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Abstract

Future power systems relying on intermittent renewable electricity
sources require cost-e�cient and energy-e�cient electrical energy stor-
age (EES) solutions to ensure a reliable and �exible electricity supply.
The Brayton Carnot battery ( CB) is an emerging EES option that
addresses this need. However, to further improve its cost e�ciency and
�exibility, this thesis investigates the integration of a compact induction
air heater within the Brayton CB. The main objectives of this study are
to quantify the tradeo� between system capital expenditures (CAPEX )
and round-trip e�ciency ( RTE) resulting from this integration while
developing a novel design solution for such a high-temperature (HT)
electric heater component.

A multi-scale approach is employed to achieve these objectives, applying
the micro, meso, and macro scales. Technological developments on
the micro and meso scales led to identifying an inductively heated
pebble bed air heater concept using silicon carbide (SiC) ceramics as a
favorable HT induction heater material solution. Experimental results
validated the numerical multi-physics model and proved the suitability
of this novel HT induction heater solution for integration into the
Brayton CB.

A techno-economic analysis was conducted on the macroscale for a
Brayton CB air system with a storage capacity of 210 MWh. The
�ndings demonstrated that applying a compact induction air heater
based on SiC is a cost-e�ective solution for reducing system CAPEX.
However, the external HT heat integration at 1050°C was accompanied
by a slight decrease in RTE. Thus, a tradeo� was observed between RTE
and the system CAPEX, with a 23% reduction in CAPEX achieved
at the expense of a 5% decrease in RTE. These results validated the
study's main hypothesis, highlighting the remarkable cost advantage of
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integrating a compact induction air heater within the Brayton CB. The
study contributes valuable insights into developing and integrating the
induction air heater solution for HT applications in the Brayton CB
and retro�tting natural gas-�red systems in industrial furnaces, such
as tunnel kiln. The proposed SiC-based induction air heater concept
represents a unique power-to-heat solution for air heating purposes
above 900°C, expanding the existing state of the art in this �eld.

Altogether, this research provides a comprehensive analysis of integrat-
ing an induction air heater in the Brayton CB. The study demonstrates
its potential to improve system cost-e�ciency while recognizing the
tradeo� in RTE. The �ndings contribute to the advancement of EES
solutions and o�er practical insights for developing HT heating systems
in industrial applications.
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Kurzfassung

Zur Gewährleistung einer zuverlässigen und �exiblen Stromversorgung
erfordern künftige Stromversorgungssysteme, die sich auf �uktuierende
erneuerbare Stromquellen stützen, kosten- und energiee�ziente Lö-
sungen für elektrische Energiespeicher (EES). Die Brayton Prozess-
basierte Carnot Batterie (CB) ist eine aussichtsreiche EES-Option, die
diesem Bedarf gerecht wird. Um deren Kostene�zienz und Flexibil-
ität weiter zu verbessern, wird in dieser Arbeit die Integration eines
kompakten Induktionsluftheizers in der Brayton-Batterie untersucht.
Übergeordnete Ziele dieser Untersuchung sind die Quanti�zierung des
Zielkon�ikts zwischen den Investitionskosten (CAPEX) und dem elek-
trischen Wirkungsgrad (RTE) des Systems sowie die Erarbeitung einer
neuartigen Entwurfslösung für solch einen elektrischen Hochtemperatur-
Induktionsheizer.

Um diese Ziele e�ektiv zu erreichen, wird ein Multiskalenansatz zu-
grunde gelegt, der eine anwendungsorientierte Technologieentwicklung
auf der Mikro-, Meso- und Makroebene forciert. Die Simulations-
basierte Untersuchung auf der Mikro- und Mesoebene ergibt eine
Hochtemperaturlösung, welche aus einer induktiv beheizten und mit
Luft durchströmten Kugelschüttung aus einer Siliziumkarbid-Keramik
(SiC) besteht. Dessen multi-physikalisches Modell wird durch experi-
mentelle Ergebnisse validiert und für den Einsatz in der Brayton CB
abgesichert.

