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Abstract:

The transition towards renewable energy
sources necessitates efficient energy storage so-
lutions to balance supply and demand fluctua-
tions. This thesis presents a numerical model-
ing and performance analysis of a packed bed
thermal energy storage (PBTES) system inte-
grated with a Rankine cycle. The study de-
velops a one-dimensional, transient numerical
model to simulate temperature evolution and
heat transfer during charging and discharging
cycles. The model is validated against existing
reference data from a PBTES facility, demon-
strating its reliability in predicting system be-
havior. A parametric sensitivity analysis is con-
ducted exploring the effects of particle size,
mass flow rate, and void fraction on temper-
ature distribution and pressure loss. To evalu-
ate system performance during discharge, both
single-pressure and Dual- Pressure (DP) Rank-
ine cycles are integrated with a Heat Recovery
Steam Generator, and metrics such as thermal
efficiency, power output, and round-trip effi-
ciency are assessed. The integration of a DP
Rankine cycle improves heat recovery while
maintaining a thermal efficiency of approxi-
mately 36%. In conclusion, this thesis demon-
strates the viability of a packed bed thermal en-
ergy storage system integrated with a Rankine
cycle for flexible, grid-scale energy storage.
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Executive Summary

As energy systems shift toward renewables, the need for effective storage technologies
to manage supply and demand fluctuations becomes increasingly important. This thesis
presents an in-depth numerical modeling and performance analysis of a packed bed ther-
mal energy storage (PBTES) system integrated with a Rankine cycle. By addressing the
challenges of intermittent renewable energy sources, this research explores the feasibility
and performance of PBTES through numerical modeling, sensitivity analysis, and system
integration assessments.

The system concept involves a packed bed filled with rock material through which air
is circulated during charging and discharging cycles. In the charging phase, electric en-
ergy heats air, which transfers thermal energy to the solid particles in the bed. In the
discharging phase, cold air is drawn through the packed bed, recovering stored heat and
transferring it to a Heat Recovery Steam Generator (HRSG), which drives a Rankine cycle to
generate electricity.

The study introduces a one-dimensional, transient numerical model capable of simulating
the temperature evolution and heat transfer in a cylindrical packed bed during both charg-
ing and discharging operations. The model employs explicit finite-difference schemes to
solve the energy conservation equations for both the solid (rock) and fluid (air) phases and
includes considerations for thermal losses and pressure loss. Verification of the model was
performed against data from a commercial-scale ETES demonstration plant developed by
Siemens Gamesa in Hamburg, Germany. The numerical results exhibited close agreement,
with temperature profiles and thermal behavior closely matching the benchmark data.
This established the model’s reliability for simulating transient thermodynamic phenom-
ena in PBTES systems.

A sensitivity analysis was conducted for the packed bed system to investigate the impact
of different parameters including mass flow rate, particle diameter, and void fraction. In-
creasing mass flow rate was found to improve heat transfer rates, although at the cost
of elevated pressure losses due to increased friction. A moderate void fraction around a
value of 0.45 yielded a balance between heat transfer efficiency and manageable pressure
loss across the packed bed. Similarly, while smaller particle diameters enhanced heat ex-
change due to increased surface contact, they also resulted in higher airflow resistance,
necessitating careful consideration of system design trade-offs.

The integration of a Dual-Pressure (DP) Rankine cycle was explored to assess its potential of
heat recovery and improvement in the thermal efficiency. A comparative analysis between
single-pressure and DP configurations revealed that operating with two pressure levels
67 bar for high pressure and 20 bar for low pressure increased the utilization of recov-
ered thermal energy while maintaining a thermal efficiency of approximately 36%. Lower
LP evaporator pressures improved heat extraction, reducing air outlet temperatures and
enhancing steam generation, though this also resulted in a minor reduction in the ther-
mal efficiency. Additionally, sensitivity analysis of air inlet temperature into the HRSG
demonstrated that higher temperatures led to greater electricity generation, with an inlet
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air temperature of 650°C yielding a net work output around 2 MW. From an economic
perspective, the Levelized Cost of Electricity was analyzed to determine the feasibility of
implementing the PBTES system at scale.

Although the DP Rankine cycle and the inclusion of a deaerator improved efficiency, Cap-
ital Expenditures (CAPEX) needed to remain below a breakeven threshold to ensure viabil-
ity. The analysis indicated that additional CAPEX should not exceed 239 €/kWh beyond
a baseline of 100 €/kWh, reinforcing the necessity of balancing technical improvements
with financial constraints. In conclusion, this thesis demonstrates that a one-dimensional,
transient numerical model effectively simulates the thermal behavior of a PBTES system
and provides valuable insights into its interaction with a Rankine cycle. The research high-
lights the importance of balancing the packed bed design parameters, such as mass flow
rate, particle diameter, and void fraction, to achieve the best trade-offs between efficiency,
thermal performance, and operational costs. Furthermore, integrating a DP Rankine cycle
offers enhanced heat recovery potential, improving the overall feasibility of the Packed Bed
Thermal Energy Storage System for renewable energy integration. Future research should
focus on refining numerical modeling techniques, exploring alternative storage media, and
conducting real-world economic assessments to further validate the system’s commercial
viability.
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Nomenclature

Standard SI-Units will be used

Symbol Description SI Unit

A Cross-sectional Area [m?]

As Surface Area [m?]

Bi Biot number [-]

Cp Specific heat capacity [J/(kg-K)]
dy Particle diameter [m]

D Diameter [m]

Az Spatial step size [m]

At Time step size [s]

Heharge Efficiency during charge cycle [%]
Ndischarge Efficiency during discharge cycle [%]

" fan Fan efficiency [%e]

Nn2p Heat-to-power efficiency [%]

Np2n Power-to-heat efficiency [%]

Np2p Round-trip (power-to-power) efficiency [%]

E Energy 71

G Mass Flux [kg/ (m?-s)]
h Convective heat transfer coefficient [W/(m?2-K)]
h Enthalpy [J/kg]

k Thermal conductivity [W/(m-K)]
L Length [m]
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Symbol Description SI Unit
L. Characteristic Length [m]

m Mass [ke]

1 Mass flow [kg/s]

n Number of years [years]
N Number of Nodes [-]

Nu Nusselt Number [-]

P Pressure [Pa]

AP Pressure loss [Pa]

Pr Prandtl Number [-]

Q Thermal Energy 1

Q Heat Transfer Rate [W]

Re Reynolds Number [-]

r Discount Rate [-]

r Radius [m]

R Thermal Resistance [K/W]

s Specific entropy [J/(kg-K)]
t Time [s]

T Temperature [K or °C]
u Overall Heat Transfer Coefficient [W/(m?K)]
UA Thermal Transmittance [W/K]

1% Volume [m?]

Vv Average Velocity [m/s]

W Power [W]

X Thickness [m]




Standard SI-Units will be used

Symbol Description SI Unit
o Thermal diffusivity m?/s
A General symbol for change/difference (e.g. AT) zifends on con-
€ Void fraction of the packed bed [-]
General efficiency (e.g. charge, discharge, Rankine L]
T cycle)
H Dynamic viscosity kg/(m-s)
v Kinematic viscosity m?/s
1Y Density kg/ m3




Abbreviations

Abbreviation Description

CAPEX Capital Expenses

CHP Combined Heat and Power

DP Dual-Pressure

ES Energy Storage

EES Electric Energy Storage

ETES Electric Thermal Energy Storage
HRSG Heat Recovery Steam Generator
LCOE Levelised Cost of Electricity
LMTD Logarithmic Mean Temperature Difference
LP Low Pressure

OPEX Operational Expenses

PCM Phase Change Material

HP High Pressure

PBTES Packed Bed Thermal Energy Storage
PHS Pumped Hydroelectric Storage
PV Photovoltaic

SP Single-Pressure

TES Thermal Energy Storage

T-s Temperature-Entropy (diagram)
WEC Wind Energy Converter
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Chapter 1

Introduction

Climate change is one of the major global challenges of the 21st century. The atmospheric
CO» concentration is increasing, particularly due to the combustion of fossil fuels for en-
ergy production, leading to rising global temperatures. This temperature increase leads
to serious consequences in many regions around the world. To mitigate climate change,
it is vital to reduce CO, emissions [[PPC, 2021]. One key strategy is the transition to
renewable energy sources and electrification, particularly by replacing fossil fuels with so-
lar and wind power [Paraschiv and Paraschiv, 2023|]. Wind Energy Converters (WECs) and
Photovoltaic (PV) are among the most widely used renewable technologies for generating
electricity from renewable sources. However, a drawback of WECs and PV is the intermit-
tent nature of wind and solar energy. Their availability fluctuates seasonally, daily, and
with weather conditions, and often does not not align with electricity demand patterns
[Eggers et al., 2022].

To address this challenge and enable a higher share of variable renewable energy, improved
integration between the electricity, heating, and mobility sectors is required. Energy stor-
age (ES) plays a essiential role in this integration. ES can be used to balance supply and
demand by storing excess energy when the energy production exceeds consumption and
releasing it when needed. In recent years, ES has gained increased attention due to the
evolving nature of the energy market [Eller and Gauntlett, 2017]. The variability of solar
and wind generation, combined with time-dependent electricity demand, creates chal-
lenges for both the power grid and energy markets. These challenges include maintaining
grid stability and responding to market fluctuations. Moreover, imbalances between pro-
duction and consumption frequently cause large and sudden changes in energy prices

[Elsevier, nd]. These dynamics are illustrated in Figure

— Spot price, West Denmark
Spot price, East Denmark

== Electricity consumption

@ Wind Turbines

() Photovoltaics

@ Local CHP units

() Central Power Plants

Price (DKK/MWHh)

0
00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00 12 00
Time (hr)

Figure 1.1: Hourly variation in renewable energy production and electricity prices over a 14-day period in
Denmark (2025). The graph shows electricity spot prices (DKK/MWh) and power generation/consumption
(MW) for both West and East Denmark. It includes data on electricity consumption and the contributions
from wind power, solar PVs, local (CHP) units, and central power plants.[International, 2025].




Chapter 1. Introduction

Figure[1.1| shows Denmark’s electricity spot prices and electricity power production from
various sources including wind turbines, PV, local Combined Heat and Power (CHP) units
and CHP plants over the period from March 4 to March 17, 2025. The green lines represent
spot prices in West and East Denmark, while the red line indicates electricity consump-
tion. The stacked blue and yellow areas show the contributions from different power
sources. It is evident that fluctuations in renewable energy generation correspond closely
with changes in electricity prices and the output from central power plants. This variabil-
ity highlights the need for effective ES solutions to enhance grid flexibility, improve the
utilization of renewable energy, and stabilize electricity prices. By storing surplus energy
during periods of low demand and low electricity prices, and releasing it during times of
high demand and high prices, ES systems can help balance supply and demand. In doing
so, ES not only supports grid stability but also reduces reliance on fossil-based backup
generation and mitigates large price fluctuations in the electricity market. ES technologies
are generally categorized into short-term and long-term applications [Mostafa et al., 2020],
the most common ES technologies include Pumped Hydroelectric Storage (PHS), Thermal En-
ergy Storage (TES), and Electric Energy Storage (EES).

PHS is a ES technology that stores potential energy by moving water between two reser-
voirs located at different elevations. When electricity is needed, water is realeased from the
upper reservoir to the lower reservoir, driving a turbine to generate electricity [Elsevier, nd].
Another common ES technology involves the use of batteries. Particularly, lithium bat-
teries are currently in operation all over the world and are considered a mature EES
method. These batteries operate through chemical reactions and are known for their rapid
response times, making them well-suited for grid stabilization and short-term storage.
However, their primary limitation is a relatively short lifespan, due to a limited num-
ber of charge-discharge cycles [Elsevier, nd]]. TES is another promising aproach capable
of storing heat for both short and long durations. TES systems are increasingly being
applied in power generation, industrial processes, and heating and cooling applications.
They typically involve storage tanks filled with materials such as water or rocks. TES is
especially valuable in high-temperature applications, such as waste heat recovery, power-
to-heat solutions in industry, and enhancing the operational flexibility of thermal power
plants [von der Heyde, 2022].

These ES technologies presented vary in their maturity, cost, and performance. While some
are commercialized, others are still undergoing development and testing. A comparison
of these technologies based on key performance metrics, economic factors, and energy
characteristics is presented in Table

Parameters Li-ion battery =~ PHS TES
Round-trip efficiency, [%] 90 85 35-50
Price per kWh,, [/kWh,] 300-350 106-200  100-300
Lifetime, [Years] 5-10 30-50 15-20
Energy Density, [Wh/kg] 100-265 0,5-3 80-250

Table 1.1: Comparison of ES technologies (Li-ion battery, PHS, TES) based on efficiency, cost, lifespan, and
energy density [Elsevier, nd] [von der Heyde, 2022].
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Table presents a comparative overview of the Li-ion batteries, PHS and TES based on
key performance and economic indicators. Both PHS and Li-ion batteries exhibit relatively
high round-trip efficiencies around 85% and 90%, respectively making them well-suited
for applications requiring frequent charge-discharge cycles and quick energy access. How-
ever, these technologies also come with drawbacks. Li-ion batteries, for example, have a
short operational lifetime and high cost per unit of stored electricity. PHS, while more
cost-effective over its lifetime, is geographically constrained and has low energy density,
making it impractical in many locations. TES, on the other hand, although less efficient
in terms of round-trip efficiency, offers several advantages. It provides moderate to high
energy density, competitive costs of electricity per kWh, and longer lifetimes than Li-ion
batteries. Furthermore, TES is highly scalable and particularly suitable for integrating
with heating systems, industrial waste heat recovery, and power-to-heat applications. This
thesis, therefore, focuses on the TES. The three most utilised TES are sensible heat storage,
latent heat storage, and thermochemical heat storage, which will be considered next.

1.1 Thermal Energy Storage

1.1.1 Latent Heat Storage

Latent heat storage involves storing or releasing thermal energy during its phase change at
a constant temperature. This method utilizes Phase Change Materials (PCMs), which absorb
or release latent heat as they transition between solid and liquid phases. Common PCMs
include paraffins, salt hydrates, and metallic alloys. A key advantage of latent heat storage
is its high ES density. However, challenges include the relatively high cost of both storage
systems and PCMs, as well as limitations in thermal conductivity and long-term stability,
which can affect performance over repeated cycles [Koefoed, 2013].

1.1.2 Thermochemical Storage

Thermochemical ES relies on reversible chemical reactions to store and release thermal
energy. In this process, a thermochemical material undergoes either a reversible physi-
cal transformation involving two or more substances, or a reversible chemical reaction.
During the endothermic (charging) phase, heat is absorbed to drive the forward reaction
and store energy. In the exothermic (discharging) phase, the reverse reaction releases the
stored heat for use in various energy applications. Some examples that can be used for
thermochemical ES involve steam methane reforming or the ammonia dissociation process
[Koefoed, 2013].

