be the same on both sides; this guarantees charge conservation.

(a)
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o
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o Experimental

iimAcm™
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e
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o
, ©
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Figure 6.3 — (a) Simulated and experimental current density (i) response (i-V curve) of the

photoelectrode in a solar vanadium redox flow cell with 4 cm? active area and (b) comparison

between the simulated current density response at the photoelectrode and at the negative

electrode.
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6.4.2. Energy band diagram

To have a deep insight on the model response, especially in which concerns the
photoelectrode, the energy band diagram is plotted for three different bias potentials (Ebpias)
and under illumination: when there is an accumulation of electrons at the conduction band
(AEss <0V, e.g., Enias=-1.00 V, Figure 6.4 (a)) when there is no accumulation/depletion
of charges (AEsg =0V, Epias=-0.73V, Figure 6.4 (b)) and when there is depletion of
electrons (AEss > 0V, e.g., Enias = -0.50 V, Figure 6.4 (c)). The photopotential, Epn, shown
in Figure 6.4, was calculated as Eph = Erp - EFn. EFn and Erp were determined using Eq.
(6.57) and Eq. (6.58), respectively.
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Figure 6.4 — Potential of the conduction band (black dotted line), valence band (green dash-
dotted line), quasi-Fermi energy level of the electrons (red dashed line), and quasi-Fermi
energy level of the holes (blue solid line) when there is (a) accumulation of electrons
(AEe <0V, Ebias=-1.00V), (b) no accumulation/depletion of charges (AEgg =0V,
Ebias = -0.73 V) and (c) depletion of electrons (AEgg > 0 V, Enias = -0.50 V). X is the distance
from the photoelectrode | electrolyte interface (X = 0 nm, x4, Figure 6.1) to the outer surface
of the photoelectrode (X = 200 nm, xs, Figure 6.1).

Figure 6.4 shows the simulated energy band shift for different bias potentials. The profile
of the conduction and valence bands and the quasi-Fermi energy level of the electrons follow
the trends reported in the literature [25, 29]; the depletion and the accumulation layers are
captured when the band bending is positive or negative, respectively, and the quasi-Fermi
energy level of the electrons remains flat regardless of the bias potential. The quasi-Fermi
energy level profile of the holes is also shown; since back-illumination was considered, the
shape of the quasi-Fermi energy level is different from the usual illustrations present in the
literature [25, 29].

To further investigate the quasi-Fermi energy level profile of the holes, the concentration
of holes at the photoelectrode | electrolyte interface, when under bias potential and
illumination, and when under dark conditions, is plotted against the bias potential (Figure
6.5).
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Figure 6.5 — Concentration of holes at the photoelectrode | electrolyte interface under
illumination (cp, black solid line) and dark (cp,dark red dashed line) conditions at different bias

potentials.

Figure 6.5 shows that the concentration of holes under illumination increases up to a
potential of -0.64 V; surface reaction and recombination are not sufficient to overcome the
photogeneration of holes. This trend is reversed when Epias > -0.64 V, when the concentration
of holes starts to decrease. Thus, depletion of holes at the photoelectrode | electrolyte
interface is expected when Epias > -0.64 V. This is according to Figure 6.4 (c) which shows
that, when Epias =-0.50 V, the quasi-Fermi energy level of the holes is lowest at the

photoelectrode | electrolyte interface.

There is an ongoing discussion regarding whether the photopotential displayed by the
photoelectrode should be obtained as the potential difference between both quasi-Fermi
energy levels [30]. The photopotential is the potential that arises at the photoelectrode due to
photogeneration of charges. It can, thus, be determined by subtracting the potential
corresponding to the concentration of the minority charge carrier under illumination and the
potential corresponding to the concentration under dark - third right-hand side term of Eq.
(6.58). A photopotential of 2.00 V, 1.96 V, and 1.88 V was computed when a potential of -
1.00V, -0.73V, and -0.50 V was applied, which corresponds to the same photopotential
determined using the following equation: Epn = Erp - Er,n (Figure 6.4). The latter equation is
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based on the assumption that there is no photogeneration of major carriers: Er,n = Er dark and,
consequently, cn=cndark (C.f. EQ. (6.49) and Eq. (6.57)). These results show that the
photogeneration of electrons (major carrier) in the CdS photoelectrode does not lead to a
significant change in the total concentration of electrons, as indicated by other authors [4].

Ideally, the simulated photopotential should be compared to the experimental
photopotential. However, such information was not available at Azevedo et al. [11].
Furthermore, the photopotential, at the photoelectrode | electrolyte interface, does not remain
constant for different bias potentials. This behavior is expected since the concentration of
charges does not remain constant with the increasing bias potential (Figure 6.5); the rate of
consumption of holes, due to photoelectrochemical reaction, becomes greater than the rate

of photogeneration of holes, as the bias potential is increased.