Auf der Makroebene wird eine techno-ökonomische Analyse für ein Bray-
ton Prozess-basiertes System mit einer Speicherkapazität von 210 MWh
durchgeführt. Die Ergebnisse zeigen kostene�ziente Systemkon�gu-
rationen mit deutlich reduzierten Investitionskosten, die durch den
Einsatz eines kompakten Hochtemperatur-Induktionsheizers auf SiC-
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Basis ermöglicht werden. Die Integration von elektrisch erzeugter
Hochtemperaturwärme bei bis zu 1050°C geht jedoch mit Wirkungs-
gradeinbuÿen einher, so dass ein Zielkon�ikt zwischen dem elektrischen
Systemwirkungsgrad (RTE) und der Systemkosten (CAPEX) entsteht.
Diese Ergebnisse verdeutlichen das Kostensenkungspotential durch die
Integration solch einer kompakten Induktionsheizung und bestätigen
damit die Haupthypothese dieser Arbeit.

Weiterhin liefert die Studie wertvolle Erkenntnisse für die Entwicklung
und Integration einer solchen Heizerlösung für die Hochtemperaturan-
wendung in der Brayton Prozess-basierten CB und für die Nachrüstung
von Erdgas-befeuerten Systemen in Industrieofenanlagen wie etwa dem
Tunnelofen. Das erarbeitete Induktionsheizerdesign stellt eine einzigar-
tige Lösung für Lufterwärmungszwecke oberhalb von 900°C dar und
erweitert den bestehenden Stand der Technik auf diesem Gebiet.

Diese Untersuchung stellt insgesamt eine umfassende Analyse der
Integration eines Hochtemperatur-Induktionsluftheizers in der Bray-
ton Prozess-basierten CB dar. Die Studie zeigt das Potenzial zur
Verbesserung der Kostene�zienz des Systems unter Berücksichtigung
des elektrischen Systemwirkungsgrads. Die Erkenntnisse tragen zur
Weiterentwicklung von kostene�zienten EES-Lösungen bei und bieten
praktische Einblicke für die Entwicklung von elektrischen Hochtemperatur-
Heizsystemen für industrielle Anwendungen.
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Chapter 1

Introduction

Achievements in developing renewable energy technologies have reduced
their cost and improved their performance, leading to the rapid growth
of renewable energy sources in the global electricity supply [1]. However,
the reduced predictability of intermittent renewable electricity sources
(RESs), such as solar photovoltaics and wind power, requires su�cient
power system �exibility and reliability. Utility-scale electrical energy
storage (EES) technologies can provide a �exible and reliable supply of
electricity from RESs at low cost [2], promising to cover the required
world energy storage demand of 250 GW by 2030 [3, 4].

1.1 Utility-scale electric energy storage

systems

An EES converts electrical energy into another energy form that can
be su�ciently stored over days and reconverts it to the initial form
when needed. Extensive research has been conducted over the past two
decades, proposing various solutions for medium-duration and utility-
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Introduction

scale EES technologies. Xue et al.[5], Luo et al. [6], and Olympios
et al. [7] provided a comprehensive review of such EES for load-
balancing applications in power systems. Most of the reviewed works
have conducted a technical analysis [5� 8], while some have evaluated
the economics, giving cost estimations for initial investment cost [6,
7]. However, only a few works [8, 9] have assessed investment and
operational costs together with round-trip e�ciency ( RTE) over the
system lifecycle.

Jülch [8] and Smallbone et al. [10] presented a cost metric that considers
the RTE and enables the comparison of EES system cost consistently
over their lifecycles. The proposed levelized cost of storage (LCOS)
indicates the ratio of discounted costs to dispatched electricity over the
lifecycle. The LCOS method was used to analyze medium-term EES
with 100 MW power output and 400 MWh energy storage capacity.
The results indicated LCOS of up to 130¿/MWh for commercially-
available EES solutions such as pumped hydro energy storage (PHES)
and diabatic compressed air energy storage (D-CAES). Battery energy
storage systems such as lithium-ion (Li-ion) and vanadium redox �ow
were expected to become competitive with similar LCOS by 2030 [8].
However, recent cost reductions driven by economies of scale have led
to current economics, launching EES projects with 524 MWh Li-ion
batteries in Idaho (US) [9] and 800 MWh vanadium redox �ow batteries
in Dalian (China) [ 11]. Emerging EES technologies with LCOS below
150 ¿/MWh [ 8] are adiabatic compressed air energy storage (A-CAES)
and Brayton pumped heat energy storage, also referred to as Brayton
pumped thermal energy storage (PTES) or the Brayton Carnot battery
(CB).
For a comprehensive overview of CBs, references [12� 15] can be con-
sulted, while Rabi et al. [16], Budt et al. [ 17], and de Sisternes et al.
[18] presented the state of the art of CAES.
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1.1 Utility-scale electric energy storage systems

