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ARTICLE INFO ABSTRACT
Keywords: Electro-thermal energy storage (ETES) technology has presented its great potential to efficiently consume
Electromagnetic induction heat storage renewable energy and increase the flexibility of power grid. This paper presents an innovative ETES system that

Moving bed heat release
Thermal and economic analyses
System design

Numerical simulation

integrates electromagnetic induction heat storage (EIHS) with moving bed heat release (MBHR). A numerical
simulation method based on CFD-DEM was developed to access the system’s performance and evaluate its
technical feasibility. In a studied case, the EI heater unit achieves uniform radial temperature distribution,
adjustable temperature rise rate, and high particle heat storage density, while the tubular MBHE unit shows high
heat transfer intensity (678.2-784.6 W/m?/K). The system’s power-to-power conversion efficiency is approxi-
mately 30.78 %, excluding minor power consumption. The developed system offers three operation modes and
two business models for peak electricity supply. The preliminary economic evaluation indicates that model 1,
using valley power, has a 5-year payback period and a 21.56 % internal rate of return (IRR), while model 2, using
abandoned photovoltaic/wind power, shows a 10-year payback period and an 11.26 % IRR. Further sensitivity
analysis suggests model 1 is more cost-effective while model 2 offers slightly better risk resistance. This work has
offered some valuable insights into the advanced enhancement and development of the ETES system, as well as
its future engineering applications.

methods, electro-thermal energy storage (ETES) technology has
garnered significant attention due to its system simplicity, high effi-
ciency in electro-thermal conversion, and broad applicability. For
instance, in terms of a photovoltaic power station coupled with
hydrogen production from water electrolysis, the addition of an ETES
system can effectively mitigate the intermittency of photovoltaic power
and enhance the supply stability of the hydrogen production [10,11].
For the coal-fired generation units, the ETES system can efficiently
consume the electricity in excess of load demand, thereby significantly
enhancing their peak shaving capacity [12]. Furthermore, it can func-
tion as an independent energy storage power station (electric-to-ther-
mal-to-electric conversion) [13,14], or satisfy the heat needs of users
(such as paper mills) [15], in order to mitigate the imbalance and
instability of electricity supply and demand, thus substantially boosting
the grid’s flexibility.

Generally, an ETES system can be characterized by three key parts,

1. Introduction

Currently, renewable energy sources such as photovoltaic and wind
power have experienced rapid development. Global renewable capacity
additions are projected to increase from 666 GW in 2024 to about 935
GW in 2030, with photovoltaic and wind power forecast to make up 95
% of the total renewable capacity growth during this period [1]. How-
ever, these high-proportion renewable energy sources, characterized by
intermittency, volatility, and randomness, significantly impact the reli-
ability and stable operation of the power grid [2-4]. Consequently, a
variety of energy storage technologies have emerged, with the core
objective of storing surplus power in alternative energy forms (such as
thermal energy [5], chemical energy [6,7], mechanical energy [8,9],
etc.) and subsequently deploying it as heat or electricity in response to
demand when necessary. Among various forms of energy storage
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Nomenclature Subscripts
ao Actual output of steam turbine
Area heat transfer area, m> ap Actual power
Bo Amplitude of the incident magnetic flux density, mT cs Comprehensive subsidy
Bn Coefficient related to the business models, / EIh EI heating
Cc Annual total cost, x10* ¥/y e Equipment
Cpt Fluid specific heat capacity, J/kg/K ei Equipment installation
Cpp Particle specific heat capacity, J/kg/K em Equipment maintenance
D, Coil inner diameter, m et Engineering test
d, Particle diameter, m go Generator output
e Earnings, ¥/kW-h gs Government subsidy
Fij Critical parameters in the evaluation model, / hr Heat release
f Heating frequency, Hz hs Heat storage
h Hours, h hu Heat utilization in the tubular MBHE
he Coil height, m hw Hiring workers
Peoef Heat transfer coefficient, W/m?2/K 1 Land
I Investment, x10* ¥ op Operating
I Coil maximum current, A P Particle
K Correction coefficient, / pd Project design
L Project life cycle, y pe Peak electricity
M, Money flow over x years, / pg Power generation
m Rated mass flow rate, t/h or kg/s pm Project management
m Mass, kg PP Peak power demand for self-consumption
Ny Number of EI heater units, / p Rated power of steam turbine
N, Number of particles in an EI heater unit, / s Steam
Ny Number of workers, / scp Self-consumption power
Mmin A parameter related to the payback period PBP, y sp Supplement particle
P Power, kW sw Supplement water
D Price, ¥/t or x 10% ¥/t t Total
Qtw Fluid-to-wall heat flux, W v Valley electricity
Qpx Particle heat flux involving conduction, convection, and ve Valley electricity
radiation w Water

