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Abstract

The ever-increasing demand for energy and concern for environmental security has
attracted considerable attention from researchers from fossil fuel technology towards renewable
energy technology (e.g., solar energy, wind energy, etc.) and variable energy resources. Variable
energy sources (e.g., Concentrating solar thermal systems, electricity spillage from PV and wind
plants) can play significant roles in the complete transition to renewable energy resources.
However, spatial and temporal intermittency is the major hindrance to the effective deployment of
renewable energy technologies. Integrating thermal energy storage (TES) systems with renewable
energy technologies can reduce the discrepancy between energy supply and demand, leading to
continuous energy supply. However, the technologies need to evolve at higher operating
temperatures (Thermal stability > 550°C) to enable the deployment of efficient thermodynamic

cycles such as the supercritical CO2 (sCO>) cycle.

Among the various alternatives of TES technologies, high-temperature latent heat (HT-
LHS) storage has significant benefits, such as isothermal operation, high energy storage density,
and high exergetic efficiency. Moreover, high-temperature latent heat storage can be integrated
with advanced power generation cycles or Thermionic photovoltaic (TIPV) systems to generate
cost-effective heat and power. Hence, a critical analysis is imperative to investigate charging and
discharging characteristics of the high-temperature latent heat storage. To demonstrate the utility
of the HT-LHS system, numerical, theoretical, and experimental studies must be performed.

In this regard, a numerical investigation is conducted to study the thermo-hydraulic
behavior during the melting/solidification of high-temperature metallic phase change material
(silicon). A counter-clockwise circulation pattern is observed in the molten silicon, unlike
clockwise pattern in molten conventional high-temperature PCM (sodium nitrate). The energy
storage density and energy storage rates of silicon-based LHS are observed to be significantly
higher than sodium nitrate (NaNO3) based LHS. A suitable high-temperature metallic PCM is
identified for HT-LHS system to be integrated with the sCO2 Brayton cycle. Steady-state modeling
of recompression sCO2 Brayton cycle is performed to ascertain the effect of turbine inlet
temperature on the thermodynamic efficiency. The thermodynamic efficiency reaches 50% at
700°C, which is significantly higher than the conventional Rankine cycle. The thermal efficiency

IS maximized at a split ratio of 0.75 for an air temperature of 30°C. Turbine inlet pressure and air



temperature are identified as the most and least sensitive parameters affecting cycle efficiency. A
robust analytical model is developed for the discharge operation of the HT-LHS system in
dimensionless form and solved to evaluate the discharge performance. Low heat transfer rate is
the major technological challenge for HT-LHS systems with conventional inorganic salts. The
individual and combined effects of passive heat transfer enhancement methods on the charging
and discharging performance of HT-LHS systems are numerically studied. Commercial high-
temperature inorganic salt (eutectic mixture of NaNO3z and KNOs) is considered as PCM in the
concentric tube storage system. The combined effect on thermal performance is reported to be
substantially higher than the individual effect. However, the combined effect of orientation and
eccentricity results in a design anomaly for HT-LHS system. Eutectic mixture (60% NaNO3,40%
KNO3) is synthesized using the common solvent method, and the thermal response of the
synthesized sample is studied experimentally. A lab-scale prototype and experimental test facility
are designed and developed to mimic the charging and discharging process of a concentric tube
HT-LHS system. Moreover, results from the numerical model are validated against the
experimental results. To further establish the inevitability of the HT-LHS system, a techno-
economic comparative study is conducted between the HT-LHS system and Li-ion battery having
the same capacity. The volumetric and gravimetric energy densities are observed to be
significantly higher than the Li-ion battery. The charging and discharging durations for HT-LHS
system are relatively smaller than the Li-ion battery. The abstract can be graphically depicted in

the following Figure.
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Cp(kJ/kgK)  Specific heat capacity

D(T) Darcy term

e (mm) eccentricity

E (kJ) Energy stored/released

f Friction factor

flc2hs Heavyside function

h (kJ) Sensible enthalpy

ha (kJ/kg)  Latent heat of

fusion/solidification

H(kJ) Total enthalpy
Subscripts

Ti (K) Initial temperature

T (K) Final temperature

Ts/Tsaiia (K)  Solidification temperature

TyTig (K)  Liquidus temperature

Cefr (J/kgK) Effective heat capacity

NTur Turbine efficiency

Ncomp Compressor efficiency

eRecup Recuperator effectiveness

Tm (K) Melting point

do (mm) Outer diameter

er (mm) Radial eccentricity

AH;
(kd/mol)
JEcH

k (W/mK)
K (D)
kt(1/K)

q" (W/m?)
S

g (kJ/m3)
Sdis (KJ/m®)
S(B) (kg/s)
U
(W/m2K)
U (V)

€avg

ex (mm)

ey (mm)

De (eV)

D¢ (eV)

Qe (kJ)

Qpn (kJ)
pmod (Kg/m3)
Edischarge (KJ)
di (mm)

dm (Mmm)

Enthalpy of reaction

Volumetric current transfer rate
Thermal conductivity
Permeability

Coefficient of thermal expansion
Heat flux

Shape factor

Heat generateion rate

Energy dissipation

Source term in N-S equation

Overall heat transfer coefficient

Open circuit voltage

Average effectiveness
Horizontal eccentricity

Vertical eccentricity

Emitter work function

Collector work function

Energy transfer through electron
Energy transfer through photon
Modified density

Energy discharged

Inner diameter

Mean diameter
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