Although the LCOS is an appropriate indicator for investment planning
that considers RTE, accumulated costs, and cycle stability over the
expected operating life of the EES, it omits the energy e�ciency aspect
concerning primary energy demand. Therefore, Barnhart et al. [19]
proposed the energy stored on invested (ESOI) metric derived from the
energy returned on energy invested ratio (EROI). This metric quanti�es
the amount of energy stored by an EES compared to the primary energy
required for its manufacture and installation. The authors used the
ESOI to compare various utility-scale EESs regarding energy e�ciency.
This comparison revealed that battery energy storage systems store a
maximum of 10 times (ESOI = 10 for Li-ion) the energy required to
build them. In contrast, thermo-mechanical EESs such as CAES (ESOI
= 240) and PTES (ESOI = 210) have much higher energy e�ciency.
Although these thermo-mechanical EESs are highly energy-e�cient
(high ESOI) and cost-e�cient (low LCOS), they depend on particular
geographical morphologies, such as large water reservoirs for PHES or
large underground caverns for both CAES technologies. An additional
drawback of the D-CAES concept is the system's inherent limitation in
RTE [ 9, 11]. In contrast, Brayton CB is independent of geographical
constraints; its RTE is only limited by component irreversibility but
additionally bene�ts from high energy density, a high ESOI, and a low
LCOS [7�9, 12�14].

The Brayton CB operates based on the reversible Brayton cycle, which
most widely uses air, nitrogen, or argon as the working �uid (WF) [7]. In
this storage system, electric energy is used to transform low-temperature
heat into high-temperature heat and store the thermal energy in two
thermal energy storage (TES) systems, one for low temperatures and
pressures and the other for high temperatures and pressures. The TES
systems usually comprise solid media thermal energy storage (STES)
or liquid phase two-tank storage. While state of the art atmospheric
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liquid phase two-tank storage systems with nitrate molten salt
(T max < 565 � C for nitrate molten salt [ 7]) require an additional heat
exchanger for the heat transport to the WF, the pressurized STES
system is characterized by direct heat transfer from the storage material
to the WF and is limited to the operating temperature in the range
of 500 � C to 1050 � C [9, 12, 14]. During the discharging period, the
stored thermal energy is converted back into electrical energy using
a gas turbine cycle. The excess heat leaving the gas turbine is given
to the low-temperature TES system to cyclically provide heat for the
heat pump cycle. In addition, the Brayton CB system comprises
two compressors and two expanders, one each for the charging and
discharging cycles. The idea of PTES was developed a century ago
by Maguerre [21] and proposed by various authors during the 20th

century as a suitable solution to improve the operational �exibility of
fossil-�red power plants [22]. Then, as the penetration of RESs into the
power system increased in the last decades, the need for supply security
and grid stability prompted adapting of the Brayton CB concept for
grid-scale load-balancing applications.

The most popular Brayton CB systems that have been patented to
address this application are the Saipem S.A. [23] and Isentropic Ltd. [24]
grid-scale CB systems. Both use argon as a WF for direct heat transfer
to the STES systems. Desrues et al. [25] �rst modeled the recuperated
Brayton CB system proposed by Saipem S.A. with an energy storage
capacity of 602.6 MWh and a power output of approximately 100 MW.
This system employs four axial turbomachines for compression and
expansion to achieve a RTE of 67%, with maximum and minimum
system temperatures of 995� C and � 73 � C, respectively.