1.1.3 Sensible Heat Storage

Sensible heat storage is based on raising or lowering the temperature of a storage medium
typically involving a solid or liquid without any phase change. It is a mature and well-
established technology, frequently applied in industrial processes, solar thermal plants,
and waste heat recovery systems. The performance of this storage method depends pri-
marily on the specific heat capacity, thermal conductivity, and operating temperature range
of the storage medium. Common materials include water, molten salts, and rocks, often
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utilized in thermally insulated tanks to minimize heat loss. For high-temperature applica-
tions, solid materials are frequently preferred due to their lower cost and higher operating
temperatures compared to liquids. A particularly cost-effective and scalable approach in-
volves packed beds filled with rocks, which is the focus of this thesis [Khan et al., 2022].
This will be expanded upon further in the following section.

1.2 Packed Bed Thermal Energy Storage

Packed beds of rocks represent a promising solution for high-temperature TES due to
their low material cost, high availability, and wide operational temperature range, with
applicability up to 800 °C [Marongiu et al., 2019]. Additional advantages include minimal
material degradation over time, low safety risks, and a rapid thermal response. These
features make packed beds particularly attractive for industrial-scale applications, espe-
cially where cost-effective and durable storage is essential. The main drawback of this
technology is its lower round-trip efficiency compared to other ES technologies, and large
fans are required, which will result in relatively high operational costs. A packed bed
TES consists of solid particles, such as rocks that vary in size and shape. A Heat Transfer
Fluid (HTF) flows through these particles to store and transfer thermal energy. The most
commonly utilized HTF in a packed bed TES involves the fluids, air, water and molten
salts [Zanganeh et al., 2012].

The HTF flows through the voids between solid particles in the bed, allowing direct ther-
mal interaction with the storage material. During the charging phase, hot HTF enters the
bed in one direction, transferring heat to the solid particles and raising their temperature.
In the discharging phase, the flow direction is reversed: colder HTF enters, absorbs heat
from the hot solid particles and leaves the packed bed at an elevated temperature. This is
illustrated in Figure

Storage material
P 2

{a) Charge (b) Discharge

L boaos
Cold air out . ..
1 Vv oy i T o T

Figure 1.2: Packed bed TES with air blowing through storage material in (a) charging mode and (b) discharg-
ing mode [Wahab et al., 2023].
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In practical applications, hot air is used to heat the cold stones during charging. Dur-
ing discharge, cold air is passed in the reverse direction to extract the stored heat. This
configuration is particularly suitable for waste heat recovery systems and power genera-
tion applications, where high-temperature heat can be cyclically stored and released with
minimal degradation of materials [Muhammad, 2022]. Furthermore, the utilization of the
packed bed are well-aligned with dynamic electricity pricing strategies. For instance, they
can be charged during periods of low electricity prices by operating fans to heat the bed
using surplus energy at low electricity prices. The stored heat can then be discharged
when needed during higer electricity prices, improving the system’s economic viability
and integration with intermittent renewable energy sources [Zanganeh et al., 2012].

One type of utilization involves a so-called Electric Thermal Energy Storage (ETES) system,
which uses a packed bed as a high-temperature TES combined with a Rankine cycle for
power generation [von der Heyde, 2022]. A system composition of this is shown in Figure

Air Cycle —_—r Water-Steam Cycle 1

Electric Heater

L Steam
Turbine  Electric
Generator
)
Condenser |

Pump Z:
| L@.._I

‘——+ Air Charge —  Air Discharge —» Water —» Steam |

Figure 1.3: Schematic of the ETES involving a combined air and water-steam cycle for energy storage and
recovery, showing key components such as packed bed storage, a steam turbine, and heat recovery systems.
[von der Heyde, 2022].

This system is charged using electricity from wind and solar or the grid, which can be
used to heat the air using an electric heater to be stored in the packed bed TES. A fan
moves the air in the closed cycle through the electric heater and the packed bed in the
charging process. This thermal energy is stored until electricity demand increases or mar-
ket prices justify power generation. In the discharging phase, the flow direction of the air
is reversed. The ambient or cooler air passes through the hot packed bed, absorbing the
stored thermal energy. The heated air then enters a Heat Recovery Steam Generator (HRSG),
where it transfers its energy to a working fluid, typically water, in the Rankine cycle.

The HRSG functions similarly to that in conventional thermal power plants, however in-
stead of using flue gas from fuel combustion, it is powered by hot air. It typically includes
economizer, evaporator, and superheater sections, enabling efficient transfer of thermal en-
ergy across different temperature levels of the steam generation process. Once the steam
reaches the desired temperature and pressure, it expands through a steam turbine, pro-
ducing mechanical work that is converted into electricity via a generator. This electricity
can then be supplied back to the grid.
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After expansion, the steam is condensed in a condenser, which may be cooled using either
cooling towers or repurposed for domestic heating applications such as district heating
networks, enhancing the overall system efficiency. The condensed water is then pressur-
ized by a feedwater pump and returned to the HRSG, closing the Rankine cycle loop
[von der Heyde, 2022].

1.2.1 Applications of Packed Bed Thermal Energy Storage

The ETES system can be used in various applications including flexible power-to-heat,
cogeneration of heat and power or conversion of existing power plants into ES units
[Rabi’ et al., 2024]. During the discharge phase, coupling the ETES with a CHP configura-
tion increases the utilization rate of stored thermal energy by enabling the simultaneous
generation of electricity and useful heat. In this mode, heat can be extracted via steam and
supplied directly to industrial processes or district heating networks [von der Heyde, 2022].
ETES systems enable an electricity-led operation, providing flexibility to both the electric-
ity and heat sectors, particularly during periods of fluctuating renewable energy genera-
tion. In power-to-heat applications, where only thermal energy is required, the absence of
a water-steam cycle significantly reduces the associated cost compared to power-to-power
systems. In some cases, the HTF in this case air can be used directly, eliminating the
need for a HRSG altogether [von der Heyde, 2022]. The ETES can be classified as thermo-
mechanical ES technology and more specifically as Carnot Battery, which converts electric
energy to thermal energy for charge and uses a heat engine, typically a Rankine cycle to re-
generate electricity from the stored thermal energy during discharge [Dumont et al., 2020].

Integrating ETES into existing CHP plants is beneficial, as it allows the shared use of the
water-steam cycle and grid infrastructure. For example, during CHP operation, fossil fuels
are commonly utilized to meet electricity demand spikes. In such cases, ETES can supply
industrial heat, allowing the main power plant to curtail operations or avoid firing fos-
sil fuel-based backup heat sources [von der Heyde, 2022]. A major strength of the ETES
concept is its use of commercially available components for the charge and discharge pro-
cesses, especially on the targeted multi-MW scale. One of the ETES demonstration plants
was commissioned in 2019 in Hamburg, Germany, by Siemens Gamesa Renewable Energy.
The demonstration plant incorporates a high-temperature packed-bed TES where crushed
volcanic rock is used as the storage medium. The rocks are contained within a concrete
structure, and the airflow direction is horizontal through the packed bed. Insulation in-
volving aerated concrete and rock wool is used to reduce thermal losses. The packed bed
is supported by grating structures at the hot and cold ends. A grating is used to hold
up the packed bed at the hot and cold sides. The storage and the entire air system are
working near atmospheric pressure to allow for a simple plant setup and use of standard
materials [von der Heyde, 2022]. Some of the key characteristics of the plant are shown in

Table
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ETES Value
Rated Power Electric Heater 5.4 MW, ,ctric
Rated Power Turbine 1.4 MW, joctric
HRSG Power 5 MWyermal
Rankine Efficiency 28 %
Power-to-Power Efficiency 25 %
Thermal Storage Capacity 130 MWh
Steam Temperature 480 °C
Steam Pressure 67 bar
Storage Material Weight 1 x 10° kg
Air Charge Temperature 650 °C
Air Discharge Temperature 500 °C
Volume of Packed Bed 700 m®

Table 1.2: Key system parameters of the ETES, including rated power, efficiency, thermal storage capac-
ity, temperatures, pressures, and physical dimensions, essential for understanding performance and design
[von der Heyde, 2022].

Table|1.2| presents the main technical specifications of the ETES demonstration plant devel-
oped by Siemens Gamesa Renewable Energy in Hamburg. The electric heater has a rated
power of 5.4 MW, representing the charging capacity of the system when converting elec-
tricity into high-temperature heat. During discharge, the system is capable of generating
1.4 MW of electrical power through the turbine and supplying 5 MW of thermal power
via the HRSG. The heat-to-power efficiency of the Rankine cycle is reported to be 28%,
whereas the power-to-power efficiency is 25% for the ETES plant. Although the ETES by
[von der Heyde, 2022] have been shown to be commercially mature, the packed bed de-
sign involves several challenges. These include uneven airflow distribution, non-uniform
heat transfer and temperature gradients within the bed, and significant pressure losses
as air flows through the packed bed [Allen et al., 2013]. These pressure losses increase
the energy demand of the fan, thereby reducing the overall system efficiency. Key ther-
mal and geometric parameters including mass flow rate, void fraction, pressure loss, and
particle size must be carefully analyzed and optimized to minimize energy losses and im-
prove overall storage utilization [Anderson et al., 2015, Mao, 2016]. It is thereby essential
to investigate some of these parameters to reduce energy consumption and increase the
utilization of the packed bed for electricity generation.

1.3 Summary

As outlined in the introduction, there is a growing need for ES solutions that ensure a
stable supply of clean energy, independent of fluctuating renewable sources. TES offers
a cost-effective alternative to other storage methods, with packed bed TES emerging as a
promising option due to its low material costs and suitability for high-temperature opera-
tion. Packed bed TES can be effectively integrated into ETES that incorporates a Rankine
cycle for combined power and heat generation, providing a flexible energy solution. How-
ever, challenges such as thermal stratification, pressure loss, and flow distribution must be
examined to enhance the ETES performance, leading to the formulation of the following
problem statement.
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Problem Statement

A Packed Bed Thermal Energy Storage (PBTES) system offers a promising solution to address
the mismatch between variable renewable energy production and energy demand. By stor-
ing thermal energy during periods of low electricity prices and release it when electricity
are needed or when the prices are high, PBTES systems can enhance grid flexibility and
support a more stable and sustainable energy supply. This thesis focuses on the numer-
ical modelling of the PBTES and analyzing key parameters that influence the behaviour
and performance of both the packed bed and the integrated Rankine cycle. Furthermore,
the feasibility and overall performance of the PBTES and combined Rankine cycle are ex-
amined in order to assess the viability of the combined system. The following research
questions are considered in relation to this.

¢ How can a one-dimensional, transient numerical model be used to simulate temper-
ature evolution and heat transfer in a packed bed TES system during charging and
discharging?

¢ How does variation in particle size, mass flow rate, and void fraction influence tem-
perature evolution, heat transfer and pressure loss in the packed bed TES system?

* How does the integration of a dual-pressure Rankine cycle during discharge impact
the thermal efficiency of the combined packed bed TES system, and how do changes
in pressure and temperature influence this effect?

2.1 Methodology

To address the research questions, a comprehensive model of the combined PBTES and the
associated Rankine cycle is developed using Python and MATLAB. This model enables de-
tailed calculations and performance simulations of the system’s main components, includ-
ing the PBTES, HRSG, electric heater, fan, pump, turbine, and condenser. The PBTES is
represented through a one-dimensional, transient numerical model that captures the tem-
perature distribution within the storage medium over time and space during both charging
and discharging phases. The rest of the components involved in the combined system are
modelled based on energy and mass balances. To validate the reliability of the PBTES
model, simulation results are compared with operational data from a similar system de-
scribed by [von der Heyde, 2022]. In addition, a sensitivity analysis is carried out on key
parameters, such as mass flow rate and void fraction, to evaluate their impact on system
performance. This analysis helps identify critical trade-offs and design considerations that
can enhance the efficiency and operational flexibility of the integrated system.
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2.2 Limitations

Several limitations and assumptions is made in the modelling of the PBTES and the inte-
grated Rankine cycle, which should be kept in mind when interpreting the results. First,
the HRSG is modelled as an adiabatic heat exchanger, meaning that heat losses to the
surroundings are not accounted for. Pressure losses in the condenser and HRSG are ne-
glected. Furthermore, auxiliary components such as pipes and valves are not included in
the model of the PBTES. The transient behaviour of the system is only considered within
the PBTES unit, while all other components are assumed to operate under steady-state
conditions. Additionally, the dynamic behaviour within the packed bed is not taken into
account. The thermal storage process is limited to sensible heat transfer within the solid
rock material, where latent heat effects and thermal degradation of the material are not
considered. No experimental work has been conducted in this thesis. Instead, the nu-
merical model has been validated using data available in the literature. Finally, extended
economic analysis and feasibility study of the integrated system is beyond the scope of
this thesis and has not been carried out.
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Modelling

The following chapter presents the modeling approach for each component of the system
including the packed bed TES integrated Rankine cycle, and auxiliary components involv-
ing an electric heater and fan. It also compares Singe-Pressure (SP) and Dual-Pressure (DP)
Rankine cycle configurations. Finally, system efficiencies are incorpated to assess overall
performance.

3.1 Modelling of the Packed Bed Thermal Energy Storage

The system operates by storing thermal energy using electricity during charging and con-
verting it back into electricity during discharging for consumption. In the charging phase,
a fan circulates air heated by an electric heater through the packed bed, transferring heat to
the solid storage material. In idle mode, the system remains on standby with minimal heat
loss. During discharging, when electricity is needed, cooler air flows through the packed
bed, absorbing the stored heat. This heated air then transfers its energy to a water-based
Rankine cycle via an HRSG. The configuration of the system is shown in Figure

.

Fan Electric Heater Fan
PBTES
Charging Discharging
HRSG

Turbine Pump

Condenser

Figure 3.1: Schematic of the system including the PBTES during charging and discharging including the
HRSG, combined Rankine cycle and auxilluary components for operation including a fan and electric heater.

The following sections consider the modelling of each system component, including their
involvement during charging and discharging.

11
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3.1.1 Numerical Model

The numerical model of the PBTES is based on a transient one-dimensional two-phase
numerical model with including heat transfer mechanisms. The primary objective of the
numerical model is to investigate the temperature distribution throughout the bed, mainly
during charge and discharge.