Qp—w Particle-to-wal.l heat flux, W Abbreviations
Qw Hea.t ﬂux. received by tube wall, W AC Alternating current
r Ratu? ?r, 1nterest. rfite, / . CFD-DEM Combined approach of computational fluid dynamics and
S;j Sensitivity coefficient of factor Fij, / discrete element method
S;j Average sensitivity coefficient of multiple tests, / EI Electromagnetic induction
Te Turns per coil, / EIHS-MBHR EI heat storage with moving bed heat release
Ty Fluid temperature, K ETES Electro-thermal energy storage
Ty Particle temperature, K FBHE Fluidized bed heat exchanger
AT,  Particle-to-wall temperature difference, K H2H Heat-to-heat
t Time, s H2H2P Heat-to-heat-to-power
v Particle volume, m® H2X Heat-to-x, X/x can be electricity, thermal energy, or even
Vdes Particle descending velocity in an EI heater unit, mm/s chemical energy
Wu Internal heat source strength, W IRR Internal rate of return
W average salary of a single worker per year, x10* ¥/y MBHE  Moving bed heat exchanger
Y Annual total revenue, x10* ¥/y (Wan Yuan per year) NPV Net present value
Ynet Annual net profit, x10* ¥ P2H Power-to-heat
Greek letters P2p Power-to-power

. PBP Payback period
o Pac.k ed be‘.i porosﬁys, / PICM Particle-in-cell method
Pe Flul(.i densnyi kg/m 3 TFM Two-fluid method
Pp Particle density, kg/m SM Supplementary Material
Ss Skin thickness, m
n Efficiency or coefficient, /
Ag Enthalpy change, kJ/kg

which are the power-to-heat (P2H) module, the medium used in the heat
storage & release cycle (such as molten salt, silica sand, water, etc.), and
the heat-to-x (H2X) energy conversion/transfer module (X can be elec-
tricity, thermal energy, or even chemical energy). For instance, within
the built environment sector, heat pumps or electric boilers are

frequently utilized as power-to-heat (P2H) technologies to transform
electricity into thermal energy, while the medium for this conversion
can be either water or air with an indoor heat exchanger serving as a
H2X device [16]. When it comes to P2H technology, the main heating
methods include resistance heating based on direct-current Joule effect
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[14], electrical infrared heating using thermal radiation, high-frequency
heating employing microwaves, and inductive heating utilizing elec-
tromagnetic induction (EI) effect [16]. Among these, the resistance
heating method has garnered enough attention due to its advantages of
system simplicity, convenient operation, and wide applicability [3,17].
However, further engineering applications of the resistance heating
method are constrained by its inherent drawbacks, including uneven
heating (only directly heat materials around heating surface), finite
lifespan of resistance materials (harsh operating conditions), and the
potential for introducing impurities into the circulating medium (over-
heating of resistance materials) [16]. In contrast to the resistance
heating method, the inductive heating method excels due to its intrinsic
advantages including cost-effectiveness, rapid heating response, precise
temperature control, operation safety, and the absence of pollution
[18-20]. Hence, this method has been extensively applied to the metal
heat treatment, the metal melting, and the metal welding. Accordingly,
it holds significant potential within the energy storage domain, yet it
currently gains limited attention, with the feasible implementation
strategies and system configurations still being undefined.

While, it is essential to confirm the uniformity of EI heating within a
densely packed bed. As reported, within the research domain of pebble
bed systems with internal heat generation [21-26], enough experiments
have demonstrated that an EI coil with a certain number of turns can
effectively and uniformly heat the steel pellets inside it. Catton and
Jakobsson [24] observed that under the conditions of a 463 kHz heating
frequency, a 61 mm i.d. glass tube, and steel particles with the diameters
of 0.69 mm, 1.6 mm, 3.2 mm, and 4.8 mm, the spatial power distribution
within their EI heater was nearly uniform in both the axial and radial
directions. Afterwards, the experiments carried out by Patrick et al.
[25,26] and Sun et al. [23,27] also demonstrated this uniformly heating
effect within EI heaters, despite their different operating conditions.
Thus, it has been confirmed that employing an EI heater as P2H
equipment, along with conductive particles as the medium for heat
storage and release, and utilizing a tubular MBHE for particle heat
release, is a viable approach.