Moreover, Howes [26], White et al. [ 27, 28], and McTigue et al. [29]
introduced, analyzed, and optimized a 16 MWh/2 MW system patented
by Isentropic Ltd. [ 24], which stores thermal energy at a maximum
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1.1 Utility-scale electric energy storage systems

of 600 � C and a minimum of �164 � C in two packed-bed STESs using
only two reciprocating piston engines for compression and expansion.
This system achieves a RTE of 59% and 87%, respectively, considering
piston engines' polytropic e�ciency of 0.90 and 0.99 [24]. The �rst
experimental results from the recently commissioned 600 kWh/150 kW
demonstrator revealed a RTE of 73.1% for a single-cycle operation with
a polytropic e�ciency of 0.98 at full-load conditions, using argon as
the WF [30]. However, considering mechanical and electrical losses, the
system demonstrated a total RTE of 54.6%.

Although these studies marked signi�cant progress in the technical
development of Brayton CB solutions for the power grid, the current
revenue options from energy arbitrage and frequency regulation are
insu�cient to cover the high capital expenditures (CAPEX) and over-
come the barriers to market integration [31, 32]. Hence, it is crucial to
focus on improving cost-e�ciency and system performance to promote
the economic feasibility of Brayton CB systems. Therefore, the concept
of utilizing power-to-heat (PtH ) in A-CAES inspired by Dreissigacker
and Belik [33] was adapted to Brayton CB systems by incorporating
an electric �ow heater (EFH) component into the heat pump cycle, as
illustrated in Figure 1.1.

1.1.1 Motivation and objectives

The underlying idea for cost-e�ciency and system performance im-
provements is based on integrating an EFH downstream of the heat
pump compressor. In addition to the heat provided by the compressor,
high-temperature heat is generated by Joule heating and transported
to the hot STES, where it is stored at a high-temperature level us-
ing low-cost storage materials [34]. During the discharging period,
the hot STES provides this high-temperature heat to power the heat
engine cycle by reversing the �ow direction of the WF. As a result,
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Fig. 1.1 Schematic of Brayton CB con�guration with an additional
power-to-heat unit (electric �ow heater � EFH).

the utilization of additional PtH increases the power output and the
energy density of the system, leading to two major bene�ts. Firstly,
providing heat at various temperature levels to the heat engine cycle
independently from the operating pressure of the heat pump improves
the system's performance, enabling a high electrical power output for a
lower pressure setting while maintaining a high system temperature.
Secondly, it reduces the components' required size and equipment cost,
signi�cantly improving cost e�ciency. However, the major drawback
of PtH integration is decreased RTE due to process irreversibilities
accompanied by the limited Carnot e�ciency of the gas turbine cycle.
Therefore, the key challenge addressed in this thesis is quantifying the
tradeo� between the costs and RTE, which strongly depends on the
quality of the EFH component.
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1.1 Utility-scale electric energy storage systems

Previous research has not extensively explored the impact of adding
electric heating to Brayton CB systems on cost e�ciency and RTE.
Benato [34] and Chen et al. [36] proposed integrating an electric heater
between the heat pump compressor and hot STES to reduce the cost
of the compressor by limiting its capability. Benato achieved the cost
limitation by reducing the compressor pressure, limiting its outlet
temperature to 550 � C while using the EFH to raise the STES inlet
temperature to 1050 � C. Results of this techno-economic assessment
indicated a 105% increase in STES energy density to 430 kWh/m3,
a 35% cost reduction to 54 $/kWh, and an unexpected improvement
in RTE from 6.3% to 7.0%. Moreover, Chen et al. [36] presented a
hybrid system with a bottoming organic Rankine cycle requiring an
EFH outlet temperature of 1127 � C, resulting in more than double the
energy density to 62.2 kWh/m3, but a 5.89% lower RTE compared to
operation without the EFH.

Although both studies demonstrated the increase in energy density
demanding high EFH outlet temperatures above 1000� C, neither re-
vealed technical details on the PtH concept, EFH component shape, size,
or dimension. Moreover, Benato's assessment showed an unexpected
improvement in the RTE alongside cost reduction, which is usually a
tradeo�. Therefore, this research aims to address these knowledge gaps
by answering two central research questions:

1. What impact does the electric �ow heater have on the system
cost and round-trip e�ciency of the Brayton CB?

2. Which electric �ow heater concept, design, and heating material
are suitable to meet the requirements of a Brayton CB applica-
tion?