6.4.3. The effect of recombination

The recombination of electrons and holes leads to a loss of performance [31]. In this
model, four different recombination mechanisms were simulated: surface recombination,
radiative band-to-band recombination, Auger recombination, and Shockley-Read-Hall
(SRH) recombination. The impact of each recombination mechanism in the performance of
the SRFC was assessed by increasing the recombination rate of each recombination
mechanism by one order of magnitude (Figure 6.6), compared with the baseline values
(Appendix C.1). The recombination rate of the band-to-band and SRH recombination

mechanisms can be determined as ketsh = 1/z818,h and ksrn = 1/ 7srH, respectively.
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Figure 6.6 — Simulated (a) current density response (i-V curve) and (b) normalized i-v curve
of the photoelectrode for baseline parameters (black solid line) and for higher band-to-band
recombination (green dotted line, 10 x kstg ), SRH recombination (yellow small dashed line,
10 x ksrn), Auger recombination (red dashed line, 10 x Cayg) and surface recombination

(blue long dashed line, 10 x kg) rates.

As Figure 6.6 shows, increasing the recombination rate of the different recombination
mechanisms by a factor of ten does not lead to the same outcome: when the band-to-band
and the SRH recombination rates are increased, the maximum current decreases (Figure 6.6
(a)) and the current increases at a higher rate when Ebias > -0.45 V (Figure 6.6 (b)). This
becomes more evident when the SRH recombination rate is increased. In a pure CdS
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photoelectrode, it is expected the band-to-band recombination to be dominant since it is a
direct bandgap photoelectrode [25]. Nonetheless, the SRH recombination becomes more
significant when the CdS photoelectrode has imperfections [19]. Furthermore, lower current
densities are obtained under bias potentials less than -0.35 V when the surface recombination
rate is increased. However, no change in the maximum current is observed. This behavior
was also observed by Cendula et al. [4], who developed a mathematical model for water
splitting. Other authors [32, 33] demonstrated experimentally that surface recombination can
modify the onset potential, which supports the model predictions. None of the previous
behaviors were observed when increasing the Auger recombination rate since its magnitude

is considerably smaller than the remaining recombination rates.

The concentration of holes at the photoelectrode | electrolyte interface, when using the
different recombination rates, is illustrated in Figure 6.7. This plot allows further

understanding about the impact of recombination in the performance of the SRFC.
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Figure 6.7 — Concentration of holes at the photoelectrode | electrolyte interface (cp) for
baseline parameters (black solid line) and for higher band-to-band recombination (green
dotted line, 10 x ksten), SRH recombination (yellow small dashed line, 10 x ksrn), Auger
recombination (red dashed line, 10 x Cayg) and surface recombination (blue long dashed line,
10 x Kker) rates.

The band-to-band and SRH recombination mechanisms occur in the bulk of the

photoelectrode and, as Figure 6.7 shows, these recombination mechanisms affect the
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photogeneration of charges; when the recombination rate of such mechanisms increases, the
concentration of holes in the photoelectrode decreases. Figure 6.3 (a) and Figure 6.5 show
that the maximum current is limited by the concentration of holes. Therefore, the
performance loss observed when the band-to-band and the SRH recombination rates increase
can be assigned to the holes concentration decrease. This is more noticeable when the SRH

recombination rate increases.

The surface recombination has a different effect on the performance of an SRFC when
compared to the other recombination mechanisms; the concentration of holes does not suffer
a significant change in the bulk of the photoelectrode, but it is greatly reduced at the
photoelectrode | electrolyte interface. Thus, it acts as a competing mechanism for the surface
reaction. This is observed at - 0.75 V < Epias <-0.50 V (Figure 6.7), where the concentration
of holes is greatly decreased but suffers smaller variations compared to the other cases; the
surface recombination occurs at a greater extent than the surface reaction and limits the
concentration of holes. Ultimately, a higher bias potential is required for the surface reaction
to achieve the same extent as in the other cases. For example, when the surface recombination
rate increases by one order of magnitude, the concentration of holes starts suffering a

significant decrease at Epias > -0.50 V.

6.5. Conclusion

The first 2D dynamic phenomenological model of an SRFC was developed by
incorporating the mass, momentum and charge conservation equations, the species and
charge transport equations, and the photoelectrochemical and electrochemical reaction
equations. The model was used to simulate an i-V curve which was then compared to the
experimental data [11]. Despite the clear challenge of simulating a photoelectrode due to
scarce information, the simulation was successfully validated; the simulated data fitted well

to the experimental data in the most relevant zones.

Energy bands were simulated using different bias potentials and the response of the model
agrees with the information found in the literature for the conduction and valence bands and
for the quasi-Fermi energy level of the electrons. The accumulation of electrons was
observed in the space charge region when the bias potential was lower than the flat band

potential, while the electrons depletion was observed when the bias potential was higher than
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the flat band potential. In addition, the quasi-Fermi energy level of the electrons remains flat
regardless of the bias potential. The holes’ quasi-Fermi energy level profile obtained in this
work is different from schematic diagrams found in the literature since back illumination was
considered. Regardless, the depletion of holes due to surface reaction and surface

recombination is accurately observed in the space charge region.

