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Abstract

Intermittent nature of the renewable energy sources dictates the need to develop a reliable
and sustainable energy storage technology. Among various available technologies,
vanadium redox flow battery (VRFB) is one of the best suited technologies for large-
scale/stationary electrical energy storage application. VRFB has the capability to undergo
a large number of charge-discharge cycles (~ 20,000) and allows the decoupled scaling of
power and energy. However, the widespread commercialization of VRFB is still hindered
because of certain challenges. The first challenge is associated with development of
efficient electrode material for VRFB. Currently, graphite felt (GF) is a widely used
electrode material for VRFB. However, it has been observed that bare GF performs
inefficiently in VRFB and hence electrode pre-treatment is necessary. Currently, the
available pre-treatment procedures are either complex or non-viable to be executed for large
electrodes. Therefore, this thesis presents a tactical procedure to pre-treat the GF. The pre-
treated electrode possesses large surface area, well-developed uniform pore structures, and
abundant oxygen-rich surface functional groups. The simple and tactical pre-treatment
approach followed in this thesis improves the peak power density of GF to 350 mW-cm™
(3-fold increase from bare GF). The subsequent challenges are related to the technological
obstacles observed during the operation of VRFB. It is known that during operation of
VRFB, the vanadium species crossover across the ion exchange membrane (IEM). As a
result, the phenomenon of capacity fade and self-discharge come into picture. To tackle
capacity-fade, this thesis addresses a unique electrolyte repair point (ERP) which is a logical
tool to identify right time for the electrolyte repair during operation of VRFB. Subsequently,
on basis of ERP a smart electrolyte health management system was devised that was capable
to ensure the durability and efficiency of the VRFB. Like capacity-fade, the self-discharge

process is also closely linked to complex movement of vanadium species across [EM and
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substantial amount of energy is lost during the process. To address this concern, this study
observed the self-discharge process in VRFB with the help of carefully designed
experiments. Further, to generalize the understanding derived from the experiments a
mathematical model was developed. The developed mathematical model successfully
predicts the self-discharge time of VRFB within an error of ~ £10% and on basis of the
efficacy of the model a case-study on a kW-scale VRFB revealed that intelligent monitoring
of self-discharge can bring about up to 65% of energy savings during VRFB operation. The
last challenge is associated with scale-up of VRFB to a kW-scale. In current state-of-the-
art, there is no rationale to size the volume of electrolyte for a specific energy capacity. In
this thesis, an empirical correlation is derived from dimensional analysis that can accurately
predict the operational capacity or volume of electrolyte required for scaling-up a VRFB.
The derived empirical correlation consisted of novel dimensionless numbers namely,
number of volume units (NVU) and theoretical capacity utilization (TCU) along with

known Wagner Number (Wa), and reciprocal of Damkéhler number (RDa).

Keywords: Capacity-fade; Dimensional analysis; Electrode pre-treatment; Number of

volume units; Scale-up; Theoretical capacity utilization; Vanadium redox flow battery.
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Co Initial concentration of vanadium species (M)

Ci Concentration of i/ vanadium specie at the outlet of VRFB cell (M)
CT; Concentration of i vanadium specie in the electrolyte tank (M)
E° Standard reduction potential (V)

E. Energy required for charging (W-h)

ERPnax Electrolyte-repair-point

Esq Energy lost during self-discharge (W-h)

F Faraday’s constant (C-mol!)

i i vanadium specie

io Exchange current (A)

I Charging current (A)

Ia Discharging current (A)

i Current density (mA-cm™)

ko Reaction rate constant (m-s™)

Ki Mass-transfer coefficient of i vanadium specie (m-s™)

Kw Mass-transfer coefficient of water (m-s™)

Mw Molecular weight of water (g-mol™!)

n Number of mole of electron transferred per mole of vanadium specie
Ni Overall flux of mass-transfer of i vanadium specie (mol-cm? s™)
NVU Number of volume units

Pp Pump power requirement (W)

q Specific flow velocity (cm-s™)

Q Electrolyte recirculation rate (mL-min!)

Reo Ohmic resistance (ohm)

RDa Reciprocal of Damkdhler number

SE Geometric surface area of electrode (cm?)

SoCe+ State of charge of positive electrolyte (%)

SoCe.- State of charge of negative electrolyte (%)

SoCi Initial state of charge of VRFB cell (%)
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SoCs

0

Bi

O;

0i

Dact
Pw

Final state of charge of VRFB cell (%)
Charge time (h)

Discharge time (h)

Self-discharge time (h)

Theoretical capacity utilization

Scan rate (mV-s™)

Geometric volume of electrode (cm?)
Volume of electrolyte in tank (cm?)
Wagner number

Stochiometric coefficient for formation or depletion of i vanadium
specie due to instantaneous reaction

Stochiometric coefficient for depletion of i vanadium specie due to
charge balance

Stochiometric coefficient for formation or depletion of water due to
hydration sphere of vanadium species

Stochiometric coefficient for formation or depletion of water due to
instantaneous reaction of vanadium species

Activation overpotential (mV)

Density of water (g-cm™)
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