This thesis hypothesizes that PtH integration o�ers a signi�cant cost
advantage for the Brayton CB system when a compact EFH component
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is added downstream of the HP compressor. Consequently, this research
aims to achieve primary, secondary, and tertiary objectives. The primary
objective is to investigate the in�uence of additional PtH integration
on system costs and RTE. The secondary objective is to elaborate and
verify a novel design solution with suitable heating element material for
the EFH that meets the application-speci�c requirements of a Brayton
CB. Moreover, a time-e�cient design tool is essential as a modeling basis
for design studies on a system level. Therefore, the tertiary objective
is to provide a compact and time-e�cient electrothermal model that
speci�es the EFH size for further techno-economic analysis addressed
in the primary objective.

Overall, achieving these thesis objectives will advance knowledge in the
�eld of EFH and provide essential insights into the potential of PtH as
a practical and cost-e�cient solution for facilitating the development
of cost-e�ective and sustainable Brayton CB systems.

1.1.2 Methodology and contributions

A multi-scale approach was applied to address the central objectives
and research questions, where each of the research questions and the
associated objectives were allocated to the macro, meso, and micro
scales of Figure 1.2.

According to this holistic approach, the energetic and economic impact
of the EFH component on the Brayton CB system was investigated at
the system scale (paper III) using wide-ranging parameter studies with
varying technical and economic parameters. This extensive simulation
study required easy-to-implement and time-e�cient component models
to obtain reliable �ndings. Therefore, a compact design model for the
EFH component was developed at the meso scale (paper II), using
simpli�cations for the detailed numerical model from the micro scale.

8



1.1 Utility-scale electric energy storage systems

Fig. 1.2 Research questions and objectives embedded in the multi-scale
approach.

In parallel, a technical solution was provided for the heater concept
elaborated at the micro scale (paper I), where technical aspects of the
electrothermal process, its multi-physical phenomena, and material
aspects were addressed in a detailed modeling approach. Moreover, the
numerical and experimental investigation on this deepest scale provided
the in-depth process understanding needed to prove the elaborated
concept solution for the technical requirements of the Brayton CB
system. Therefore, the initial step in this thesis was the de�nition of
the technical requirements in Sec. 2.1, in descending order from system
to component and material scales, to obtain application-speci�c �ndings
for developing the EFH solution.

In Figure 1.2, the �ndings were obtained in ascending order from the
micro and meso scales, contributing to the primary objective of this
thesis at the macro scale. This methodology allowed for the following
crucial contributions in nine steps, starting with de�ning the technical
requirements based on idealized system simulation without EFH design
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Introduction

and cost data at the macro scale. The approach completed with a loop
at the same scale, assessing system costs and RTE using a speci�ed
EFH design solution with its corresponding equipment cost.

1. De�nition of key technical requirements for the EFH from the
idealized system model

These requirements were given at the micro scale for the following:

2. Comparison of PtH technologies and speci�cation of the EFH
concept: a high-temperatureEFH concept solution

3. Identi�cation of a suitable material solution (Sec. 2.2.4.5): E�-
cient high-temperature ceramic material for operation tempera-
tures above 1000� C

4. Model development of the EFH concept solution (Sec. 2.2.2.2): A
numerical multi-physics model for calculating the distribution of
the temperature �eld, velocity �eld, volumetric heat generation,
power density, and e�ciency

5. Proof-of-concept and model validation (Sec. 2.2.1.2 and Sec.
2.2.4.1): Laboratory setup of the EFH concept, itsexperimental
proof for the application in Brayton CB, and the model validation

This EFH concept with the validated numerical model was given to the
meso scale for the following:

6. Model simpli�cation: A compact and dimensionless� -� -St model
for time-e�cient calculations and comparison with other EFHs
concepts and their characterization

7. Veri�cation of the simpli�ed model: a veri�ed and easy-to-implement
universal modeling approachfor time-e�cient design studies at
the macro scale.