The model was also used to study the impact of the recombination mechanisms in the
performance of an SRFC. It was found that the maximum current density decreases with the
band-to-band and SRH recombination rates increase; both recombination mechanisms lower
the concentration of holes in the bulk of the photoelectrode. On the other hand, surface
recombination acts as a competing mechanism with the photoelectrochemical reaction. Thus,
higher bias potentials are required for the photoelectrochemical reaction to overcome the
surface recombination, and the onset potential is shifted towards higher values. Ultimately,
it can be concluded that the model has a good response to variations in the bias potential and

surface recombination rates.
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Equation Chapter (Next) Section 1

7.1. Final remarks

The main objective of this work was to study and propose improvements to the design of

vanadium redox flow batteries (VRFB). These improvements should increase the

performance and lifetime of VRFBs and, therefore, increase the market penetration of

VRFBs. A 2D dynamic phenomenological model (Chapters 4 and 5), an electrical equivalent

circuit model, and an empirical model (Chapter 5) were used to study the mechanisms of

performance losses and provide insights for design optimization. Experiments were also

conducted to validate the 2D dynamic phenomenological model (Chapter 4) and to compare

the performance of two different cell designs (Chapter 3). The most relevant conclusions of

this work are:

Concentration polarization is a performance loss mechanism that is related to the
electrolyte regeneration rate at the electrode. This mechanism decreases the energy
efficiency and the lifetime of a VRFB. The results from Chapter 3 demonstrated
that when low flow rates are used — when the electrolyte regeneration rate is low
— the electrolyte flow velocity should be increased to minimize the concentration
polarization and increase the energy efficiency. However, when high flow rates
are used (high electrolyte regeneration rate), the performance of the battery is
mostly affected by the electrolyte flow distribution since the electrolyte
regeneration rate is high. Distribution channels are typically engraved in the flow
frames (used to provide structural support to the cells) of the VRFB stack to feed
uniformly the electrode with electrolyte but they should also be used to promote a
higher electrolyte flow velocity; the system energy efficiency is maximized when
the battery is operated at lower flow rates since the pump energy consumption is
lower. Ideally, the distribution channels should be wide, to create an accumulation

zone before and after the electrode and improve the electrolyte distribution, and
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thin, to promote a higher flow velocity. The flow velocity can also be increased by

using narrower electrodes since the cross-sectional area is lower.

Multi-dimensional DPMs are a tool that can be used to research performance loss
mechanisms at a cell and stack scale. For example, they can simulate the
performance of a VRFB and provide relevant information about spatial
distribution of energy losses related to concentration polarization (concentration
overpotential). Thus, a 2D dynamic phenomenological model for VRFBs was
successfully developed and validated against experimental data (Chapter 4). From
the simulations, it was found that the concentration overpotential can be reduced
by up to 3.9 % by positioning the distribution channels closer to the membrane.
The ionic transport between the ion exchange membrane and the electrolyte is
much slower than the transfer of electrons between the bipolar plate and the
electrode. Thus, the concentration overpotential is greater near the membrane and
the energy efficiency of the battery can be improved by increasing the electrolyte
flow velocity at this zone. The 2D dynamic phenomenological model was also
used to study the concentration overpotential during charge-discharge cycling. For
optimizing the performance and lifetime of VRFBs, it is recommended to reduce
the potential range when performing charge-discharge cycles at high current
densities. The concentration overpotential scales exponentially with the state of
charge and with the state of discharge, and the rate of change of such overpotential
increases for higher current densities. Thus, the maximum state of charge and state
of discharge should be lowered to avoid sudden local over charge at the electrodes.
Based on these results, it was recommended to operate the VRFB between 20 %

and 80 % state of charge.

Shunt currents are a phenomenon that decreases the energy efficiency and the
storage capacity of VRFBs. A poor design of distribution channels and stack
design originates higher shunt currents. The 2D dynamic phenomenological model
was used to simulate shunt currents in a six cells-stack (Chapter 5) and the
simulations demonstrated that the shunt currents are slightly dependent of internal
components, such as electrodes, membrane, and bipolar plates, but highly

dependent on the electrolyte properties and on the geometric dimensions of the
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distribution channels and manifold (used to feed each cell with electrolyte). The
impact of the geometric dimensions of the channels and manifold, operating
current, and number of cells in a stack in the shunt currents was thoroughly studied.
More than 20 000 simulations were carried out using electrical equivalent circuit
models to develop an empirical model and perform a sensitivity analysis.
Compared to the dynamic phenomenological model, the simulations using the
electrical equivalent circuit models are considerably faster. The sensitivity
analysis showed that the best strategy to reduce shunt currents consists in using
long and narrow manifolds. Using long, narrow, and thin distribution channels,
increasing the active area, or reducing the number of cells in a stack also reduce
the shunt currents. For example, for a 40 cells-stack, using an active area size of
1600 cm? per cell is sufficient to obtain shunt current losses as low as 1.58 % for
a current density of 160 mA cm, regardless the geometric dimensions of the
manifold and distribution channels. However, the size of the active area should not
be larger than 1600 cm? to minimize the stack design complexity, pressure drop,
and handling difficulty.

e Based on the results of Chapter 5, a novel stack design comprising a dumping cell
after every 5 cells-stack was proposed. The dumping cell consists in a cell with no
electrochemical activity which acts as a manifold extension, significantly reducing
the shunt currents. Conventional stacks use long distribution channels to reduce
shunt currents instead of long manifolds. However, the novel stack design does
not require long distribution channels since the dumping cell reduces the shunt
currents. Thus, for the same flow frame size, the new stack has a higher active area
than for the conventional stack and consequently, a higher nominal power (19 %).
The new stack design also displays a pressure drop 33 % lower than the

conventional stack design.