Several assumptions are incorporated in the numerical model, including that the solid
storage material consists of spherical rock particles, although in practice, the particles vary
in shape and size. The air is treated as dry air, with moisture effects neglected along the
length of the bed. Airflow is assumed to be uniform across the cross-sectional area, ig-
noring lateral mixing and resulting in a uniform temperature distribution perpendicular
to the flow direction. To assess whether the temperature within each solid particle can be
assumed uniform, the Biot number (Bi) is used. When Bi < 0.1, internal thermal resistance
is negligible compared to surface resistance, justifying the assumption of a uniform par-
ticle temperature. The Biot number for the numerical model is defined and calculated in
Appendix Additionally, in Figure in Appendix the Biot number is shown
to be ranging from approximately 0.08 to 0.2 for particle diameters between 35 mm and
60 mm. Based on this, a uniform internal temperature is assumed for the particles in
this numerical model. However, it should be noted that this assumption is most valid for
particles up to 35 mm in diameter, while larger particles may exhibit internal temperature
gradients. The dominant heat transfer mechanism is forced convection between the air and
solid particles. For simplicity, radiative heat loss from the bed’s outer surface and natural
convection within the bed are neglected. Conduction between the air and solid particles
is also ignored, as it is minor compared to the convective heat transfer under the assumed
flow conditions.

The numerical model is inspired by the packed bed model developed by [Schumann, 1929].
This is based on a two-phase one-dimensional governing equation, which enables calcu-
lation of the time evolution and spatial distribution of both solid and fluid temperature
along the bed. These equations are defined in [3.T]and

dTF gjr oTr Tr — Te
.op - it . op - T b A (Te—Tr) — ——% 1
S T W = s+ (Ts — Tr) R 3.1)
oTs
(1_5)‘95'%,5‘?:h‘As‘(TS—TF) (3.2)

where T is the temperature, p is the density, ¢, is the specific heat capacity. The subscripts
F and S refer to the fluid (air) and solid phases, respectively. The term & denotes the
void fraction of the packed bed, while h is the convective heat transfer coefficient between
the fluid and the solid, As represent the heat transfer surface area, and A, is the cross-
sectional area of the packed bed. 1i,; represents the mass flow rate of air, and T is
the ambient temperature. The term R, represents the thermal resistance through the
bed wall, which is presented in Section The two-phase equations for the solid and
fluid temperatures are discretized using first-order finite difference approximations. The
time deriatives involving aa% and i’al; is discretized using a forward explicit Euler scheme,
whereas the spatial deriative involving aal; is discretized using a first-order backward
difference scheme. Specifically, an explicit time-stepping scheme is employed where the
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temperature at the next time step is determined from known values at the current time
step. The resulting discretized forms of the governing equations for the fluid and solid
temperatures are shown in Equations [3.3]and

] j . j ] j
T — T 4+ At h-As - (Ts; — T)) _ Mair (Te; = Ts,) _ 1 ) Tri — T
F,i F,i e pr- CP,F OF * Ac <€ Az €-0r- Cp,F Rwull . AC Az
(3.3)

1) s

(1 - S) "Ps - Cp,s
Where i indicates the current node, j represents the current time step, and j + 1 represents

the following time step. To discretize the numerical model, the domain is divided into
control volumes based on the bed length L and the number of nodes N, as shown in

Equation @]

J+l g
Ts, =Ts,; +At- (

Az = (3.5)

The packed bed is modelled as a cylindrical bed divided into multiple layers along its
length. Figure illustrates the one-dimensional discretization, including the arrange-
ment of solid storage material, insulation, and flow direction.
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Figure 3.2: Schematic diagram of the packed bed with length L and N numer of elements. This is filled with
spherical particles. The arrow indicates that is charged from left to right and discharged from right to left.
The packed bed includes insulation around the cylinder.

The arrows indicate the flow direction in either charge or discharge mode. In charging
mode, hot air flows from left to right. In discharging mode, cold air flows from right to
left. As the transient temperature variation is based on the explicit scheme, a stability
criterion is involved. The explicit method is conditionally stable, so to avoid numerical
divergence, the following equation is implemented in the numerical model according to
[Versteeg and Malalasekera, 2007

o - At < 1

Az2 — 2
Here a represents the thermal diffusivity of the solid material, At is the timestep, and Az
is the spatial discretisation. To solve the energy equations for both fluid and solid phases,
appropriate boundary and initial conditions are applied consistently during both charging
and discharging. These are applied consistently during the charge and discharge cycles

(3.6)
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of the packed bed model. The domain is discretized in space and time using the finite
difference approach, as illustrated in Figure

z=0 L z=1L
. j+1 j+1 i+1 i+1 i+1 ji+1] i=N+1
=0 T} el I Al I I T Ty“ o
—
Ghost point
ITime step
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L .
—
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Figure 3.3: Discretized domain including the control volumes of the packed bed cylinder in space and time.
This includes N number of nodes and two additional ghost points at the boundaries.

The spatial domain is divided into N control volumes, labelled i = 1,2,...N, with two
additional ghost nodes ati = 0 and i = N + 1 used to implement the gradient boundary
conditions. Time is discretized into time steps indexed by j, and the temperature at each
spatial node and time step is denoted T/ indicating the value at node i and time step j.
The air inlet temperature T;, is applied at the appropriate boundary depending on the
flow direction. In charging mode, where the flow is from left to right, T;, is applied at
z = 0. In discharging mode, where the flow is from right to left, T}, is applied at z = L. At
both ends of the packed bed, the temperature gradient in the axial direction is set to zero.
This means that at the first node, the gradient becomes

Tsy — Tsp
] 0 _ 7
A 0 (3.7)
And at the final node, it becomes:
Tsni1—Tsn
" =0 (3.8)

Initial temperatures for both the fluid and solid are specified uniformly across all nodes
at the beginning of the simulation. A full summary of the boundary and initial conditions
used in the numerical model can be found in Table[A.Tin Appendix

The convection of air through the bed includes the heat transfer coefficient h, which is
calculated using the Nusselt number as follows:

(3.9)

Where k,;, is the thermal conductivity of air, and L. is the characteristic length. To deter-
mine the Nusselt number, both the Reynolds number, Re and the Prandtl number, Pr, must
be found. The Reynolds number is determined using the velocity of the fluid, the char-
acteristic length, which is determined based on the flow through the void space, which
represents the portion of the packed bed occupied by the fluid and the kinematic viscosity.
This is shown in Equation

Re — Vair - Le (3.10)

Vair
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Here, the characteristic length is determined based on the volume and area of the solid
particle sphere and the void fraction. This is expressed in Equation m

6- Vsphere) ( € >
L. = . 3.11
‘ ( Asphere 1—e¢ ( )

The actual velocity of the fluid inside the bed is defined based on the superficial velocity
and the void fraction shown in Equation 3.12]

Vair,s

Vair = (3.12)

Where the superficial velocity is the fluid’s velocity if no solid material were present, this
is based on the volumetric flow rate divided by the cross-sectional area of the packed bed.
The void fraction is defined as the ratio of the volume of the gaseous phase occupied
in the bed to the total volume of the bed. This is shown in Equation according to
[Springer, 2006]

g = —void (3.13)

The Nusselt number represents the ratio of the convective to conductive heat transfer.
For air flowing through a packed bed of spheres, an empirical correlation can be used to
estimate the Nusselt number based on the Reynolds number and Prandtl number. One
widely used correlation, valid in the range 22 < Re < 8,000, provides an accuracy of +
25%. This is defined in Equation [3.14]

Nitforced = (0.5 Re'/? 402+ Re*/3) - Pr!/3 (3.14)

The Prandtl number is calculated based on the thermophysical properties of air, evaluated
at the mean temperature, which is taken as the arithmetic average of the inlet and outlet
air temperatures in the bed.

3.1.2 Thermal Losses

To account for thermal losses to the surroundings, heat loss through the lateral surface
of the packed bed TES cylinder is included in the numerical model. The top and bot-
tom surfaces are assumed to be well insulated, and thus their heat loss is neglected. To
minimize thermal losses, the cylinder is surrounded by two layers of insulation according
to [von der Heyde, 2022]. Insulation involving aerated concrete and rock wool is used to
reduce thermal losses. The packed bed cylinder, including the insulation, is illustrated in

Figure [3.4]
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Figure 3.4: Schematic of the packed bed cylinder including the two layer of insulation, each associated with a
thickness t and t;.

As defined in Equation the heat loss to the surroundings is found using the thermal
resistance through the wall R,,,;;; and the temperature difference between the fluid and the
ambient air. To determine the Ry, it is based on a simple thermal resistance network
approach, which includes radial conduction through the insulation layers and external
convective heat transfer to ambient air. This is defined in Equation [3.15|[Cengel et al., 2017]

_In(ri/r) | In(ra/m) 1

YT or Loki 2n-Loky | ho-2mema-L
Here L is the length of the bed, h, is the convective heat transfer coefficient at the outer
surface whose value is chosen to be 20 W/ (m? - K) according to [von der Heyde, 2022], k;,
k, are the thermal conductivities of the inner and outer insulation layers used based on
values provided by [von der Heyde, 2022], 1 and r; are the outer radii after the inner and
outer insulation layers, respectively. r; is the inner radius of the cylinder. Note that internal
convective resistance is not included here due to the assumption that the inner packed bed
flow is sufficiently mixed or dominated by internal processes. The geometric and thermal
properties used to obtain Ry, to determine the heat loss in the numerical model are listed
in Table These values reflect a configuration with two insulation layers, each 0.5 m
thick, as proposed in the system by [von der Heyde, 2022].

(3.15)

Parameter Value
D; 944 m
T 4.72 m
71 0.5m
4] 0.5m
k1 0.13 W/(m-K)
ko 0.39 W/(m-K)
h, 20 W/(m2K)
Royan 0,00282 K/W

Table 3.1: Applied and calculated parameters for the heat losses in the PBTES numerical model.
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3.1.3 Pressure Loss in Packed Bed

The pressure loss in the packed bed is considered, which involves the friction losses
through the packed bed, which is calculated using the Ergun equation. Additionally, a
pressure gradient associated with acceleration effects resulting from changes in fluid den-
sity is also implemented. Gravitational effects are neglected in this analysis, as the bed
is assumed to have no elevation change. This is expressed in Equation according to
[Springer, 2006].

AP 1—¢ G2 (1—¢?2\ G-ur G> (1 1

Where AP represents the pressure difference, L is the length of the bed, € is the void
fraction of the bed, and G is the mass flux of the fluid. The first two terms constitute
the Ergun equation, which quantifies frictional pressure losses due to viscous and inertial
interactions within the porous medium. The third term represents the pressure gradient
associated with fluid acceleration resulting from density variation. The empirical coef-
ficients 1.75 and 150 are widely accepted constants that provide good agreement with
experimental data for a wide range of Reynolds numbers.

3.2 Heat Recovery Steam Generator

The HRSG operates during discharge of the PBTES, utilizing the heated air extracted from
the bed. The discharge temperature of the air serves as the inlet temperature to the HRSG,
where air functions as the hot fluid and water/steam as the cold fluid. On the cold side,
water and steam flow through three sequential heat exchanger sections: the economizer,
evaporator, and superheater. The configuration of the HRSG is illustrated in Figure
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Figure 3.5: Temperature profiles of air and water within the HRSG, showing key inlet and outlet temperatures.
The heat transfer process is divided into three regions: superheater (1), evaporator (2) and economizer (3).
This includes the ATy, and ATy, representing the pinch point and approach temperature difference.
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The HRSG includes the pinch point temperature difference as the minimum temperature
difference between the steam saturation and the evaporator air outlet temperature, where
the pinch point temperature difference affects the required heat transfer area. By lowering
the pinch point, the steam production can be increased, however, this comes with a cost
of increasing the heat transfer area required, which can be seen in Figure in Appendix
A suitable pinch point temperature difference in the HRSG is therefore chosen to
be 10 K. Furthermore, the approach temperature difference is implemented between the
steam saturation temperature and the economizer water outlet temperature, which is cho-
sen to be 5 K according to [von der Heyde, 2022]. The mass flow rate of water-steam is
determined using an energy balance between the heated air and the superheater and evap-
orator, as the air mass flow rate, pressure, and temperature are known. The energy balance
for the HRSG is shown in Equation [3.17]

QHRSG — mwater . (hsteam,out - hfw) = muz‘r : (hair,in - hair,out) (3-17)

By assuming that the mass flow rate through the economizer is equal to that through
the evaporator and superheater, the heat transfer rate can be determined. Subsequently,
an energy balance can be used to calculate the temperature of the cooled air exiting the
HRSG. The heat transfer rate involving the economizer, evaporator and superheater is
calculated through the enthalpy difference and mass flow of water-steam, which is defined

in Equation [3.18) [3.19|and 3.20[

Qeco = mwater : (heco,out - hfw) (318)
Qevapomtor = Mlwater * Ahfg + Mwater - (hsat,water - heco,out) (3-19)
quperheater = Myater - (hsteam,out - hsat,vapor) (3-20)

Where Ahy, represent the latent heat of vaporization. The total heat transfer surface area
of the HRSG, is calculated using the heat transfer rate, the overall heat transfer coefficient
U and the Log Mean Temperature Difference (LMTD), which is shown in Equation [3.21]

AHRsG = % (3.21)
The heat transfer rate in the HRSG is obtained by summing the heat transfer rate in the
economizer, evaporator and superheater. The overall heat transfer coefficient U is defined
in each heat exchanger in the HRSG, whose values are defined in Section The LMTD
method accounts for the temperature difference between the hot and cold fluids at both
ends of the heat exchanger, defined as:

ATy — AT,
ln(ATl/ATz)

Where AT; and AT, represent the temperature difference for the hot and cold fluid in the
HRSG.

LMTD = (3.22)
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This is defined in Equation and
ATl - Th,out - Tc,in (323)
ATZ = Th,in - Tc,out (3-24)

Figure illustrates the temperature differences involved in the LMTD method in a
counter-current heat exchanger.

T

That,in
AT,

Teord,out .

Thoaout

AT,

Tcold,in

A

Figure 3.6: Illustration of the LMTD method in a counter-current heat exchanger including the hot and cold
fluid temperature entering and leaving the heat exchanger.

The HRSG will be further explored in the following section in relation to the Rankine
Cycle.

3.3 Rankine Cycle

The Rankine Cycle is one of the most well-known power production techniques nowadays
and is implemented worldwide. It is a thermodynamic cycle primarily used in steam
power plants to generate electricity. The cycle is shown in a T-s diagram in Figure
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600 f

0 2 4 6 3 10 12
s [kJ/kg-K]

Figure 3.7: T-s diagram for a basic steam Rankine cycle.

The process involves the feedwater pump that pressurizes the water to the pressure in
the HRSG. The water is heated up to the saturation temperature, which afterwards goes
through evaporation. The steam is then superheated to the desired steam temperature.
This occurs in the HRSG through an isobaric process. The steam is then expanded through
the turbine to convert into usable power, where the temperature in most practical applica-
tions is dropped below the saturation curve. The saturated vapour is then condensed at
constant pressure and temperature, and the cycle repeats.