10



1.1 Utility-scale electric energy storage systems

The elaborated and proofed EFH solution and its validated and sim-
pli�ed modeling approach were implemented at the macro scale for
techno-economic analysis of the Brayton CB with PtH extension, in-
cluding the following:

8. Upscaling of the EFH solution and design study (Sec. 2.4.5): A
compact and modular EFH solutionwith high power density to
achieve a high outlet temperature while reducing system costs

9. Quanti�cation of the tradeo� (Sec. 2.4.5.3): The tradeo� between
system costs and RTEproves that the incorporation of additional
high-temperature heat reduces the system costs along with the
RTE.

These contributions veri�ed the main hypothesis of this work that
PtH o�ers signi�cant cost leverage for the Brayton CB system when
a compact EFH component is incorporated downstream of the heat
pump compressor.
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Chapter 2

Publications

This thesis builds upon the research work published in the following
journals and conference contributions. The research work is speci�cally
described in Secs. 2.1�2.4, starting with a preliminary study (Sec.
2.1) introducing the EFH concept and de�ning its requirements for the
contribution on the micro scale (paper I) from Sec. 2.2. The subsequent
sections present the contributions in ascending order from micro to
macro scale (paper II) from Sec. 2.3 and (paper III) from Sec. 2.4,
addressing the main hypothesis of this thesis that is illustrated together
with the publications in Figure 2.1.

Preliminary studies: introduction of the induction air heater
concept and de�nition of technical requirements:
Proceedings of UIE 2021: XIX International UIE Congress on Evolution
and New Trends in Electrothermal Processes 1.-3.2021, Pilsen,
Faculty Electrical Engineering, University of West Bohemia, 2021, pp.
45�46. https://doi.org/10.3390/app130423
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Fig. 2.1 Contributions addressing the main hypothesis applying the
multi-scale approach from Figure 1.2.

This study was published in 2021 in the Proceedings of the XIX Inter-
national UIE Congress in Pilsen. It presents an experimental concept
study and preliminary results for the selected induction air heater
concept. In contrast to this preliminary study, the subsequent journal
contributions adopt a holistic multi-scale approach to form a consistent
trilogy.

1. Paper I (micro scale): Material identi�cation, numerical
modeling, experimental validation and proof-of-concept
Belik, S.; Khater, O.; Zunft, S. Induction Heating of a Fluidized Pebble
Bed: Numerical and Experimental Analysis. Appl. Sci. 2023, 13, 2311.
https://doi.org/10.1016/j.est.2022.104570.
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2. Paper II (meso scale): Development of a compact EFH
design model
Belik, S., Dreissigacker, V., & Zunft, S. (2022). Power-to-heat integra-
tion in regenerator storage: Enhancing thermal storage capacity and
performance. Journal of Energy Storage, 50, 104570.
https://doi.org/10.1016/j.est.2022.104570.

3. Paper III (macro scale): Veri�cation of the main hypothesis
through techno-economic system analysis and evaluation
Sergej Belik. Techno-economic evaluation of a Brayton battery con-
�guration with power-to-heat extension. Journal of Energy Storage,
Volume 68, 2023, 107416,
https://doi.org/10.1016/j.est.2023.107416.

Further contributions referenced in this thesis have been pub-
lished as follows:

Belik, Sergej (2019) Power-to-Heat Integration in Solid Media Thermal
Energy Storage: Increasing System Cost E�ciency and Flexibility. 13th

International Renewable Energy Storage Conference, 12.-14. Mar. 2019,
Düsseldorf, Germany.

Dreiÿigacker, Volker, and Sergej Belik. (2019). "System Con�gurations
and Operational Concepts for Highly E�cient Utilization of Power-to-
Heat in A-CAES" Applied Sciences9, no. 7: 1317.
https://doi.org/10.3390/app9071317.

Belik, Sergej (2020): Power-to-Heat integration in Brayton Battery:
Increasing System Cost E�ciency and Flexibility. IWCB 2020, 14.-16.
Sep. 2020, Stuttgart, Germany.
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Belik, Sergej (2021): Techno-economic evaluation of a Brayton Battery
con�guration with Power-to-Heat extension. 15th International Confer-
ence on Energy Storage (ENERSTOCK 2021), June 9-11, 2021, virtual
conference, (originally scheduled in Ljubljana, Slovenia).