Finally, the first 2D dynamic phenomenological model for solar vanadium redox flow
cells (SRFC) reported in the literature is successfully developed and validated with literature
values. Equations to simulate the transport and generation of electrons and holes,

recombination mechanisms, the photoelectrochemical reaction and variations in the energy
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band level of the photoelectrode were implemented in the SRFC model. The results
demonstrate that the model can correctly simulate the energy band shifting for different bias
potentials. Depletion and accumulation of charges at the electrolyte | photoelectrode interface
are also correctly captured by the model. Furthermore, the model was used to study the
different recombination mechanisms. It was found that the performance of SRFCs (e.g.,
maximum current density) is mostly affected by the recombination mechanisms that occur in
the bulk of the electrode, while the ability to charge the electrolyte to a high state of charge

unbiased is affected by the surface recombination mechanism.

7.2. Future work

There are several suggestions for future work that can improve the competitiveness of
VRFBs:

e There is an ongoing discussion in the literature about which flow field is the most
suitable for VRFBs. Most studies are performed at a lab scale and using different
materials or operating conditions. It is critical to carry out extensive research
comparing different flow field-electrode configurations at relevant scales. For
example, mathematical models (e.g., continuum, reduced-order, or lumped
parameter models combined with equivalent circuit models) can be used to
perform a sensitivity analysis to geometric properties of the flow field and
electrode, active area size and operating conditions to find the flow field-
configuration that maximizes the system energy efficiency and minimizes
production costs. For the sensitivity analysis, a similar approach as used in Chapter
5 can be adopted, or a design optimization software (e.g., Ansys DesignXplorer)

can be used.

e The introduction of the dumping cell in a VRFB stack is a demonstration that the
overall performance and lifetime of the battery can be improved by optimizing the
stack design. More importantly, it is the demonstration that a commercial VRFB
does not need long electrolyte distribution channels. The next steps towards
increasing the competitiveness of VRFBs should include cheaper alternatives to

the dumping cell.
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e Research of VRFBs using artificial intelligence is scarce. However, it is a great
tool that can be used for developing new materials. Furthermore, it can be used as
a tool for controlling and monitoring the state of charge and health of the battery,
and for optimizing the operating conditions (e.g., flow rate) in real-time. The
artificial intelligence algorithm could be trained using experimental data or by
combining experimental and simulation data (e.g., using a lamped parameter
model) to predict the previous parameters. This approach has the potential to
reduce the cost of the overall system since it can, for example, reduce the number
of electronic devices and sensors.

Regarding solar redox flow cells, the first approach towards phenomenological modelling
of solar redox flow cells and batteries is provided in this thesis. The model should be
enhanced by, for example, implementing partial differential equations to simulate the quasi-
Fermi energy levels. A more sophisticated model (e.g., multi-dimensional model) to simulate

light absorption in the photoelectrode should also be implemented.
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Appendix A. Supplementary
Information for Chapter 4

Equation Chapter 1 Section 2

A.l. Figures

Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..1 — Graphite plate of a VRFB with 16 cm? active area used
in the experimental test and with milled distribution channels before and after the reactional

darea.
Step 2
Electrode fiber |
Step / """""" . \Stjp 3
Bulk G

electrolyte ~——» . ‘ ‘ . ‘ l

Flow direction
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Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..2 — Schematic representation of the mass transfer mechanism

between the electrode fibers and bulk electrolyte.
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Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..3 — 2D schematic representation of the computational domain

with labelled boundaries from 1 to 20.
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Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..4 — Schematic representation of the computational domain
and variables solved in each domain.
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Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..5 — Simulated polarization curve (the current density is based
on the projected area — solid line) and limiting current based on the polarization curve (dashed
line, Eq. (4.43)) for feed flow rates of 10 ml min't and 160 ml min™ and at a constant SoC of
50 %.
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Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..6 — Schematic representation of (a) cell BP, with inlet/outlet
channel close to the bipolar plate, (b) cell M, with inlet/outlet channel close to the membrane,
(c) cell C, with inlet/outlet channel at the center of the electrode and (d) cell E with inlet/outlet

channel with the same length as the thickness of the electrode.
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A.2. Parameters for simulation

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..1 — Parameters used as electrolyte properties.