The pump and turbine are both modelled in the Rankine cycle based on a specified pump
and turbine efficiency. The actual power generated or consumed is determined by their
efficiencies, as expressed in Equations and

. titwater - (h2 — h
Woump = unter - (h2 — 1) (3.25)

Npump

Wturbine = Myater * (h5 - hé) * Nturbine (3.26)

The condenser is responsible for cooling the steam discharged from the turbine, which is
modelled similarly to the HRSG. The water-steam from the turbine outlet serves as the hot
fluid, while water from an external source, such as a cooling tower, acts as the cold fluid.
The heat transfer rate involving the condenser can be calculated through the enthalpy
difference and mass flow of the water-steam, defined in Equation

Qcondenser = Myater * (h6 - hl) (327)

The condenser also uses the LMTD to determine the heating surface area, with a similar
approach to the HRSG explained earlier, including the temperature difference between the
hot and cold fluid. The overall efficiency of the Rankine Cycle is calculated as the ratio of
net work output to the heat input provided by the HRSG, as defined in Equation [3.28}
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HRK = Wnet _ Wturbii?e - WW'”P (3.28)
Qin Qnrsc

Where W, represents the net power generated, which is the difference between the tur-
bine power output and the power consumed by the pump. Two configurations are con-
sidered for the Rankine cycle in this thesis, involving a SP and DP cycle, which will be
explored in the following section.

3.3.1 Single Pressure Rankine Cycle

The Single-Pressure (SP) Rankine Cycle configuration applied in this thesis is illustrated in
Figure[3.§|

HRSG

> Steam Drum

Economizer / Feedwater Pump

Evaporator J

Superheater ‘ ( )Dearutor

Turbine

\/

Condensate Pump

Condenser

Figure 3.8: Schematic diagram a SP Rankine cycle including the HRSG, turbine, condenser, pumps and
dearator. The HRSG consists of an economizer, evaporator, and superheater, all connected to a steam drum.

This configuration includes the three different heat exchangers in the HRSG, the econo-
mizer, evaporator and superheater. Initially, the water enters the economizer where it is
preheated to the approach temperature. After the economizer it enters the steam drum,
which acts as a reservoir that separates the water and steam. The water is fed into the
evaporator, where it is heated until it evaporates before entering the drum once again. The
saturated steam is then led into the superheater, where it is further heated to a superheated
vapor. The superheated steam expands through the turbine, generating mechanical work
that is subsequently converted into electricity. A deaerator is also implemented in the cy-
cle. The deaerator serves two main purposes; the primary purpose is to remove dissolved
gases, including oxygen, from the feedwater to prevent corrosion, and the secondary pur-
pose is to preheat the feedwater using steam extracted from the evaporator.

The SP Rankine cycle is used to investigate the tendencies and effects of adjusting pa-
rameters such as the pressure in relation to the specific work of the turbine and thermal
efficiency. The influence of the HRSG operating pressure on the Rankine cycle perfor-
mance is illustrated in Figures[3.9]and Figure 3.9 shows the variation in specific work
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output from the turbine as a function of the HRSG pressure, while Figure presents
the corresponding thermal efficiency of the cycle.

Specific Work (kJ/kg)

0 20 40 60 80 100 120 140 160 180 200
HRSG Pressure (bar)

Figure 3.9: The turbine specific work as a function of the HRSG pressure for the single pressure Rankine cycle.
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Figure 3.10: The thermal efficiency as a function of the HRSG pressure for the single pressure Rankine cycle.

As HRSG pressure increases, the saturation and superheat temperatures of steam rise,
which leads to a higher enthalpy drop across the turbine and thus greater specific work
output. This also improves thermal efficiency, as a larger fraction of the input heat is con-
verted to useful work. The specific work initially increases significantly with pressure, but
the rate of increase diminishes at higher pressures. While increasing the HRSG pressure in
a SP Rankine cycle improves both the specific work output and thermal efficiency, further
enhancement of cycle performance can be achieved through alternative configurations.
One such approach is the DP Rankine cycle, which is commonly used to increase energy
recovery and overall efficiency. This configuration is examined in the following section.
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3.3.2 Dual Pressure Rankine Cycle

There are different combinations of the superheater, evaporator and economizer in the
HRSG. Among these configurations, the DP Rankine cycle offers a potential advantage
by incorporating two pressure levels, thereby enabling more effective utilization of the
thermal energy available from the hot air stream. The configuration of the dual-pressure
Rankine cycle is illustrated in Figure

LP Steam Drum

\

Economizer

\ Feedwater Pump
P Evaporator Evaporator Pump
LP Superheater /\\
HP Steam Drum

HP Evaporator v‘/

HP Superheater

/
Two-Stage Turbine @

Condenser

\/

o~

\/

Dearator

\/

\/

Condensate Pump

Figure 3.11: Schematic diagram of the DP Rankine cycle including the HRSG, turbine, condenser, pumps
and dearator. The HRSG consists of an economizer, LP evaporator, LP superheater, HP evaporator and HP
superheater, all connected to a LP and HP steam drum.

The DP cycle operates similarly to a SP Rankine cycle but includes a distinct Low-Pressure
(LP) and High-Pressure (HP) part. The LP part comprises an LP economizer, LP evaporator,
LP steam drum, and LP superheater. The HP part includes an HP evaporator, HP steam
drum, and HP superheater although the economizer is excluded. It is assumed that the
saturated water from the LP evaporator is being heated up in the HP evaporator. Steam
generated in both the LP and HP superheaters is expanded through a shared turbine,
modelled as a two-stage expansion process. In practice, this would require a multistage
turbine, a point that is discussed in more detail in Section [6|

The pressure involving 67 bar for the SP Rankine cycle is chosen equivalent to the oper-
ating pressure by [von der Heyde, 2022]. The 20 bar utilized in the DP cycle is used as
an initial reference for the cycle, which will be further investigated throughout the thesis.
This LP level in a DP Rankine cycle is also suitable, as it provides a sufficient balance
between efficient heat recovery and thermal efficiency. The parameters utilized in the SP
and DP Rankine cycle model are presented in Table
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Parameters SP DP
PHp [bar] 67 67
PLP [bﬂi’] - 20
Thir in [OC] 650 650

Tcondenser [OC] 50 50

Peondenser [bar] 0,12 0,12
TLP,steam,out [OC] 273
THP,steum,out [OC] 480 480
Tfeedwater [OC] 105 105

AT, [K] 10 10
ATapproach [K] 5 5

Nturbine [0/0] 93 93
Hpump (%] 85 85

Table 3.2: Summarised values utilized in the DP and SP Rankine cycle.

The corresponding results for the SP and DP cycle configurations are further examined in
Section

3.4 Performance Metrics of the Packed TES and Rankine Cycle
System

Several key parameters are used to describe the performance of both the packed TES and
the integrated Rankine cycle. These include energy balances for the electric heater and fan,
as well as charging, discharging, and system-level efficiencies. The charging efficiency of
the packed bed quantifies how effectively electrical energy input is converted into stored
thermal energy in the solid bed material. It is defined as the ratio of thermal energy stored
during the charging period to the total electrical energy consumed by the heater and fan,
defined in Equation [3.29

Estored
= 3.29
Ucharge Efan + Eheuter ( )

Here Ejeater and Ef,y, denote the electrical energy consumed by the heater and fan, respec-
tively, as defined in Equations and The stored thermal energy Egyeq is defined
in Equation [3.30}

Estored = (1 - S) 05 Vied * Cp,S - (Tfinal - Tinitiul) (3.30)

The value of specific heat capacity is used for the solid material according to [von der Heyde, 2022
as shown in Table

Eheater = Mgir - (hair,bed - hair,fan) ’ Atcharge (331)

AP - muir : Atcharge
OF * Yfan

Efan,charge = (3.32)
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Similarly, the discharging efficiency reflects how much of the stored thermal energy is
recovered and delivered to the HRSG, considering the fan power consumption during
discharge. This is expressed in Equation [3.33}

Erecovered
Ndischarge = E E (3.33)
stored T fan,discharge

Here E,.covered Tepresents the thermal energy delivered to the HRSG during discharge,
and E gy discharge denotes the electrical energy consumed by the fan. These are defined in

Equations and respectively.
Erecovered - mair : (hair,in - hair,out) : Atdischarge (3-34)

AP - 1itgjy - Atdischarge

Efan,dischurge = (3.35)

PE-1 fan

The pr represent the density of air, which is based on an arithmetic average temperature
between the air inlet and outlet temperature of the bed. For the integrated PBTES and
Rankine cycle, three key efficiency metrics are defined involving the power-to-heat, heat-
to-power and power-to-power efficiencies. The power-to-heat efficiency is the ratio of
useful thermal energy recovered from the HRSG during discharge, accounting for the
electric energy used by the fan, to the total electric energy used for charging by the heater
and the fan. It quantifies how effectively the system converts input electricity into usable
heat. This is defined in Equation [3.36]

) 1
QHRsG — Nan ’ Efan,discharge

Tpon = (3.36)

Efan,churge + Encater

The heat-to-power efficiency is the ratio of the net electric work output in the Rankine cycle
to the thermal energy rate recovered during discharge from the HRSG. This is defined in

Equation [3.37]
Wnet
QHRSG

Mh2p = (3.37)

The power-to-power or round-trip efficiency of the combined system can thereby be deter-
mined as the product of these efficiencies. This efficiency tells how effectively the electrical
energy used for charging is converted back into net electricity during discharging. This is
defined in Equation [3.3§|

Np2p = p2n - Mn2p (3.38)

With both the PBTES and the integrated Rankine cycle modelled, the next section presents
the corresponding results.
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Chapter 4

Verification and Results of the Packed
Bed TES and Rankine Cycle

This chapter presents the results involved in the packed bed TES and attached Rankine
cycle, including a verification of the system. The performance of both SP and DP Rankine
cycle configurations is analyzed. In addition, key system parameters such as energy con-
sumption, heat transfer rates, and temperature evolution over time and along the packed
bed are evaluated to assess the overall performance of the system.

4.1 Verification of the Numerical Model

The packed bed thermal energy storage system, based on the existing ETES plant in Ger-
many [von der Heyde, 2022], serves as the reference case for this thesis. The initial focus
is on the PBTES. Table 4.1| summarizes the geometric and operational parameters used in
the numerical model to evaluate temperature distribution and overall system behavior.

Parameters Model
Volume of bed [m?] 700
Length of bed [m] 10
Diameter of bed [m] 9,44
d, [m] 0,035
ps [kg/m3 2.730
cps 1/ (kg K)] 1.100
e ] 0,47
Tonarge [°C] 650
Estored [MWH] 130
Air Pressure [kPa] 101,325
Tamp [OC] 20

Table 4.1: Input parameters used in the PBTES numerical model, adapted from the ETES plant specifications
reported by [von der Heyde, 2022|.

These parameters define the thermal storage bed’s geometry and operating conditions
during both charging and discharging cycles. The stored energy is calculated based on
the thermal capacity of the solid material, as outlined in [von der Heyde, 2022]. The en-
ergy stored in the air is neglected due to its relatively minor contribution, with detailed
calculations provided in Appendix Selected parameters will be varied in the sen-
sitivity analysis in Section [5 to investigate their influence on thermal performance and
temperature behavior within the bed.
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Initially, the numerical model is verified using data from the PBTES system described by
[von der Heyde, 2022]], which employs a high-temperature, vertically oriented packed bed
with volcanic rock as the storage medium. The verification is based on data from the
ETES plant over a 24-hour operational period that includes both charging and discharging
phases. The idle period between these phases is not modeled, under the assumption
that the temperature remains constant during this time. The verification focuses on the
temperature evolution over time and along different axial positions within the packed

bed, as shown in Figures .1 and
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Figure 4.1: Temperature distribution for 24-hour charging operation of the numerical model and the PBTES
by [von der Heyde, 2022]]. The dash lines indicates the PBTES model by [von der Heyde, 2022 whereas the
solid lines represent the numerical model. The arrow indicates the flow direction
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Figure 4.2: Temperature distribution for 24-hour discharging operation of the numerical model and the PBTES
by [von der Heyde, 2022]]. The dash lines indicates the PBTES model by [von der Heyde, 2022 whereas the
solid lines represent the numerical model. The arrow indicates the flow direction

Figure .1 presents the fluid temperature as a function of time during the charging process
for both the numerical model and the reference PBPTES model, evaluated at five distinct
locations along the bed: 0.0 m, 2.5 m, 5.0 m, 7.5 m, and 10.0 m. The arrow on Figure
indicates the flow direction along the bed. The solid lines represent the numerical model,
while the dashed lines correspond to the PBPTES reference data. Each curve indicates the
fluid temperature at a specific position. The numerical model at the positions z = 0m and
z = 2.5m closely matches the reference model. The temperature at these positions rises
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sharply in the initial hours of charging and reaches the maximum temperature of approx-
imately 650 °C. This agreement suggests that the numerical model accurately captures the
heat transfer dynamics near the inlet of the bed, where the hot air is introduced. While the
middle of the bed indicate trends are qualitatively similar, the numerical model exhibits a
slightly delayed response compared to the reference. This discrepancy may be attributed
to discretization errors or differences in how axial dispersion and thermal inertia are mod-
eled. Even though the numerical model are assumed to be grid independent, utilizing 200
cells, which is shown in Figure in Appendix At the end of the bed, demonstrate
the largest differences between the models. The reference model shows a more rapid and
earlier increase in temperature, whereas the numerical model predicts a slower thermal
response. These deviations are primarily due to model simplifications compared to the
PBTES, including the heat losses, insulation and the neglect of radiative heat transfer. Ad-
ditionally, the larger deviation could arise from the boundary condition assumptions in
the numerical model. This will be further discussed in Section [l

Figure presents the fluid temperature as a function of time during the discharging
process for both the numerical model and the reference PBPTES model, also evaluated at
five distinct locations along the bed: 0.0 m, 2.5 m, 5.0 m, 7.5 m, and 10.0 m. The solid
lines represent the numerical model, while the dashed lines correspond to the PBPTES
reference data. Each curve indicates the fluid temperature at a specific position. The cold
fluid enters the bed from the right indicated by the arrow in Figure [4.2| gradually propa-
gating through the bed toward the end as heat is extracted. The temperature at the inlet
of the bed drops rapidly at the beginning of the discharge process, while the temperature
towards the end remains nearly constant at the initial value for a considerable duration
before eventually declining. Overall, the numerical model shows good agreement with
the PBTES model across the positions. However it can be observed that there is a higher
deviation in the discharging mode compared to the charging mode. The curves align close
at the inlet of the bed between the PBTES and the numerical model. A higher deviation
between the numerical and benchmark models is noticeable along the bed. The bench-
mark model predicts an earlier temperature decline, while the numerical model exhibits a
slightly delayed response. This may stem from differences in the numerical treatment of
convective and dispersive heat transfer.
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Figures [4.3) and [4.4 present the corresponding axial temperature distributions during the
charging and discharging cycles.
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Figure 4.3: Temperature distribution across the length of the bed for 24-hour charging operation of the
numerical model and the PBTES by [von der Heyde, 2022]. The dash lines indicates the PBTES model by

[von der Heyde, 2022] whereas the solid lines represent the numerical model. The arrow indicates the flow
direction
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Figure 4.4: Temperature distribution across the length of the bed for 24-hour discharging operation of the
numerical model and the PBTES by [von der Heyde, 2022]. The dash lines indicates the PBTES model by
[von der Heyde, 2022]] whereas the solid lines represent the numerical model. The arrow indicates the flow
direction
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Figure [4.3| illustrates the temperature distribution along the length of the bed for the nu-
merical model and the PBTES data for the charging cycle. The solid line indicates the
numerical model whereas the dash line represents the PBTES reference. In both models,
the inlet region maintains a relatively high temperature. As the heat is provided through
the bed over time the end of the bed is not sufficently heated up, leading to a decline in
the temperature along the length of the bed. The numerical model exhibits a more gradual
decline in temperature beyond approximately 5 meters, with the outlet temperature falling
to around 250°C. In contrast, the PBTES model shows a similar general trend but with a
slightly delayed and less steep decline in temperature. The thermal front in this model ap-
pears to propagate slightly further along the bed before significant temperature reduction
occurs. The differences between the two curves can be attributed to the simplifications
including the heat transfer mechanicms and implemented boundary conditions.