In the EI heating process, high-frequency alternating current (AC) is
applied to the coils, generating an alternating magnetic field. Within this
field, the EI effect induces numerous eddy currents in conductive ma-
terials, leading to continuous heating through the Joule effect. However,
common heat storage/release media (include solid particles like desert
sand [28], rocks, gravel [29], and liquids like molten salts, conduction
oil [30]) cannot be directly heated through the EI effect since they are
nonconducting. Given this, an ideal circulating medium should process
the following properties: satisfactory electrical conductivity, high ther-
mal conductivity, suitable specific heat capacity, high melting point, low
Curie point or weak magnetism, and acceptable cost. Nevertheless, the
EI heating process is particularly characterized by a unique magnetic
shielding phenomenon. Liu et al. [2] utilized a metallic heat exchanger
tube enveloped by an external electromagnetic coil to facilitate induc-
tive heating. Due to the magnetic shielding phenomenon, upon activa-
tion, the coil only induces a gradual temperature rise in the metallic tube
wall, rather than in the iron ore particles. Thus, it is necessary to care-
fully design the system and select the appropriate materials to fully
exploit the excellent characteristics of EI heating.

In order to facilitate the heat release or H2X conversion/transfer
process, two main configurations of heat exchangers are used at present:
fluidized bed and moving bed. The fluidized bed heat exchanger (FBHE)
features its strong gas-solid heat transfer capacity, high heat release
rate, and cost-effectiveness due to the needless of heat transfer surfaces
[31,32]. Moreover, recent research conducted by the National Renew-
able Energy Laboratory suggests that integrating the FBHE with a high-
efficiency air-Brayton combined cycle power block holds significant
promise [32-34]. However, it is not applicable for the ETES system
utilizing EI heating method, due to the fact that the large and dense
conductive particles are difficult to be fluidized while the fine powders
may lead to poor heating performance due to the magnetic shielding
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effect. Additionally, it is crucial to address challenges such as particle
wear, increased self-electricity consumption, and gas heat loss, as these
are also significant concerns that warrant attention [31]. Compared to
the FBHE, the moving bed heat exchanger (MBHE), especially tubular
MBHE, appears better applicability, owing to their compact design,
acceptable heat loss, economic feasibility, and adeptness at managing
solid particles [35-37]. Therefore, tubular MBHEs are extensively
employed for waste heat recovery from high-temperature solids gener-
ated by industrial processes, such as sinters in steel-making [38].

When evaluating a new ETES system, numerical simulation methods,
in addition to essential experiments, can offer a more detailed analysis of
the multi-physical fields within the system and access its comprehensive
performance. Furthermore, numerical simulation methods can also
provide theoretical guidance for the optimization of system structure
and operational parameters. Nowadays, the mainstream multiphase
flow models include the two-fluid method (TFM), the particle-in-cell
method (PICM), and the combined approach of computational fluid
dynamics and discrete element method (CFD-DEM). Among these
methods, CFD-DEM, which treats the fluid phase as continuous and the
particle phase as discrete, offers the benefits of interpretability and
authenticity, making it particularly suited to simulate the heat and mass
transfer phenomena in ETES systems. Furthermore, scholars have
developed various extensions to the CFD-DEM to study the gas—solid
system operating in different application scenarios. However, there is a
lack of heat transfer model integrated into the CFD-DEM framework to
accurately resolve the EI heating phenomenon without any electro-
magnetic simulation.

Given these, an innovative ETES technology combining EI heat
storage with moving bed heat release, named as EIHS-MBHR, is firstly
proposed in this paper. The system description and possible engineering
applications are described in detail. In addition, a numerical simulation
method based on CFD-DEM is established with preliminary verification
to study the particle heating process in an EI heater and the heat release
process in a tubular MBHE. Finally, a comprehensive economic evalu-
ation, incorporating a detailed sensitivity analysis, of this conceptual
ETES is conducted to further assess its feasibility.

2. EIHS-MBHR system design and application
2.1. System description

2.1.1. System design

The conceptual EIHS-MBHR system is shown in Fig. 1, which is
detailed as follows. As mentioned above, a standard EIHS-MBHR system
primarily comprises three modules: a P2H module, a heat-to-heat (H2H)
or heat-to-heat-to-power (H2H2P) module, and a particle storage and
transport module.