Parameter Value Ref.
Viscosity of the positive electrolyte, g+ 3.467-0.635-SoC mPa s [1]
Viscosity of the negative electrolyte, u- 4.229-0.999-SoC mPa s [1]
Conductivity of the positive electrolyte, o, , 30.8+14.6:SoC Sm'! [2]
Conductivity of the negative electrolyte, o, _ 19.6+10.7-SoC S m™! [2]
Density, p 1350 kg m3 Supplier
Total vanadium concentration, C,, 1600 mol m- Supplier
Sulfuric acid concentration, Cy, oo 2000 mol m Supplier
Volume (each tank), Viank 80 ml Measured
Volumetric flow rate, Qin 160 ml min'? Measured
V2 diffusion coefficient, D, .. 2.400x100 m? st
V3" diffusion coefficient, D, 2.400x100 m? st
VO? diffusion coefficient, D, .. 3.900x100 m? st [3]
VO;* diffusion coefficient, Dvo; 3.900x10°0 m? 51
H* diffusion coefficient, D, 9.312x10° m? st
HSO« diffusion coefficient, DHso; 1.330x10° m? s

[4]
SO4? diffusion coefficient, Dsoi* 1.065x10° m? st
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..2 — Parameters used as electrode, bipolar plate and membrane

properties.
Parameter Value Ref.
Length of electrode, | 0.04 m Measured
Width of electrode, W 0.04m Measured
Thickness of electrode, de 0.00345m Measured
Thickness of inlet/outlet channel, dinout 0.001 m Measured
Thickness of membrane, dm 50x10% m Supplier
Porosity of electrode, & 0.90 [5]
Specific surface area, a 4x10° m? m3 [5]
Conductivity of the electrode, o 338Smt [6]
Conductivity of the bipolar plate, o 1000 S m* [3]
Conductivity of the membrane, g, 1.2Sm? Supplier
Fiber diameter, ds 17.6x10%m [3]
Kozeny-Carman constant, Kek 4.28 [3]

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..3 — Electro-kinetic parameters used in the simulation.

Parameter Positive electrode (+) Negative electrode (-) Ref.
Reaction rate constant, k; 1.3x10%m st 2.2x10" ms? [7]
Charge transfer coefficient, a 0.50

Standard equilibrium potential, E% 1.004 vV -0.255 vV 3l
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A.3. Determination of initial ion concentrations

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..4 — Equations used to determine the initial concentration of ion

species at a specific SoC.

Variable Charge separation Charge phase
0 pre 0 _
Coer Cpee =0 Cpe.  =€,S0C
0 pre 0 _
Cur Ch =Cy Cys =€y (1-SoC)
0 pre _ 0 _ _
Cvoz*,+ Cvoz*,+ =Cy Cvoz*,+ =Cy (1 SOC)
c? ¢ =0 ¢’ =¢,SoC
VO3 + VO3 + VO3 + \%
c? c™ =c +2c, f & f ¢, =c™ 12¢,50C-¥-SoC
H* + H*+ ~ “HyS0, V VR o 3 v Vo HY+ T TH v 3
c’ C7° = Cis0, — 26, (1- )+C—V(1—f )| o =cr + & soc
H' - H*— — “HySO, v V¥ VO 3 \Voud\Vielas HY -~ THY - 3
0 pre _ Cy 0 _ ~pre Cy
CHSOZ& CHSO;,+ = G50, +? V3 Vo2 CHso;,+ - CHso;,+ +?SOC
0 pre _ _ Cy _ 0 _ ~pre _ Cy
CHSOZ:* CHso;,— = Ch 50, ?(1 fv3*/v02*) CHSOZ,— N CHSOZ,- — 50C

where C,, is the initial total vanadium concentration, ¢, g is the initial concentration of

sulfuric acid, ¢ and ¢ are the initial concentration of the ion species i in the positive and

negative electrodes, respectively, f is the ratio of VV3* and VO?* ions in the electrolyte

V3+/V02+
before charge separation step and the superscript pre refers to the ion concentration after the
charge separation step. The concentration of SO4? ions was determined considering the

electroneutrality condition.
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A.4. Determination of the concentration overpotential

Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..7 shows the concentration overpotential during a charge-
discharge cycle determined with Eq. (A.1) for two different conditions:

a) The current density (1) based on the surface area (j/a) and the mass transfer
coefficient is the same as in this work (K, ,) —alternatively, the current density can
be determined as 1/(a-Velectrode);

b) The current density based on the projected area (i = 800 A-m?) and the mass
transfer coefficient (k, ,) is three orders of magnitude higher than k _, [8] —above

85 % SoC (122 min) and 85 % state of discharge (238 min) this set of conditions

is not valid, even though the mass transfer coefficient is higher since the theoretical

limiting current density i, is lower than the current density based on the projected
area; in practice, the cell would not be able to charge/discharge further.