Figure 4.4 illustrates the temperature distribution along the length of the bed for the nu-
merical model and the PBTES data for the discharging cycle. The solid line indicates the
numerical model whereas the dash line represents the PBTES reference. During the dis-
charging cycle, cold air is introduced into the bed at the inlet and it flows through the bed
to extract thermal energy stored in the solid packing material. This results in a progres-
sive decrease in the air temperature as it moves downstream, governed by convective heat
transfer from the solid particles to the air. The temperature of air is high at the end of the
bed and beyond approximately 5 meters, the temperature begins to decrease as the energy
is extracted. The numerical model shows a sharper and more rapid temperature between
6 m and 10 m, eventually reaching an outlet temperature of around 620 °C. In contrast, the
PBTES model reaches a lower outlet temperature of approximately 500 °C. This difference
is mainly due to the difference in the simplifications assumed in both models.

Tables and [4.4] present the mean relative error and the coefficient of determi-
nation (R?) for temperature evolution at various positions along the packed bed during
both charging and discharging cycles. These error metrics assess the accuracy of the
numerical model by comparing it with the results from the PBTES system described by
[von der Heyde, 2022]. Additionally, the calculated mean relative error and R? value for
the entire length of the packed bed during both cycles are provided, offering a broader
perspective on the discrepancies between the numerical model and PBTES performance.

Charging Om 25m 5m 75m 10m
Mean Relative Error [%] 0,01 232 421 532 7,32
R? [-] 099 097 095 093 0,89

Table 4.2: Error metrics comparison between the numerical model and the PBTES by [von der Heyde, 2022|
at different positions along the packed bed during charging cycle.
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Discharging Om 25m 5m 75m 10m
Mean Relative Error [%] 6,74 5,63 1443 7,32 0,03
R%[-] 087 09 078 093 098

Table 4.3: Error metrics comparison between the numerical model and the PBTES by [von der Heyde, 2022
at different positions along the packed bed during discharging cycle.

Charging Cycle Discharging Cycle

Mean Relative Error [%] 15,43 14,82
R? [-] 0,8 0,81

Table 4.4: Error metrics comparison between the numerical model and the PBTES by [von der Heyde, 2022
along the packed bed during charging and discharging cycle.

As shown in Table the mean relative error during the charging cycle increases along
the bed from 0.01% at the inlet (0 m) to 7.32% at the outlet (10 m), while the R? value
decreases from 0.99 to 0.89. This indicates high accuracy near the inlet and increasing de-
viation along the bed, likely due to cumulative modeling errors. Table 4.3 presents a more
irregular error distribution during the discharging cycle, with the highest error of 14.43%
observed at 5 m and a sharp drop to 0.03% at 10 m. The R? values range from 0.78 to
0.98, suggesting variable model performance at different positions. Table 4.4 summarizes
the overall performance along the bed for both cycles. The mean relative error is slightly
higher for charging (15.43%) compared to discharging (14.82%), while the R? values are
nearly identical (0.80 and 0.81), confirming that the numerical model generally captures
the thermal dynamics, albeit with localized discrepancies.

Despite some discrepancies, a close agreement at the upper layers of the bed confirms that
the numerical model correctly simulates the inlet-driven heat transfer during charging and
discharging. The larger deviations towards the outlet suggest that the model could be im-
proved by refining spatial discretization or enhancing the representation of heat transfer
mechanisms. Despite these limitations, the model accurately captures the qualitative be-
havior of thermal front progression and overall heat transfer trends. These results support
the model’s validity and its applicability for further simulations and evaluations. A fur-
ther performance comparison between the numerical model and the PBTES involves the
power-to-heat, heat-to-power and power-to-power efficiency, including the energy require-
ment of the auxiliary components and estimated heat losses for both the numerical model
and PBTES provided by [von der Heyde, 2022]. These parameters are shown involving the
charging and discharging cycle of the 24-hour period in Table
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Combined system parameters PBTES Numerical Model

Ein [MWHh] 120 117,36
Ereleased [MWh] 112 104
Efan,charge [MWh] 24 2.4
Efan,discharge [MWh] 2.4 24
Eheater [MWh] 121 121
Qloss,churge [MWh] 7.05 12.93
Qloss,discharge [MWh] 7.05 12.93
Ucharge [0/0] 93 89
77discharge [0/0] 92 89
Mhzp (%] 28 26
Mp2n [%o] 91 87
Mp2p [%] 25 23.5

Table 4.5: Applied and determined performance values for the numerical model and the PBTES by
[von der Heyde, 2022].

The results show that the PBTES slightly outperforms the numerical model across most
metrics, particularly in charging and discharging efficiency. The numerical model expe-
riences higher heat losses, which reduce its overall performance. This may be attributed
to simplified assumptions and less effective thermal insulation in the model. Nonetheless,
the model provides a reasonable approximation and is suitable for further analysis.

4.2 Performance of the Rankine Cycle

The Rankine cycle is utilized during the discharge of the bed. Similar to the PBTES model,
reference values from the ETES system described in [von der Heyde, 2022] are used where
available. For parameters not provided, reasonable assumptions are applied which is
provided in Table 3.2/ for the SP and DP cycle. To simplify the analysis, heat losses from the
packed bed during discharge are neglected, and the air temperature entering the HRSG is
assumed to be uniform. The analysis begins with the SP Rankine cycle operating at 67 bar.
Key values for pressure, mass flow rate, temperature, and specific enthalpy throughout
the cycle are shown in Figure
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Figure 4.5: SP Rankine cycle with deareator including values shown for pressure, temperature, mass flow and
specific enthalpy considered at 67 bar for the HRSG.

The hot and cold fluid mass flow rates and temperatures within the HRSG are used to
calculate the heat transfer rates in each heat exchanger section. This includes computing
the LMTD applying a specified overall heat transfer coefficients (U), and determining the
corresponding heat transfer areas. These values are summarized in Table

Section Thot,in O Thot,out O Tcold,in O Tcold,out (°C) LMTD (K) Q (MW)
Economizer 293 155 105 278 293 1,56
Evaporator 563 293 283 283 81,1 3,2
Superheater 650 563 283 480 220,6 1,07
Section Overall U (W/m?K) Area A = Q/(U-LMTD) (m?)
Economizer 100 533
Evaporator 50 792
Superheater 50 97

Table 4.6: Temperatures, heat transfer rates and areas for the HRSG involving the economizer, evaporator and
superheater with the dearator at a pressure of 67 bar.

In addition to the 67 bar configuration, the SP Rankine cycle operating at 20 bar is also
considered. The corresponding cycle values for pressure, temperature, enthalpy, and mass
flow rate are presented in Figure with detailed results on temperatures, heat duties,
and heat exchanger areas provided in Table in Appendix
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Figure 4.6: SP Rankine cycle with deareator including values shown for pressure, temperature, mass flow and
specific enthalpy considered at 20 bar for the HRSG.

Finally, the DP Rankine cycle is analyzed, incorporating the HP stage at 67 bar and a LP
stage at 20 bar. The key thermodynamic parameters—pressure, mass flow rate, tempera-
ture, and specific enthalpy—for each state point in the cycle are presented in Figure 4.7}
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Figure 4.7: DP Rankine cycle with deareator including values shown for pressure, temperature, mass flow
and specific enthalpy combined 67 bar and 20 bar as HP and LP respectively.

Analogous to the SP configuration, the heat transfer rates and corresponding heat ex-

changer areas in the HRSG are computed for the DP case. These results are summarized
in Table 471
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Section Thot,in O Thotout CO)  Teorgin CC)  Teotgour °CC)  LMTD (K)  Q (MW)
LP Economizer 222 130 105 207 19,78 1,03
LP Evaporator 287 222 212 212 33,80 0,744
LP Superheater 293 287 212 273 38,42 0,063
HP Evaporator 566 293 283 283 81,84 3,25
HP Superheater 650 566 283 480 222,07 1,02

Section Overall U (W/m?K) Area A = Q/(U-LMTD) (m?)

LP Economizer 100 524

LP Evaporator 50 550

LP Superheater 50 32

HP Evaporator 50 995

HP Superheater 50 92

Table 4.7: Temperatures, heat transfer rates and areas for the HRSG involving the economizer, LP and HP
evaporator and LP and HP superheater with the dearator evaluated at HP of 67 bar and LP at 20 bar.

A comparison of the performance parameters for the SP and DP Rankine cycles is pre-
sented in Table This includes thermal efficiency, net power output, heat exchange, and

pump work.

Performance Parameters SP  DP
RK [O/o] 35 36

Whet [MW] 2,01 2,20
Wearbine [MW] 2,03 2,22
Qcond [MW] 3,71 4,35
OHRSG [MW] 573 6,13
Wcond,pump [kW] 0,2 0,2
Wew, pump (kW] 16,2 11,3
Wevap,pump [kW] - 5/4

Table 4.8: Summary of performance parameters for the DP and SP Rankine cycles.

As observed by table the SP cycle results in a thermal efficiency of 35 %, whereas
including the DP configuration leads to a one percentage point increase in the thermal ef-
ficiency. This enhancement is accompanied by a slightly higher turbine power output and
HRSG heat input. To further examine the thermodynamic behavior of each configuration,
the temperature versus heat duty (T-Q) profiles for the HRSG sections are analyzed. These
profiles offer insight into heat exchanger performance and the thermal matching between
the hot and cold streams. The T-Q diagram for the SP case is first presented in Figure
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Figure 4.8: Temperature versus heat transfer rate for the SP Rankine cycle at 67 bar and 20 bar. The plot
compares temperature profiles at varying pressures within the heat exchanger. It illustrates the thermal
interaction and phase change behavior of water during heat absorption, highlighting the effects of pressure
on temperature response across the heat exchanger.

Figure shows the T-Q diagram of the HRSG in a SP Rankine cycle analyzed at both
20 bar and 67 bar operating pressures. Heat is transferred from hot air to water through
sensible and latent heating in the economizer, evaporator, and superheater. Initially, the
feedwater is heated through the economizer until it reaches the approach temperature.
This heating continues until the water reaches its saturation temperature. In the evapora-
tor, the water undergoes a phase change from liquid to saturated steam which is shown by
the horizontal line in Figure After the evaporation process, the superheater increases
the temperature of the saturated steam to a superheated vapor. The impact of pressure
level is evident in Figure Increasing the pressure from 20 bar to 67 bar raises the
saturation temperature from 212 °C to 286 °C. This increases the mean heat addition
temperature and improves thermodynamic efficiency. At 67 bar, the lower latent heat of
vaporization results in a shorter evaporation segment and reduced evaporator area. How-
ever, at 20 bar, the lower saturation temperature enables greater heat recovery and a lower
air outlet temperature, though it requires a larger heat transfer area. The choice between
pressure levels reflects a trade-off between efficiency, heat recovery, and equipment size.
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Figure 4.9 shows the T-Q diagram for the HRSG in a DP Rankine cycle, combining both
20 bar (LP) and 67 bar (HP) levels.

700 T T T T T T

— Water

600 |

500

Temperature [C]
-
=)
)

HP Superheater
300 -

HP Evaporator
LP Superheater

200 - LP Evaporator

LP Economizer

1 l 1 1
0 1000 2000 3000 4000 5000 6000
Heat Transfer Rate [kW]

100

Figure 4.9: Temperature versus heat transfer rate for the DP Rankine Cycle. The plot shows the temperature
profiles of air and water across different heat exchanger sections: LP economizer, LP evaporator, LP super-
heater, HP evaporator, and HP superheater.

Here the red line represents the air temperature profile, while the blue line traces the water
temperature changes throughout each heat exchanger in the HRSG for the DP configura-
tion. Similar to a SP configuration, water is initially preheated in the economizer until
it reaches the approach temperature. However, the key difference here is the inclusion
of two evaporators and two superheaters. The LP evaporator operates at 20 bar, where
the temperature remains constant as latent heat is added during the phase change from
saturated liquid to saturated vapor. Once evaporation is complete, the LP steam is heated
further beyond saturation to 273°C in the LP superheater. A critical transition occurs next:
the saturated water must be raised from the LP saturation temperature to the HP satu-
ration temperature. In traditional HRSG designs, this step would occur in a separate HP
economizer.

However, in this configuration, no dedicated HP economizer is used. Instead, this enthalpy
increase is accounted for within the HP evaporator, and is illustrated by the dashed line in
the figure. This dashed segment bridges the thermal gap between the LP and HP satura-
tion temperatures, representing the energy required to increase enthalpy from LP saturated
liquid to HP saturated liquid. This alternative approach simplifies the heat exchanger de-
sign while still achieving the necessary thermal transition for HP evaporation. Following
the dashed transition, another constant-temperature phase occurs, marking the HP evapo-
rator section where saturated water is converted into HP saturated steam. Finally, the HP
steam undergoes superheating to approximately 480°C in the HP superheater, ensuring
that it carries sufficient thermal energy for expansion. The superheated steam from both
the LP and HP stages is then directed to a two-stage turbine, where it drives power gen-
eration. The DP configuration enables more effective heat recovery by capturing energy
across a broader temperature range. As shown in Figure operating a portion of the
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cycle at the lower pressure allows additional heat to be extracted from the air, reducing
the air outlet temperature. In this case there is a potential for heat recovery when utilizing
a lower pressure, which indicates a suitable potential when using the DP Rankine cycle
by operating at two different pressure levels, although it should be noted that this comes
with a minor decrease in the thermal efficiency. Therefore, this heat recovery potential for
the DP Rankine cycle will be examined further through a sensitivity analysis of the cycle,
which is presented in Section
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Chapter 5

Sensitivity Analysis

The following chapter considers a sensitivity analysis of both the numerical packed bed
model and the DP Rankine cycle. The objective of these analyzes is to assess how variations
in selected parameters influence system performance.