Belik, Sergej (2022): Power-to-Heat integration in a two-stage Brayton
Battery: Increasing System Cost E�ciency and Flexibility. 3 rd Inter-
national Workshop on Carnot Batteries, 27.-28. Sep. 2022, Stuttgart,
Germany.

Belik, Sergej und Dreiÿigacker, Volker (2022) Entwicklung eines neuar-
tigen Induktionsheizers für CO2-neutrale Industrieprozesse. 8. Dialog-
plattform Power to Heat 2022, 15. Dez. 2022, Berlin.

Belik, Sergej (2023): Brayton Carnot battery con�guration with ex-
tended induction air heater: A techno-economic assessment. Helmholtz
Energy Conference 2023. 12-13 June. 2023, Koblenz, Germany.

Belik, Sergej (2020): WO2020239288A1 and EP3824228A1. Heat
accumulator apparatus and method for storing and/or transferring
heat, March, 24th 2020 (Priority claimed from DE102019207967A1).
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2.1 Preliminary studies: Introduction of

the induction air heater concept and

de�nition of technical requirements

2.1.1 Technical requirements

According to the multi-scale approach introduced in Section 1.3, the
initial step de�nes the technical requirements for selecting the EFH
concept solution while providing further insights into the multi-scale
investigations. The de�nition of the technical requirements is based
on the outcomes from idealized simulation studies at the macro scale
for the Brayton CB [ 35] and A-CAES [33]. Both studies have shown
that elevating the maximum system temperature through integrating
additional PtH within the heat pump cycle increases the energy density
of the system and reduces the required component size, o�ering the po-
tential for cost reduction. To this end, three key technical requirements
for the EFH were identi�ed, as presented in Figure 2.2:

1. High outlet temperature TEFH,out > 550 °C

2. Maximum volumetric power density pvol

3. Maximum power-to-heat conversion e�ciency � PtH

The system requires high temperatures beyond the feasible outlet
temperature of the heat pump compressor to achieve a maximum
energy density for a compact storage system. Benato [35] proposed
550 °C for this compressor limitation to avoid high R&D e�orts with
associated high equipment costs. The heat pump compressor is the most
expensive Brayton CB component. Hence, limiting its temperature
capability is a reasonable way to e�ectively minimize system costs.
Consequently, the EFH outlet temperature must exceed 550°C.
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2.1 Preliminary studies: Introduction of the induction air
heater concept and de�nition of technical requirements

Fig. 2.2 General conceptual con�guration and heat balance of the EFH
component.

It is crucial to maximize the volumetric power density pvol of the EFH
to minimize the equipment cost of the additional EFH component
while ensuring a high cost e�ciency for the Brayton CB system. The
de�nition of this parameter is based on Joule heating, also known as
resistive or ohmic heating, directly related to Ohm's Law, representing
the electric power fully converted into heat per unit volume of the
electrically conducting body. The volumetric power density pvol is
expressed using Joule's �rst law in di�erential form with the electrical
conductivity � and the electric �eld strength E .

pvol =
dPel

dV
= �E 2 (2.1)

For an e�cient generation of high-temperature heat by the EFH and
to ensure a high RTE for the Brayton CB system, the EFH component
should have the maximum possible PtH e�ciency � PtH , de�ned as the
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ratio of delivered high temperature heat _Qth,out to the supplied electric
power Pel,in :

� PtH =
_Qth,out

Pel,in
=

_mf,air � (hf,out � hf,in )
Pel,in

(2.2)

where _mf,air represents the mass �ow rate of the WF (here: air), andh
gives the enthalpy obtained at the heater inlet and outlet, a function
of temperature and pressure.

2.1.2 Induction air heater concept

Two PtH technologies stand out for utilization in EFH to meet the intro-
duced requirements: resistive and inductive heating. Both technologies
operate on the principle of Joule heating and have been established for
decades in various heat treatment applications since they e�ectively
provide high-temperature process heat [37] with a high power den-
sity. Commercially-available utility-scale EFHs currently use resistive
heating elements; however, they have limitations, restricting outlet
temperatures to 600�700 °C due to the constrained heat transfer area
of the employed tubular metallic heating elements [38, 39].