— i=jla; kn=Kn1 - == i=800Am?;kp=Kp>

500
450 -
400 A
350 A
300 -
250 ~
200 +
150 -
100 A

4 .
— l--------| ----- - . - I|I

0 25 50 75 100 125 150 175 200 225 250
time /min

Nconc /mV

Seao
Seaa

~
~

Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..7 — Concentration overpotential during charge-discharge
cycling at 80 mA cm2 and 160 ml min considering the current density based on the surface
area and a lower mass transfer coefficient (solid line) and the current density based on the

projected area and a higher mass transfer coefficient (dashed line).
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RT i RT i’
nconc:_ln . +—In N -
F i-—i F |L*—|

0615 ’ 0,409
km,1:5-35><10_3 Lj (,0 fJ 0409

K., =1.6x107y %

(A.1)

(A.2)

(A3)

The limiting current density was determined with the following equation, which is based

on the surface area of the electrode:

i, =nFk_cy

(A.4)
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Appendix B. Supplementary

Information for Chapter 5

Equation Chapter (Next) Section 1

B.1. Parameters used in the simulations

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..1 — Parameters used as electrode, bipolar plate and membrane

properties.
Parameter Value Ref.
Length of the electrode, | 0.04m Measured
Width of the electrode, W 0.04 m Measured
Thickness of the electrode, delec 0.00345m Measured
Thickness of membrane, dmem 50x10% m Supplier
Thickness of bipolar plate, dap 1.0x10° m Assumed
Thickness of the current collector, dcc 3.0x10°m Measured
Porosity of electrode, & 0.90 [1]
Electrode surface area, a 4x10° m?* m [1]
Conductivity of the electrode, o, 338Sm? [2]
Conductivity of the bipolar plate/current collector, ogp,.. 1000 S m'* [3]
Conductivity of the membrane, o, 1.2Sm? Supplier
Fiber diameter, ds 17.6x10%m [3]
Kozeny-Carman constant, Kek 4.28 [3]
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..2 — Dimensions of the channels and manifold of the six cells-

stack.

Parameter Value
Length of the manifold, Im 0.00695 m
Length of the channel, I 0.02m
Thickness of the manifold, dm 0.001m
Thickness of the inlet/outlet channel, d. 0.001 m
Area of the manifold, Am 4.0x10"° m?
Area of the inlet/outlet channel, Ac 4.0x10° m?

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..3 — Parameters used as electrolyte properties.

Parameter Value Ref. ‘
Viscosity of the positive electrolyte, g« 3.467-0.635-SoC mPa s [4]
Viscosity of the negative electrolyte, z- 4.229-0.999-SoC mPa s [4]
Conductivity of the positive electrolyte, o, ,  30.8+14.6:SoC S m'. [5]
Conductivity of the negative electrolyte,

19.6+10.7-SoC S m! [5]
o
Density, p 1350 kg m3 Supplier
Total vanadium concentration, C, 1600 mol m-3 Supplier
Sulfuric acid concentration, C,, ¢, 2000 mol m3 Supplier
Volume (each tank), Viank 480 ml Assumed
Volumetric flow rate, Qin 160 ml min*! Measured
V#* diffusion coefficient, D, . 2.400x101° m?2 s
V3 diffusion coefficient, D 2.400x101° m? s?
VO?* diffusion coefficient, D, . 3.900x100 m? 1 [3]
VO_* diffusion coefficient, Dvo; 3.900x101 m? 5!
H* diffusion coefficient, DH+ 9.312x10° m? st
HSOy diffusion coefficient, DHso; 1.330x10° m? st [6]

226



Supplementary information for Chapter 5

5042 diffusion coefficient, D

S0

1.065x10° m2 st
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..4 — Electro-kinetic and mass transfer parameters used in the

simulation.
Parameter Positive electrode (+)  Negative electrode (-) Ref.
Reaction rate constant, k; 1.3x10%ms*? 2.2x107" m st [7
Charge transfer coefficient, & 0.50 3]
Standard equilibrium potential, E% 1.004 vV -0.255 VvV
-0.615 0.409
. . 3| M pd; = 0.400

Mass transfer coefficient, km 5.35x10 e — v [8]

- H

I

B.2. Model comparison data

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..5— Shunt current in each channel and each manifold and potential

of each cell of the positive side of the VRFB six cells-stack obtained using the dynamic

phenomenological model (DPM) and the equivalent circuit model (ECM). The relative

difference between models is calculated using the DPM as reference. The shunt currents were

simulated at 50 % state of charge, for the charging step, and with a current density of

80 mA cm,
DPM ECM Relative difference
Shunt current /A Potential Shunt current /A Potential Shunt current /A Potential
Celln® | Manifold Channel A4 Manifold Channel v Manifold Channel v
1 0.117 -0.117 1.45 0.131 -0.131 1.52 11.5% 11.6% 53%
2 0.173 -0.056 2.87 0.194 -0.063 3.02 12.0% 13.2% 52%
3 0.190 -0.017 4.29 0.213 -0.019 4.51 12.1% 13.7% 53%
4 0.174 0.0l6 5.70 0.194 0.019 6.01 11.8% 14.6% 55%
5 0.118 0.056 7.12 0.131 0.063 7.53 11.1% 13.0% 5.8%
6 0.118 8.56 0.131 9.10 11.0% 6.3%
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B.3. Mesh quality analysis

0.155

0.154 —+

0.183 —+

0.162 —+

0.151 +

Average shunt current in manifold /A

0.150

0 20000 40 000 60 000 80 000 100 000

N° of mesh elements

Figure Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text
that you want to appear here..1 — Average shunt current in the positive manifold of the six
cells-stack using a mesh with 15 000, 45 000, 80 000 and 100 000 elements.
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B.4. Effect of the internal resistances in the shunt currents

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..6 — Shunt current in each channel of positive side of the VRFB
with six cells obtained for the simulation using the baseline parameters and for the
simulations using tenfold higher reaction rate constant, k, mass transfer coefficient, km,
electrode surface area, a and electrode, os, and membrane, omem, conductivities, using
fivefold higher electrolyte conductivity, oe, tenfold lower flow rate, Q, and a lower electrode

thickness (Jelec = 2.0 mm).