5.1 Packed Bed Model

A sensitivity analysis is conducted on the packed bed model to evaluate how changes in
key parameters affect the temperature distribution and total pressure loss along the bed
during operation. The parameters analyzed include:

* Mass flow rate
¢ Diameter of particles

¢ Void fraction

Each parameter is varied by £ 10% relative to a defined reference case, unless otherwise
specified. All the parameters will be varied, focusing mainly on the effect for a chosen
scenario of 24-hour operation of the charging cycle. The key parameters involved in the
numerical packed bed model are listed in Table 4.1{in Section

5.1.1 Variation in Mass Flow Rate

The mass flow of air directly affects the heat transfer rate throughout the bed, which
thereby influences the temperature distribution. The mass flow is varied by a percentage
increase and decrease compared to the reference from Table Initially, this temperature
distribution is considered for a 24-hour charging cycle, which is shown in Figure
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Figure 5.1: Temperature profiles of air and solid media along the packed bed length during the charge cycle,
for varying mass flow rates. The graph illustrates the thermal front progression and the effect of increasing
air mass flow rate (from 10 to 14.97 kg/s) on heat transfer and temperature distribution within the bed.

Figure|5.1|illustrates the variation in air temperature as a function of the axial length of the
numerical model for different mass flow rates during a 24-hour simulation period. The
simulation aims to investigate the influence of mass flow rate on the thermal performance
and heat transfer characteristics inside the packed bed, which is charged with hot air at
approximately 650°C. Hot air is introduced at the inlet and flows in the axial direction
through the voids in the packed bed, transferring heat to the solid particles via convective
heat transfer. The convective heat transfer is also affected by the convective heat transfer
coefficient, whose variation is shown in Figure in Appendix Four distinct mass
flow rates are simulated: 10.00 kg/s, 12.38 kg/s, 14.50 kg/s, and 18.00 kg/s. The tem-
perature profiles represent the state of the packed bed at the end of the 24-hour charging
period. It can be observed that the cyclic charging behavior remains consistent for all mass
flow rates, characterized by the formation of a sharp temperature gradient region that
advances through the bed and eventually reaches steady-state conditions. Additionally,
it can be seen that the temperature increases with a higher mass flow rate of air and de-
creases with a lower flow rate. This tendency is expected as a higher mass flow increases
the heat transfer, leading to a higher temperature along the packed bed. At low air flow
rates, the air spends more time in contact with the solid media, resulting in a rapid tem-
perature drop along the bed length. Consequently, the temperature decreases significantly
from the inlet, with a steep gradient occurring from approximately 5 m onwards. As the
flow rate increases, the temperature profiles shift toward the outlet, indicating less steep
gradients and a more uniform high-temperature along the bed. At the highest flow rate
examined, the temperature remains high throughout most of the bed length, with a notice-
able temperature drop only near the outlet, indicating a nearly fully charged packed bed.
As observed, the mass flow rate has a significant impact on the temperature throughout
the bed, which will be elaborated further in Section [6}

42



Chapter 5. Sensitivity Analysis

5.1.2 Variation in Void Fraction

The void fraction affects the density of the packed bed, indicating the proportion of void
space within the total volume. This directly influences the flow of fluid through the bed
and, consequently, the heat transfer and temperature distribution. A lower value of void
fraction implies more contact between the packing elements. Such conditions provide en-
hancement in heat transfer within the packed bed and hence improvement in the thermal
performance of the storage unit. The void fraction is similarly varied by a percentage in-
crease and decrease to observe the impact on the temperature along the bed. It should
be noted that the mass of the stones are kept constant in this analysis with varying void
fraction, this influence will be discussed upon in Section [l The void fraction variation is
shown in Figure [5.2| for the charging cycle of 24 hours.
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Figure 5.2: Temperature profiles of air and solid media along the packed bed length during the charge cycle,
for varying void fraction. The graph illustrates the thermal front progression and the effect of increasing the
void fraction on heat transfer and temperature distribution within the bed.

Figure 5.2 presents the axial temperature distribution of the air after 24 hours of charging,
for different void fractions e of the bed. The simulation is considered with a constant
air mass flow rate of 12.38 kg/s. As observed, the void fraction influences the thermal
interaction between the air and the solid. In this case, the mean temperature increases for
a higher void fraction and decreases for a lower fraction. Since less solid material has to
be heated up when the void fraction is lower, the temperature will increase compared to
a higher void fraction. It can be observed at lower void fraction the temperature is lower
along the bed compared to the other void fraction analyzed where the convective heat
transfer is lower. As the void fraction increases the heat exchange become more effective
consistent with the higher void space and reduced solid-to-fluid contact area. For further
increase in the void fraction 0.55 compared to the reference void fraction used according
to [von der Heyde, 2022 of 0.47 the temperature is almost uniform along most of the bed,
this implies high convective heat transfer as the air passes through the void space, where
a higher convective heat is absorbed into the solid material. Besides the temperature
variation for the variation in the void fraction it is also influenced by the pressure loss
across the bed, which will be further examined in Section 5.1.4
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5.1.3 Variation in Particle Diameter

The effect of varying the diameter of the solid material is considered next. The solid
particles are assumed to be spherical. It should be noted that using non-spherical geometry
would influence both heat transfer and void fraction, but this is outside the scope of this
thesis and is therefore neglected. The variation in diameter also influences the heat transfer
and thereby the temperature along the bed. Additionally, the size of the particle will affect
the pressure loss through the bed, this will be examined in Section The variation
will be evaluated for the diameter from 15 mm to 50 mm in five intervals. This will be
examined for the charging cycle. Figure shows the charging cycle for the diameters
showing the heat front of the packed bed.
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Figure 5.3: Temperature profiles of air along the packed bed length during the charge cycle, for varying
particle diameters. The graph illustrates the thermal front progression and the effect of increasing the particle
diameter on heat transfer and temperature distribution within the bed.

Figure |5.3|illustrates the effect of particle diameter on the axial air temperature distribu-
tion along the bed. The packed bed is assumed to be filled with spherical particles of
volcanic rocks as used by [von der Heyde, 2022|]. The smallest particle diameter results in
the highest mean temperature across the length of the bed. The charging of the packed
is improved because the finer particles allow for more efficient heat transfer between the
hot air and the solid material. As the particle diameter increases, the temperature gradient
becomes less steep, and the thermal front advances less compared to the case with smaller
particles. While smaller particle diameters improve thermal performance by enhancing
heat transfer, they also lead to higher pressure loss, which will be examined further in the
following section.

5.1.4 Pressure Loss

Pressure loss influences both the heat transfer in the bed and the energy consumption of
the fan, thereby affecting the overall system performance during charging and discharging.
Accurately predicting pressure loss across a packed bed is also essential for estimating the
pump power requirements.
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This section investigates the pressure loss along the length of the packed bed, focusing
on its dependence on mass flow rate, superficial velocity, particle diameter and void frac-
tion. The pressure loss is evaluated by accounting for both the pressure gradient through
acceleration and frictional pressure loss. As illustrated in Figure the air temperature
varies across the bed, leading to changes in air density. To account for this change, the air
is assumed to behave as an ideal gas. The pressure loss across the packed bed is evaluated
using a reference mass flow rate of 12.38 kg/s, calculated based on the PBTES design from
[von der Heyde, 2022]], as detailed in Appendix Figure illustrates how the pres-

sure loss varies along the bed for mass flow rates both higher and lower than this reference
value.

2500 . )
——Mass Flow of Air = 10 kg/s

——Mass Flow of Air = 14 kg/s

Mass Flow of Air = 18 kg/s

—Mass Flow of Air = 24 kg/s
2000 |

Pressure Loss [Pa]

500 ¢

0 1 2 3 4 5 6 7 8 9 10
Length [m]

Figure 5.4: Pressure Loss along the packed bed length for varying mass flow rates from 10 kg/s to 24 kg/s.

Figure displays four curves representing distinct mass flow rates of air through the
bed. It can be observed that the pressure loss increases with bed length for all mass
flow rates. This trend is a direct consequence due to friction on the fluid as it navigates
through the porous medium. It can also be observed that the pressure loss across bed
length shows nonlinear behaviour where the highest pressure loss is for the mass flow
rate of air at 24 kg/s. One key factor contributing to the non-ideal behavior in the packed
bed is the variation in air density due to temperature fluctuations. Since air density is
inversely proportional to temperature, an increase in temperature results in a decrease
in density. As a consequence, the pressure gradient varies across the packed bed. The
effect of superficial velocity on pressure loss through the packed bed is analyzed next.
Superficial velocity, which represents the flow rate per unit cross-sectional area of the bed,
is directly linked to the resulting pressure loss. In this analysis, the air velocity is varied
from 0 to 2 m/s, following a similar approach as described in [von der Heyde, 2022], to
assess its impact on pressure loss. The results are presented in Figure
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Figure 5.5: Illustration of the pressure loss in relation to the superficial velocity from 0-2 m/s.

The figure shows the variation of pressure loss as a function of the superficial velocity
through the packed bed. The curve demonstrates a clear trend in which the pressure
loss increases as superficial velocity rises. This behavior is largely governed by the Ergun
equation, which accounts for both the viscous and inertial losses in the porous media.
At low superficial velocities, the pressure loss is relatively small where viscous effect are
dominating through the packed bed. As the superficial velocity increases, the pressure
loss rises non-linearly, revealing the increasing influence of inertial forces. This tendency
highlights the trade-off between higher flow rates and system efficiency. Careful selection
of operating velocity is therefore essential to reduce fan energy consumption and maintain
effective heat transfer without incurring excessive pressure losses.

As shown in Figures in Section |5, the change in diameter of the particle have minor
effects on the temperature distribution along the bed. Since the temperature is higher
for a smaller particle diameter, this would seem appropriate for the packed bed and the
heat transfer. However, the smaller rock will introduce a higher pressure loss along the
bed due to its reduced void fraction and increased surface area per unit volume, which
increases resistance to fluid flow and thereby higher frictional losses. This indicates that
the size cannot be reduced too much without increasing the pressure loss and thereby the
energy requirement for the blower in the overall system. To investigate this, pressure loss
is evaluated for particle diameters ranging from 15 mm to 50 mm. The results are shown

in Figure
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Figure 5.6: Illustration of the pressure loss in relation to the varying particle diameter ranging from 35-50 mm.

Figure [5.6| highlights a key trend: larger particle diameters result in lower pressure losses,
whereas smaller particles increase resistance, causing a higher pressure loss. From the Er-
gun Equation it is evident that particle diameter is inversely proportional to pressure loss.
As the particle diameter increases, resistance to fluid flow decreases, leading to a lower
pressure loss. Conversely, for small particle diameters, the increased surface area per unit
volume results in higher frictional losses and thereby a higher pressure loss. In this case,
to obtain a reduced pressure loss during charging and discharging while also taking the
effect of the temperature distribution into account, it has been decided to choose a suffi-
cient particle diameter of 35 mm in the packed bed. This is equivalent to the size utilized
by [von der Heyde, 2022] of the volcanic rock.

Lastly, the pressure loss for variation in the void fraction has been examined. As men-
tioned earlier, the void fraction directly influences the flow of fluid through the bed and,
consequently, this will also affect the pressure loss for both the charge and discharge cy-
cles. The void fraction is examined through a variation from 0.35 to 0.6. This is shown in

Figure 5.7,
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Figure 5.7: Illustration of the pressure loss in relation to the varying void fraction ranging from 0.35 to 0.6.

From Figure it can be observed that the variation of pressure loss along bed length
for different porosities shows that lower porosity leads to higher pressure losses while
higher porosity reduces resistance. The dependency of pressure loss on porosity can be
explained by the Ergun Equation, since it has an inverse relationship with pressure loss.
Additionally higher porosity decreases pressure loss as the larger void fraction allows fluid
to move more freely with less resistance. It should be noted that the mass of the rocks is
treated constant in this evaluation for void fraction, this influence will be discussed further
in Section [6l

5.2 Sensitivity Analysis of the Dual-Pressure Rankine Cycle Con-
figuration

As mentioned in Section there is a potential for heat recovery in the HRSG when
operating at different pressure levels. The DP Rankine cycle is examined in this case to
investigate the impact of variation in the pressure in the LP evaporator. The LP varies
from the initial pressure of 20 bar down to 5 bar. The temperature versus heat transfer rate
at the different pressure levels is shown in Figure To provide a clearer view of these
effects, the dashed line shown in Figure in Section indicating the enthalpy increase
between LP and HP saturation temperatures, is omitted.
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Figure 5.8: Temperature versus heat transfer rate for different LP ranging from 20 to 5 bar in a DP Rankine
cycle. The diagram shows the progression of heat transfer through key components: the LP economizer, LP
evaporator, LP superheater, HP evaporator, and HP superheater.

Figure presents the variation in the water/steam temperature as a function of the
heat transfer rate in the HRSG for the DP configuration for different pressure variations
in the LP evaporator. Each line in Figure corresponds to a different LP evaporator
pressure. The economizer raises the temperature of the feedwater to the approach temper-
ature, which is different for each pressure level, as this depends on the specific saturation
temperature for the given pressure. Lower LP evaporator pressures reduce the saturation
temperature, thereby increasing the heat recovery across the HRSG. However, higher LP
evaporator pressures result in elevated saturation temperatures, which can benefit turbine
operation but reduce the available thermal gradient for heat extraction. After evaporation,
the LP superheater increases the steam temperature to a constant value of 273 °C for all
cases. At lower LP pressures, the larger temperature difference between saturation and
superheating temperatures leads to a higher heat transfer rate in the superheater. This
results in steam conditions more favourable for expansion while further improving heat
recovery.

The variation in LP pressure significantly affects the heat transfer characteristics of the LP
economizer and LP evaporator. In contrast, the LP superheater and HP evaporator are
less sensitive to pressure changes. As LP pressure increases, the required latent heat for
evaporation decreases, reducing the heat input needed in the LP evaporator. Additionally,
because the steam temperature remains constant at 273 °C, the heat transfer rate in the
superheater is relatively unchanged across pressure levels. At 5 bar, the low saturation
temperature leads to a greater temperature difference between the air and water, allowing
the HRSG to recover more heat. However, at higher LP pressures, this temperature differ-
ence narrows, especially in the low-temperature region, leading to lower heat recovery.
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The corresponding air temperature profiles are shown in Figure
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Figure 5.9: Temperature versus heat transfer rate for different LP ranging from 20 to 5 bar in a DP Rankine
cycle for the hot air.