Induction heating is the process of heating an electrically conductive
material by generating an alternating magnetic �eld with an induction
coil based on electromagnetic induction to induce eddy currents into
the heating material by interacting with the alternating magnetic �eld.
The induced eddy currents generate heat based on the principle of
Joule's �rst law, as expressed by Eq. (2.1), inside the heating material.
Therefore, it can provide high-temperature, e�cient, and versatile
heat for various industrial applications, including soldering, surface
hardening, brazing, heat treatment, and metal melting [40, 41].
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2.1 Preliminary studies: Introduction of the induction air
heater concept and de�nition of technical requirements

Previous conceptual studies on induction heating for air heating pur-
poses have revealed signi�cant potential for tubular heating elements
[42, 43] and for the packed bed con�guration [44, 45], illustrated in
Figure 2.3. Compared to tubular heating elements, the pebble bed
con�guration o�ers a 50% larger speci�c heat transfer area and en-
ables turbulent �uid �ow, resulting in more e�cient convective heat
transfer to the air. Moreover, the contactless electric power trans-
mission enables high and uniformly distributed heat generation inside
the granular bed as each sphere induces similar eddy currents. This
bene�cial characteristic ensures a homogeneous heat generation without
the limitations imposed by electrical contacts. With these conceptual
advantages, the e�cient generation and transfer of high-temperature
heat can be achieved, enabling gas outlet temperatures above 1000°C.
Hence, the EFH concept has been selected to generate and transfer
high-temperature heat for the Brayton CB application.

Figure 2.3 presents a schematic arrangement and the experimental
setup of the conceptual con�guration comprising an insulated pebble
bed inside the induction heating coil. The insulation has a dual purpose.
Firstly, it prevents a direct short-circuit between the induction coil
and the pebble bed, while secondly, it minimizes heat losses from the
hot bed to the ambient, aided by the presence of the insulatedAl 2O3

ceramic tube.

19



Publications

Fig. 2.3 Conceptual arrangement (left) and experimental setup (right)
of the inductively heated pebble bed concept.

Overall, induction heating of a pebble bed can provide a high-temperature
and energy-e�cient heat source with a high power density. However,
further research is needed to fully understand the electrothermal pro-
cess and prove this EFH concept's application in a Brayton CB. The
following contribution addresses these challenges and presents a suitable
material solution speci�cally identi�ed for high-temperature applica-
tions to advance this EFH concept's applicability in a Brayton CB.
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2.2 Paper I (micro scale): Material iden-

ti�cation, numerical modeling, experi-

mental validation, and proof-of-concept

Sergej Belik, Omar Khater and Stefan Zunft

The following research paper was published in
Applied Sciences
Volume 13, No. 4, February 2023, 13042311
https://doi.org/10.1016/j.est.2022.104570

Contribution roles

Sergej Belik:

Research work - Conceptualization, methodology and model development,

software, investigation and validation, formal analysis and data curation

Writing - Conceptualization, original draft preparation, reviewing, editing

and visualization

Omar Khater:

Research work - Software and modeling, experimental investigation

Writing - Reviewing and editing

Stefan Zunft:

Reviewing, editing and supervision
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2.3 Paper II (meso scale): Development of

a compact EFH design model

Sergej Belik, Volker Dreissigacker and Stefan Zunft

The following research paper was published in
Journal of Energy Storage
Volume 50, June 2022, 104570
https://doi.org/10.1016/j.est.2022.104570

Contribution roles

Sergej Belik:

Research work - Conceptualization, methodology, software and model devel-

opment, investigation, formal analysis and data curation

Writing - Conceptualization, original draft preparation, review, editing and

visualization

Volker Dreissigacker:

Research work - Investigation

Writing - Reviewing and editing

Stefan Zunft:

Reviewing, editing and supervision
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2.4 Paper III (macro scale): Veri�cation

of the main hypothesis through techno-

economic system analysis

Sergej Belik

The following research paper was published in
Journal of Energy Storage
Volume 68, September 2023, 107416
https://doi.org/10.1016/j.est.2023.107416

Contribution roles

Sergej Belik:

Research work - Conceptualization, methodology, software and model devel-

opment, investigation, formal analysis and data curation

Writing - Conceptualization, original draft preparation, review, editing and

visualization

Stefan Zunft:

Reviewing and supervision
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