Simulation 1 2 3 4 5 6

Baseline (BL) 0.1159  0.0556  0.0166  -0.0163  -0.0558  -0.1173
10-k 0.1158  0.0556  0.0166  -0.0162  -0.0557  -0.1172
10-km 0.1151  0.0551  0.0164  -0.0162  -0.0553  -0.1163
10-a 0.1150 0.0551 0.0164 -0.0162 -0.0552 -0.1162
10- Oimem 0.1131 0.0543 0.0161 -0.0161 -0.0546 -0.1141
10-0% 0.1142 0.0550 0.0166 -0.0158 -0.0550 -0.1162
5-0e 0.5070 0.2455 0.0779 -0.0652 -0.2424 -0.5275
Q/10 0.1173 0.0562 0.0167 -0.0165 -0.0564 -0.1187
 Setec 0.1356  0.0706 ~ 0.0219  -0.0223  -0.0731  -0.1428
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..7 — Shunt current in each manifold of positive side of the VRFB

with six cells obtained for the simulation using the baseline parameters and for the

simulations using tenfold higher reaction rate constant, k, mass transfer coefficient, km,

electrode surface area, a and electrode, os, and membrane, omem, conductivities, using

fivefold higher electrolyte conductivity, oe, tenfold lower flow rate, Q, and a lower electrode

thickness (Setec = 2.0 mm).

5 d 1o /A
Simulation 1 2 3 4 5 Average
Baseline (BL) | 0.1161 0.1719 0.1887 0.1727 0.1171 0.1533
10-k 0.1160 0.1718 0.1887 0.1726 0.1171 0.1532
10-km 0.1153 0.1706 0.1872 0.1712 0.1161 0.1521
10-a 0.1152 0.1704 0.1870 0.1711 0.1160 0.1519
10- oimem 0.1133 0.1678 0.1842 0.1683 0.1139 0.1495
10-0% 0.1144 0.1696 0.1864 0.1708 0.1160 0.1515
5-0¢ 0.5078 0.7541 0.8329 0.7685 0.5268 0.6780
Q/10 0.1175 0.1740 0.1909 0.1747 0.1185 0.1551
3 Stec 0.1376 0.2099 0.2335 0.2128 0.1414 0.1871
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B.5. Effect of Rm, R, | and N in the shunt currents

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..8 — Total number of simulations that resulted in shunt current
losses (SCL) lower or equal to 1% and greater than 1% for each value of manifold

resistance, Rm, and channel resistance, Rc.

Rm Re
N° of simulations N° of simulations
SCL<1% SCL > 1% Valuelt SCL<1% SCL > 1% Value
134 368 0.08 300 285 0.08
134 398 0.16 300 288 0.16
134 430 0.32 300 201 0.32
135 464 0.64 300 295 0.64
144 491 1.28 301 298 1.28
191 449 2.56 303 302 2.56
243 397 5.12 309 300 5.12
300 340 10.24 316 300 10.24
362 278 20.48 329 293 20.48
428 212 40.96 344 284 40.96
497 143 81.92 367 268 81.92
569 71 163.84 397 242 163.84
640 0 327.68 434 206 327.68
640 0 655.36 475 165 655.36
640 0 1310.72 509 131 1310.72
640 0 2621.44 547 93 2621.44
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..9 — Total number of simulations that resulted in shunt current

losses (SCL) lower or equal to 1% and greater than 1% for each value of electric current, I,

and number of cells in the stack, N.

N° of simulations N° of simulations
SCL<1% SCL>1% Valuela SCL <1% SCL > 1% value

374 733 4 1384 628 5
473 696 8 1240 752 10
579 640 16 1115 856 20
687 570 32 1061 891 30
794 486 64 1031 914 40
891 389 128

978 302 256

1055 225 512

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..10 — Mean absolute error between the shunt current losses (SCL)

determined using the Simulink model and the correlation (Eq. (41)) for each value of

manifold resistance, Rm, and channel resistance, Re.

Rm Re
Value /Q SCL Value /Q SCk
mean absolute error /% mean absolute error /%

0.08 2.70 0.08 3.86
0.16 2.45 0.16 3.73
0.32 2.28 0.32 3.58
0.64 2.19 0.64 3.42
1.28 2.19 1.28 3.24
2.56 2.28 2.56 3.07
5.12 241 5.12 2.91
10.24 2.55 10.24 2.74
20.48 2.73 20.48 2.58
40.96 2.91 40.96 2.45
81.92 3.06 81.92 2.37
163.84 3.19 163.84 2.34
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327.68 3.33 327.68 2.34
655.36 3.51 655.36 2.37
1310.72 3.74 1310.72 2.44
2621.44 3.97 2621.44 2.54

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..11 — Mean absolute error between the shunt current losses (SCL)
determined using the Simulink model and the correlation (Eg. (41)) for each value of electric

current, I, and number of cells in the stack, N.