In Figure |5.9| the inlet air temperature is held constant at 650 °C. As the air transfers heat
to the water/steam across the economizer, evaporator, and superheater, its temperature
decreases. At lower LP pressures, the outlet air temperature is lower due to the increased
heat recovery, while higher LP pressures result in less heat extracted from the air. Despite
improved heat recovery at lower LP pressures, the resulting LP steam has lower enthalpy
and temperature. This leads to a slight reduction in thermal efficiency, as shown in Figure
5.10]
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Figure 5.10: Illustration of the thermal efficiency values for variation in the LP ranging from 5 to 20 bar across
the HRSG.

Figure [5.10] shows that decreasing the LP evaporator pressure leads to a modest drop in
thermal efficiency. This highlights a trade-off: lower pressure increases heat recovery but

slightly reduces cycle efficiency. Selecting the optimal LP pressure for the DP Rankine cycle
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thus depends on whether heat recovery or cycle efficiency is prioritized. This trade-off is
further discussed in Section [6l

5.2.1 Variation in Temperature

This section presents a sensitivity analysis on the impact of inlet air temperature on the
thermodynamic performance of the DP Rankine cycle. While the effect of heat losses
has been evaluated separately (Section [£.T), these losses are assumed to remain constant
with respect to changes in air inlet temperature. They are therefore excluded from this
specific analysis. The aim is to isolate the influence of inlet air temperature on cycle
performance under idealized operating conditions, assuming constant thermal input from
the storage system. It should be noted that round-trip efficiency is not evaluated here due
to the varying power-to-heat efficiency across temperature levels. Instead, the analysis
focuses on the net power output and thermal efficiency of the Rankine cycle at different
inlet air temperatures. The temperature variation of this air inlet significantly impacts
the thermodynamic behavior of the cycle, particularly in terms of net work output. This
variation is shown in Figure

34
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Figure 5.11: Illustration of the net work output of the DP pressure Rankine cycle for variation in the tempera-
ture of air inlet to the HRSG ranging from 500 to 850 °C.

As shown in Figure the net work output increases consistently with rising air inlet
temperature. This is primarily due to the enhanced temperature gradient between the air
and the water within the HRSG, which leads to more effective heat transfer. Higher inlet air
temperatures allow greater thermal energy absorption in the economizer, evaporator, and
superheater sections, resulting in increased steam generation and expansion work in the
turbine. The thermal efficiency of a DP Rankine cycle is closely linked to the temperature
of the air inlet into the HRSG. Figure illustrates the relationship between thermal
efficiency and the air inlet temperature in the HRSG.
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Figure 5.12: Illustration of the thermal efficiency of the DP pressure Rankine cycle for variation in the temper-
ature of air inlet to the HRSG ranging from 500 to 850 °C.

Figure indicates that as the air inlet temperature increases, thermal efficiency improves
accordingly. At lower air inlet temperatures, the thermal efficiency remains relatively
modest. However, as the temperature increases, the efficiency gradually rises, reaching
higher values at elevated temperatures. This trend suggests heat recovery from the air
inlet can enhance the overall energy conversion process, leading to improved efficiency
in the Rankine cycle. In summary, increasing the inlet air temperature enhances both the
net work output and the thermal efficiency of the Rankine cycle. Thereby the findings
emphasize the potential benefits of utilizing higher temperature from the packed bed in
the combined system. However, this improvement in performance must be balanced with
material and operational constraints, which will be discussed further in Section @

5.3 Summary

A sensitivity analysis was conducted on a PBTES model to evaluate the impact of key pa-
rameters on system performance. The study explored the effects of variations in mass flow
rate, void fraction, and particle diameter on pressure losses and heat transfer efficiency. Re-
sults showed that higher mass flow rates and smaller particle diameters increased pressure
loss but enhanced heat transfer. The analysis also included the integration of the storage
system with a Rankine cycle, examining how changes in the pressure of the LP evapora-
tor affect the heat recovery potential, whre a decrease in the pressure shows higher heat
transfer although this comes with a minor reduction in the thermal efficiency.
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Discussion

The following chapter discusses the integrated system consisting of a Rankine cycle, HRSG,
and packed bed TES. It outlines the key modelling assumptions and explains how they in-
fluence the accuracy and simplification of the results. Furthermore, the variation of the
parameters involved in the sensitivity analysis for the packed bed numerical model and
DP Rankine cycle configuration is discussed.

6.1 Viability Analysis

A fundamental aspect of evaluating the viability of the combined system lies in its ability
to produce electricity cost-effectively. This is typically assessed through the Levelised Cost
of Electricity (LCOE), which relates the total costs of building and operating a system to the
electricity it produces over its lifetime. According to [von der Heyde, 2022], the reference
system consists of a PBTES unit and a simple Rankine cycle integrated with a HRSG, com-
prising an economizer, evaporator, and superheater. This system also includes a turbine,
pump, and condenser. The reference design provides a round-trip efficiency of 25% and a
thermal efficiency of 28%.

In this thesis, the Rankine cycle has been extended by adopting a DP configuration and
incorporating a deaerator, which improves the thermal integration and energy extraction
from the heat recovery process. This modification results in an increased thermal effi-
ciency of approximately 36%. While this efficiency improvement is technically significant,
it is necessary to assess whether the gains are economically justified. A higher efficiency
system generally incurs additional Capital Expenses (CAPEX) due to the cost of added com-
ponents such as heat exchangers, an extra pump, and the deaerator.

Given that the precise costs of these additional components can vary widely depending on
project-specific factors such as size and supplier, this study adopts a simplified economic
approach. Specifically, a sensitivity analysis is conducted by incrementally increasing the
CAPEX of the DP system while holding all other parameters constant. This approach
allows for determining the maximum allowable CAPEX increase that still results in a viable
system, defined here as maintaining a lower or equal LCOE compared to the reference
system. The economic parameters used for the LCOE calculation are summarized in Table
These are based on data from [von der Heyde, 2022], with additional assumptions
introduced for the improved system.

53



Chapter 6. Discussion

Economic Parameters PBTES DP Rankine Cycle
LCOE [Euro/ MWH] 192 137
CAPEX/kWhg [Euro/ MWHh] 100 100

OPEX/kWh, [Euro/ MWHh] 40 100

Lifetime [Euro/ MWHh] 20 20

Discount Rate [%] 5 5

Mh2p (%] 28 36

Table 6.1: Economic Parameters for ETES plant by [von der Heyde, 2022] and DP Rankine cycle.

To compute the LCOE, the Operational Expenses (OPEX), CAPEX and Capital Recover Factor
(CREF) is used provided by [von der Heyde, 2022]:

CRF:-CAPEX + OPEX

LCOE = (6.1)
Mh2p
Where the CFR is given by:
r(1+7)"
RF = ——F——— 2
¢ (1+r)"—1 62)

Where the discount rate is considered to be 5% for 20 operational year which expected
amount of time the system by [von der Heyde, 2022] wants to operate. A sensitivity anal-
ysis is then performed to evaluate how increases in the CAPEX of the DP Rankine cycle
affect its LCOE. The results are shown in Figure

350 T
——DP Rankine Cycle
- - ‘PBTES LCOE

Breakeven CAPEX

PBTES

100 1 1 1 1 1 1 1 1 1
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CAPEX (€/kWh)

Figure 6.1: Sensitivity analysis showing LCOE as a function of increasing CAPEX for the DP Rankine cycle.

The blue line represents the LCOE of the DP system as CAPEX increases. The horizontal
red dashed line indicates the LCOE of the reference PBTES system (192 € /MWh). The ver-
tical green line marks the breakeven CAPEX—approximately 339 €/kWh—beyond which
the DP system is no longer economically advantageous. This means that the additional
cost of implementing the improved system must not exceed 239 €/kWh beyond the ref-
erence CAPEX of 100 €/kWh if the system is to remain cost-competitive. This analysis
highlights the crucial trade-off between thermal performance and CAPEX.
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Although the efficiency increases from 28% to 36%, the economic feasibility depends
strongly on whether this gain can be achieved without exceeding the breakeven CAPEX
threshold. Thus, this sensitivity framework establishes a quantitative guideline for decision-
makers: if the additional components (deaerator, pump, and extra heat exchangers) can
be procured and integrated for less than 239 €/kWh, the upgrade is economically justi-
fied under the assumptions made. It should be noted that this analysis assumes constant
OPEX and static efficiency over the system’s lifetime. It also does not incorporate dynamic
electricity prices, degradation effects, or potential downtime, all of which could shift the
breakeven point. However, within the scope of this thesis, the analysis provides a valuable
preliminary insight into the relationship between technical and economic performance in
combined PBTES and Rankine cycle systems.

Another way to optimize the system’s performance and economic viability would be most
effective to operate the PBTES by charging it during periods of low electricity prices and
discharging it during periods of high prices. However, it should be noted that if the PBTES
is to be charged when surplus electricity is available and discharged when electricity is
needed, in some cases, it means that the TES will not always reach full charge or be
fully discharged. Additionally, there will be periods of storage without any charging or
discharging activity. Although these storage periods are not considered in this thesis, it
is important to note that thermal losses to the surroundings during such idle periods can
impact system performance. Over time, these losses can reduce the internal temperature of
the TES, which in turn affects the overall efficiency and effectiveness of the PBTES during
its operation.

6.2 Assumptions

To simplify the numerical model several assumptions are made. However these assump-
tions introduce limitations that may affect the accuracy of the results and the interpretation
of system performance. One major simplification in the numerical packed bed model is
the neglect of radiative heat transfer. This assumption may be reasonable at lower tem-
peratures but becomes less valid since the packed bed reaches temperatures up to 650 °C
during operation as shown in Figure At these temperatures, radiative heat transfer
contributes significantly to the overall heat exchange process. Excluding this mechanism
may underestimate heat transfer rates and lead to less accurate predictions of the thermal
front progression within the bed. The numerical model also utilizes dry air during the
charging and discharging cycle. However including moisture in the air could affect the
temperature distribution, as moist air possesses a higher specific heat capacity due to the
presence of water vapor. Incorporating humid air properties would enhance the accu-
racy and realism of the simulation. Additionally the combined system does not consider
the modelling of the valves and pipelines. In practical systems, these components influ-
ence the overall energy balance, especially since the valves are located before and after
the packed bed. Heat losses in piping could lower the air temperature entering the bed,
thereby reducing the effective energy available for storage or discharge.

55



Chapter 6. Discussion

Another significant assumption is neglecting the pressure losses across the heat exchangers
within the HRSG. However this can introduce inaccuracies in predicting the overall system
performance, affecting steam generation rates, efficiency, and equipment sizing. Pressure
loss occurs as the air and water/steam pass through the various heat exchangers mainly
due to frictional effects and temperature changes. Additionally the feedwater pump must
compensate for pressure losses if included across the HRSG components. These losses
could lead to underestimation of pump energy consumption. Additionally the design of
the HRSG is not considered however implementing staggered or finned tube arrays could
minimize the pressure losses and present a more in depth performance analysis of the
HRSG and combined system.

6.3 Sensitivity Analysis and Results

The sensitivity analysis in Section 5| revealed how variation in key parameters influences
the thermal performance of the packed bed TES, including the temperature front through-
out the bed and the heat recovery potential of the integrated Rankine cycle system. Un-
derstanding these dependencies is important to operate the combined system in the most
sufficient way.

6.3.1 Packed Bed Thermal Energy Storage

One of the most significant factors affecting the packed bed is the mass flow rate of air.
The results in Figure [5.1| revealed that increasing the mass flow rate leads to a higher heat
transfer rate thereby maintaining a higher temperature throughout the bed during charg-
ing. However, this improvement comes at a cost, as higher flow rates result in greater
pressure losses as shown in Figure 5.4 due to increased frictional resistance between the
air and solid particles. This, in turn, leads to higher fan energy requirements, which im-
pact the power-to-power efficiency of the combined system. The trade-off between flow
rate and efficiency suggests that an optimal mass flow rate of air should be determined
based on the system’s operation constraints.

Additionally, changes in void fraction reduced the flow resistance but decreased thermal
contact between the air and the solid media, leading to broader thermal fronts and re-
duced discharge temperatures. Thus, a moderate void fraction according to Figures
and |5.2| (around 0.45-0.5) appears to offer a suitable compromise between thermal perfor-
mance and pressure loss. It should be noted that the mass of solid inside the bed is kept
constant during this analysis. However by keeping this constant, the volume of the solid
will also be fixed, which implies that if the void fraction is increased, the total volume of
the bed will also increase and if the void fraction is decreased, the volume of the bed will
be decreased. For a physical packed bed the volume is usually fixed, so in this case the
variation in the void fraction may not always be accurate because the solid mass would
vary unless the shape of the solids are changed.

Similarly, particle diameter affects both heat transfer and pressure loss. Smaller particles
improve convective heat transfer due to a higher surface area-to-volume ratio, leading to
sharper thermal fronts and improved energy recovery. However, they also increase pres-
sure loss, raising fan power requirements. Based on the results, a particle diameter around
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35 mm appears to offer a suitable compromise between thermal effectiveness and pres-
sure loss, supporting efficient operation in both charging and discharging modes. The air
temperature, particularly during discharge, also influences system performance. Higher
air temperatures improve heat recovery and increase power output from the Rankine cycle
and HRSG. However, this must be balanced against material limitations and higher en-
ergy input requirements. Elevated temperatures increase demands on the electric heater,
fan, and pump, potentially raising operational costs. Therefore, while higher tempera-
tures improve thermal performance, they also necessitate a careful evaluation of material
durability and system economics.

6.3.2 Rankine Cycle

This thesis evaluated the effect of varying the LP in the DP Rankine cycle. The results
indicate that lower LP improve heat recovery from the discharged air by enabling more
thermal energy extraction. However, this benefit comes at the expense of slightly lower
thermal efficiency in the Rankine cycle due to reduced steam enthalpy. The results in
Figure 5.8/ indicate a trade-off where a mid-range LP pressure provides a suitable balance
between increasing the heat recovery and maintaining overall Rankine cycle efficiency.
In this analysis, the approach temperature and pinch point temperature difference were
held constant. These parameters significantly influence heat exchanger sizing, steam gen-
eration, and overall heat recovery performance. The pinch point temperature difference
defined as the smallest temperature difference between the hot air stream and the water
in the evaporator limits the extent of heat transfer. Reducing the pinch point in the LP
evaporator could enhance the recovery of low-grade heat from the air stream, albeit at the
cost of increased heat exchanger surface area.

Similarly, the approach temperature difference, defined as the temperature difference be-
tween the steam saturation temperature and the outlet temperature of the economizer,
affects how effectively feedwater is preheated before entering the evaporator. A lower ap-
proach temperature difference can improve preheating, which in turn increases thermal
efficiency and total heat recovery. However, if the approach temperature is too low, the
feedwater enters the evaporator near saturation conditions, significantly increasing the re-
quired heat transfer area. Finally, integrating a DP Rankine cycle with multistage turbines
presents a potential strategy for further improving thermal efficiency. Multistage turbines
facilitate steam expansion across multiple pressure levels, optimizing energy extraction.

Overall, the sensitivity analysis confirms that when operating the packed bed and inte-
grated system, careful balancing of thermal performance, pressure loss, and energy input
is required. Parameters such as air flow rate, void fraction, particle size, and operating
temperature must be tuned to achieve the desired efficiency without compromising sys-
tem reliability or cost-effectiveness.

57






Chapter 7

Conclusion

This thesis investigated the performance of a packed bed thermal energy storage (PBTES)
system integrated with a Rankine cycle. The study focused on modelling the system using
a one-dimensional, transient numerical approach to simulate temperature distribution and
heat transfer during charge and discharge cycles. A sensitivity analysis was performed to
assess the influence of key parameters, including particle diameter, mass flow rate, and
void fraction, on system behaviour. Additionally, the integration of a Dual-Pressure (DP)
Rankine cycle during discharge was analyzed to determine its impact on heat-to-power
efficiency.

A one-dimensional, transient numerical model was developed to simulate the temperature
evaluation and heat transfer involved in the PBTES system during charging and discharg-
ing cycles. The numerical model of the PBTES was based on governing equations for
energy conservation in both solid and fluid phases who were discretized using explicit
finite-difference methods. The numerical model captured the transient behavior of the
packed bed, demonstrating a temperature evolution and heat transfer during charge and
discharge operations across the packed bed. A verification of the numerical model against
reference data from the PBTES demonstration plant in Hamburg was considered, showing
close agreement, confirming the reliability of the numerical model in predicting system
behavior.

The sensitivity analysis revealed that changes in particle size, mass flow rate, and void
fraction have significant effects on heat transfer and pressure loss within the packed bed.
A higher mass flow rate increased convective heat transfer, accelerating thermal charging
while also leading to greater pressure losses. Variations in void fraction influenced both
thermal efficiency and pressure loss, where a moderate void fraction around a value of
0.45-0.5 provided a suitable balance between effective heat transfer and manageable air-
flow resistance. Additionally, reducing particle diameter enhanced heat transfer rates due
to increased contact surface area, but also resulted in elevated pressure losses, indicating
a trade-off between thermal performance and energy consumption by the fan.

Integrating a DP Rankine cycle demonstrated potential advantages in improving heat re-
covery from the HRSG while maintaining a thermal efficiency of approximately 36%, com-
pared to 35% for the SP cycle. Lower LP evaporator pressures enhanced heat recovery
and reduced air outlet temperatures, but this also led to a slight reduction in the thermal
efficiency. A sensitivity analysis of LP evaporator pressures ranging from 5 to 20 bar re-
vealed that while heat recovery increased at lower pressures, thermal efficiency decreased
marginally. The study also indicated that increasing the temperature of the air entering
the HRSG contributed to higher net electricity generation. For example, an inlet air tem-
perature of 650°C resulted in a net work output of around 2 MW.
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From an economic perspective, the feasibility of the PBTES system was assessed using
Levelized Cost of Electricity. While improvements in thermal efficiency were achieved
with the integration of a deaerator and a DP Rankine cycle, capital expenditures (CAPEX)
needed to remain below a breakeven threshold to ensure cost-effectiveness. The analysis
indicated that the system would remain economically viable as long as additional CAPEX
did not exceed 239 /kWh beyond the baseline cost of 100 /kWh. These findings emphasize
the necessity of balancing cost and performance in system design. Future research should
explore dynamic electricity pricing scenarios to determine optimal operational strategies
and further refine economic assessments.

In summary, this thesis demonstrates that a one-dimensional, transient numerical model
can effectively simulate the thermal behavior of a PBTES system and quantify its inter-
action with a Rankine cycle. Key operational parameters such as particle diameter, mass
flow rate, and void fraction significantly influence thermal and hydraulic performance,
requiring careful trade-off analysis. Moreover, integrating a DP Rankine cycle offers a
meaningful efficiency improvement, enhancing the viability of ETES systems as a flexible,
renewable-aligned storage technology.
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Future Work

The following chapter explores opportunities and topics relevant to further investigation.
This includes improving the packed bed model and the combined Rankine cycle through
a dynamic model. It also examines the inclusion of an economic and feasibility analysis of
the combined system.

8.1 Numerical Packed Bed Model

The current numerical model is developed as a transient, one-dimensional, two-phase
approach to simulate the charging and discharging of the packed bed. Future work
could significantly benefit from developing a more detailed three-dimensional, dynamic
model to better capture spatial temperature variations and non-uniformities within the
bed. Furthermore, incorporating variable operational conditions, such as dynamic or load-
following scenarios, into the Rankine cycle model would enable more realistic simulations
that reflect the fluctuations in electricity supply and demand.

The current model neglects wall effects, which can lead to significant temperature gradi-
ents near the boundary. Including these effects would enhance the model’s accuracy. Ad-
ditionally, the model assumes a low Biot number for the solid particles, implying uniform
internal temperature. However, the impact of the Biot number has not been examined in
depth. A deeper investigation into the influence of the Biot number could provide a more
realistic description of internal heat conduction within the particles. While this thesis uses
volcanic rock based on a system implemented in Germany, exploring alternative storage
media could identify materials with better thermal properties or lower costs. Furthermore,
since the geometry of the packed bed is fixed in this thesis, future work could focus on
optimizing its dimensions, such as length, diameter, and height to achieve maximum ES
efficiency at the lowest cost.

8.2 Economical and Feasibility Analysis

This thesis includes only a basic LCOE analysis for the combined system. A more com-
prehensive economic assessment should be conducted to evaluate the full feasibility of
implementing such systems on a commercial scale. The natural continuation of this thesis
will be to obtain the installation cost and the breakeven point for an investment in the
combined system of the packed and Rankine cycle. The economic analysis could include
different operations, including a sensitivity analysis in relation to the variation in electric-
ity price to determine if the investment in the system is going to be worthwhile over a
lifetime period. Additionally, it could be relevant to include an analysis of the demand for
electricity to determine realistic discharge periods for the system and investigate when the
system is most appropriate for operation.
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8.3 Packed Bed Model and Rankine Cycle

The choice of working fluid has a significant impact on system performance. While this
thesis uses air as the heat transfer medium, future research could explore alternatives such
as molten salt or water, which offer superior thermophysical properties. These fluids may
enable higher storage densities and reduce spatial requirements, leading to cost savings.
Furthermore, in the current configuration, the Rankine cycle uses water as the working
fluid. Future research could explore replacing this with an organic fluid, particularly in
applications where lower-temperature heat recovery is desired. Organic Rankine cycles
(ORCs) often offer better efficiency under such conditions and could present a viable al-
ternative to the traditional Rankine cycle setup. Another area worth developing is the
inclusion of piping and valve dynamics in the model. Although neglected in this thesis,
these components influence the thermal losses and overall performance of both the packed
bed and Rankine cycle. Modelling them would contribute to a more accurate and realistic
representation of the complete system.
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Appendix A

Appendix

A.1 Biot Number

The Biot number is a dimensionless parameter used to assess the internal temperature
distribution within a solid particle. It compares the internal conductive resistance to the
external convective resistance. When Bi < 0.1, it is generally assumed that the temperature
inside the particle is spatially uniform, allowing a lumped thermal model to be used. The
Biot number is calculated using the following relation:

_ h N dp
ks
Where h is the convective heat transfer coefficient, d, is the particle diameter, and k; is the
thermal conductivity of the solid material. Air properties and flow conditions are used to
determine the velocity, Reynolds number, Nusselt number and thereby the Biot number

for the particle. The calculated Biot number for the varying particle diameter between 0.01
m and 0.06 m is shown in Figure
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Figure A.1: Calculated Biot Number for the solid particles in the packed bed with variation in the particle
diameter from 10 mm to 60 mm.

Figure shows that for low particle diameters below 35 mm, the Biot number remains
below 0.1, supporting the assumption of uniform internal temperature. As the diameter
increases, the Biot number becomes higher, suggesting that a lumped model assumption
may no longer be appropriate, and internal conduction modelling may be required for
accurate heat transfer calculations. However, this increasing impact on the heat transfer
throughout the bed is neglected.
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A.2 Boundary and Initial Conditions

The boundary and initial conditions are defined for the solid material and the air as shown

in Table

Charge Storage Discharge

Initial condition Tair(j = 0) = Tamp Tair(j = 0) = Tin Tair(j = 0) = Tin

Tstone(j - O) = Tamb Tstone(j - 0) - T'm Tstone(j - O) - Tin

Boundary condition Tair(i = 0) = Tin % =0 Tair(i = 0) = Tamp
e =0 G =0 S =0
e =0 Bpe =0 e =0

Table A.1: Initial and boundary conditions for charge, storage, and discharge phases.

Here, i indicates the spatial direction, j represents the temporal direction, and L is at the
end of the packed bed. During charging, the initial temperatures of both the air and the
solid are set to ambient conditions. The air enters the system at a fixed temperature,
while the outlet is treated as a fixed temperature gradient set to zero. For the solid, fixed
temperature gradients are set to zero at both the inlet and outlet of the bed. During
storage, no airflow occurs throughout the bed, and the initial conditions for both air and
solid are based on a fixed temperature. The boundary conditions for the solid and air are
also treated as fixed temperature gradients. During discharge, the conditions are similar
to those in charge, with the primary difference being the temperature levels involved.

A.3 Area of Heat Recovery Steam Generator Versus Pinch Point
Temperature Difference

The area is examined in relation to the variation in the pinch point temperature difference.
This is shown in Figure
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Figure A.2: Area of HRSG versus variation in pinch point temperature difference.

Figure illustrates the relationship between pinch point temperature difference and the
HRSG area. The x-axis represents the pinch point temperature difference, ranging from 0
to 50 K, while the y-axis represents the corresponding heat transfer area required for the
HRSG, spanning from approximately 800 to 2200 m%. In this case, the tendency indicates
an increasing area as the pinch point temperature difference approaches zero leading to a
higher heat recovery in the HRSG. While this design approach improves the heat recovery
efficiency, it results in increased material costs and larger equipment sizes.

A.4 Energy Stored in the Packed Bed

The initial energy stored in the packed bed contains the rocks and the air. The en-
ergy stored in the rocks is calculated using the mass of the rocks, specific heat capacity
and temperature difference approaching the charging temperature of 650 °C according to
[von der Heyde, 2022]]. The energy in the rocks are calculated using Equation

Estored = Mstone - Cp,S - (Tfinal - Tinitiul) (A-Z)

This is found to be 130 MWh, which is equivalent to the energy stored according to
[von der Heyde, 2022]. The energy stored in the packed bed by the air is considered next.
This uses the same temperature difference, the specific heat capacity of air. The energy
stored in the air is calculated by Equation

Eair = &€ Pgir * Vbed : Cp,air . (Tfinul - Tinitial) (A3)

The energy of air stored is found to be 0,025 MWh. This represents 0,01% compared to
the 130 MWh stored in the air and is therefore neglected in the analysis of the packed bed.
The mass of air is found using Equation

Muir = € Pair - Vbed (A4)

This is found to be 230 kg, which is 0,02% of the 1000 ton occupied by the stones and is
therefore not taken into account in the analysis of the packed bed.
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Additionally, the mass flow rate estimated and used for the numerical model during charg-
ing and discharging is found using the superficial velocity provided by [von der Heyde, 2022
to be 0.25 m/s. The density of air is assumed to be found at the initial temperature of 224
°C and looked up at 1 atm. This density is found to be 0.7 kg/m>. The mas flow of air
through the bed are thereby determined using Equation

mair = Pair Vuir : Abed (A-5)

This mass flow is found to be 12.38 kg/s. This is used through the verification of the
numerical model compared to the PBTES by [von der Heyde, 2022].

A.5 Grid Indepence Study

A grid independence study is conducted for the packed bed model to ensure that the
numerical results are not significantly influenced by the discretization of the domain and
to confirm that the model has reached convergence. The simulation is performed for the
charging cycle over a 24 hour period, with the inlet air temperature at 650 ° C. The mass
flow rate is set to 12.38 kg/s. Figure shows the temperature distribution along the
length of the bed for discretizations using 50, 100, 200, and 400 cells.
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Figure A.3: Variation in cells for the temperature distribution across the bed.

As shown in the figure, increasing the number of grid cells results in only minor changes in
the temperature profile during the discharging process. The difference in results between
the 200- and 400-cell cases is negligible, indicating that 200 cells are sufficient to achieve
grid-independent results while also reducing computational cost.

A.6 Single Pressure Rankine cycle

The mass flow rates and the temperatures involved in the hot and cold fluid in the HRSG
are used to determine the heat transfer rates, which include the LMTD values and defined
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U values for the three heat exchangers, thereby the heat transfer area can be found. These
corresponding values are presented in Table for the 20 bar configuration.

Section Thot,in (OC) Thot,out (OC) Tcold,in (OC) Tcold,out (OC) LMTD (K) Q (MW)
Economizer 222 143 105 207 24,95 0,891
Evaporator 557 222 212 212 94,59 3,95
Superheater 650 557 212 480 247,23 1,14
Section Overall U (W/m?K) Area A = Q/(U-LMTD) (m?)
Economizer 100 357
Evaporator 50 835
Superheater 50 92

Table A.2: Temperatures, heat transfer rates and areas for the HRSG involving the economizer, evaporator
and superheater with the dearator at a pressure of 20 bar.

A.7 Variation in Convective Heat Transfer Coefficient

The convective heat transfer coefficient h represents the rate at which heat is exchanged
between the air and the stones within the packed bed. This coefficient also affects the
temperature gradient along the length of the bed. Figure illustrates how varying h
affects the temperature distribution along the bed length during the discharging cycle.
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Figure A.4: Variation in convective heat transfer coefficient h during 24 hour operation ranging from 1-80
(W/(m? - K))

Figure shows the temperature profile across the length of the bed for different values
of the convective heat transfer coefficient h, ranging from 1-80 W/(m? - K). For all the
cases, the temperature decreases along the bed length for the discharging cycle. As h
increases, the rate of heat transfer increases, leading to a steeper temperature gradient
along the bed. For higher h values, the fluid temperature drops more rapidly within the
first few meters of the bed, indicating more effective thermal interaction. Conversely, for
lower h values, the temperature decreases more gradually along the entire bed, showing
weaker heat transfer and a more uniform temperature profile.
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