Value /A SCek Value /- SCek
mean absolute error /% mean absolute error /%

4 2.66 5 0.94

2.72 10 2.77

16 2.80 20 3.35

32 2.85 30 3.58

64 2.90 40 3.69
128 2.94
256 2.97
512 2.98
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Appendix C. Supplementary
Information for Chapter 6

Equation Chapter (Next) Section 1

C.1. Simulation parameters

The parameters used in the simulation can be found in Table Error! Use the Home tab
to apply Titulo 6;ND Appendix Header 1 to the text that you want to appear here..1-
Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..4. Due to the lack of experimental data, the viscosity and density
of the electrolyte were assumed to be the same as an aqueous solution of 2 M of sulfuric acid.
This is a reasonable assumption since the concentration of vanadium is low, 0.4 M. Other
parameters, such as the Auger recombination coefficient, were obtained from the literature.
The surface recombination rate, the absorption constant, the conduction band potential, and
the reaction rate constant at the positive side were used as fitting parameters.

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..1 — Properties of the negative electrode, bipolar plate, positive

design chamber, photoelectrode, and membrane.

Parameter Value Ref.
Length of the electrode, L 20x10°m [1]
Width of the electrode, W 20x10°m [1]
Thickness of the electrode, deec 6.0x10° m [1]
Width of the positive chamber (X4 -X3), Jbos 10x10°3m [1]
Thickness of the photoelectrode, dsc 200x10° m [1]
Thickness of the membrane, ém 183x10°m Supplier
Porosity of the electrode, ¢ 0.95 Supplier
Specific surface area, a 6.4x10*m2 m Supplier
Conductivity of the electrode, oz 83.3Sm? Supplier
Conductivity of the bipolar plate, oz 1000 S m? [2]
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Conductivity of the membrane, om 10Sm? Supplier
Carbon-based felt fiber diameter, ds 17.6x10°%m [2]
Kozeny-Carman constant, ke 4.28 [2]
Photoelectrode permittivity, esc 9 [3]
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..2 — Characteristics of the electrolytes.

Parameter Value Ref.
Viscosity of the electrolyte, u 1.5mPas Assumed
Viscosity of the solvent, z° 1.0 mPas [4]
Electrolyte density, p 1300 kg m® Assumed
Volume (each tank), Viank 80 ml (1]
Volumetric flow rate, Qin 20 ml min?
Vv2* diffusion coefficient, D ,, 2.400x101°m? st
V3 diffusion coefficient, D, . 2.400x101°m? st
o AE . 10 m2 o1
VO diffusion coefficient, D, ., 3.900x10""m*s 2]
-10 2 o-1
VO_* diffusion coefficient, Dvo; 3.900x10""m"s
H* diffusion coefficient, D, 9.312x10°m? s?
9m2 -1
HSO4 diffusion coefficient, DHSO’ 1.330x10%m*s
4
9m2 -1 [5]
1.065%107m*s

SO4% diffusion coefficient, DSOZ’
4

Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that

you want to appear here..3 — Electro-kinetic parameters used in the simulation.

Parameter Positive side (+) Ref. Negative side (-)

Reaction rate constant, ki 3.0x10¥ ms? Fitted 2.2x107" m st [6]
Charge transfer coefficient, a 0.50 Assumed 0.50 [2]
Standard equilibrium potential, E%  0.337 V [7] -0.255 Vv [2]
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Table Error! Use the Home tab to apply Titulo 6;ND Appendix Header 1 to the text that
you want to appear here..4 — Parameters used to simulate electrons and holes dynamic

behavior in the photoelectrode.

Parameter Value Ref.
Injection efficiency, 7inj 0.95 Assumed
Wavelength, 4 300 nm [1]
Incident photon flux, lo @ 1.5 AM 1.51x10% m2 g1 -
Absorption constant, A 7.15%x108 m ev-12 Fitted
Electron diffusion coefficient, Dn 25.7x10°m? 5! [8]
Hole diffusion coefficient, Dp 6.42x10°5m? st [8]
Donor concentration, Ndonor 5.0x10% m3 [9]
Electron density in the conduction band, Ncs 18x10% m-? [3]
Hole density in valence band, Nvs 2.2x10% m3 [3]
Trap density, Nerap 0.1x10%* m3 [10]
Conduction band potential, Ecso -0.763V Fitted
Bandgap potential, Egq 251V [11]
Holes band-to-band lifetime, s 1x10°s [9]
Auger recombination constant - electrons, Caugn 28x10* més?t [12]
Auger recombination constant - holes, Caugp 9.9x10* més? [12]
Thermal velocity, v 1x10°ms? [8]
Electrons capture cross section, & 1x102! m? [13]
Holes capture cross section, & 1x10Y m? [3]
Surface recombination rate, ks 3x10°ms? Fitted
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