(1) The P2H module consists of an EI heater, an AC power, a fre-
quency converter, and a temperature controller with several
thermocouples. The EI heater is powered by the equipped AC
supply, whose frequency is controlled by the converter. A tem-
perature controller monitors and adjusts the heater’s internal
temperature to prevent overheating;

(2) The H2H module for heat provision includes a tubular MBHE and
a water pump. The water is heated to the desired temperature and
then distributed to heat users via the pipeline system. While, the
H2H2P module, which addresses power demand, covers a tubular
MBHE, a water pump, a steam turbine, an electric generator, and
a steam condenser. A conventional steam Rankine cycle is uti-
lized, and the generated electricity is subsequently allocated to
electricity users;

(3) The particle storage and transport module encompasses an
elevator for particles, several solid flow controllers for discharge,
a hot bulk storage unit, and a cold bulk storage unit. The solid
flow controllers are designed to precisely regulate the flow rate at
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Fig. 1. A schematic of the EIHS-MBHR system.

the outlets of these devices. The hot bulk storage unit acts as an
insulator, effectively maintaining the temperature of the internal
particles.

(4) Additionally, the system includes various supplementary parts,
such as a coil radiator and connecting fittings.

For the particle cycle, the bed materials, such as millimeter-grade
steel pellets, are lifted by the carrier and then fed into the heater
through its top inlet. Meanwhile, the input power’s frequency is con-
verted from the industrial frequency to a specific high frequency
through a frequency converter, and then the electricity is transferred
into the multiturn coil wrapped around the heater. As a result of the EI
effect, the particles are heated by eddy currents, and their temperature
can be efficiently maintained at a high level (>600 °C).

After the heating process, the high temperature particles are trans-
ferred to the hot bulk storage unit. If required, the hot particles can be
directed into the tubular MBHE for heat release, immediately trans-
ferring their sensible heat to the working medium (water or steam)
flowing in tube banks. In the tubular MBHE, the particles are driven by
their gravity and move slowly at a set low descent velocity. Afterwards,
the colder particles descend into the cold bulk storage unit to await
being lifted back into the heater, thus completing the material cycle.

As for the fluid medium, a typical steam Rankine cycle is employed.
Detailly, the supercooled water is introduced into the tubular MBHE and
absorbs sensible heat from the high-temperature steel pellets. Then, the
produced superheated steam can be applied by the heat users directly, or
it can drive the steam turbine for electricity generation. For the latter
situation, the dead steam condenses into the supercooled water in the
condenser, and then participates in the next fluid medium cycle.

2.1.2. Operational modes

As illustrated in Fig. 2, for this ETHS-MBHR system, there are mainly
three potential operation modes towards different application scenarios,
which are batch operation mode (Fig. 2a), semi-continuous operation
mode (Fig. 2b), and continuous operation mode (Fig. 2c).

(1) In the batch operation mode, the operating processes can be
divided into four stages: particle lifting stage, particle heating stage,
heat storage stage, and heat release stage. In the first stage, the particle
elevator is running and lifting the particles from the cold bulk storage
unit into the EI heater for particle packing. When the excess electricity is
available, the second stage starts, resulting in the particles inside the
heater heated to a high temperature level. Since the average particle
temperature reaches the set value, the third stage operates and the
heated particles are transferred to the hot bulk storage unit for heat
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Fig. 2. Diagrams of systematic operation modes, including a) batch operation mode, b) semi-continuous mode, and c) continuous operation mode.

storage. Finally, if there is a demand for electricity, the fourth stage
activates, prompting the particles to release their sensible heat. Subse-
quently, the particles are introduced into the cold bulk storage unit,
where they await the next turn.

It can be concluded that the batch operation mode is suitable for
scenarios where heat storage and release occur over a relatively short
period (usually less than one hour), as each batch of steel pellets has a
finite amount of heat available. This mode offers a flexible control
mechanism and facilitates straightforward start-up and shutdown pro-
cedures. For instance, if a significant surge in wind power generation is
anticipated in the near future, the batch operation mode can effectively
convert the excess electricity generation into thermal energy for storage
and provide temporary power generation when wind power input is
insufficient.

(2) The semi-continuous operation mode only has two stages, which
are heat storage stage and heat release stage. The heat storage stage
works in a continuous mode, where particles are persistently delivered
from the cold bulk storage unit into the hot bulk storage unit. Following
this stage, the particles have accumulated a significant amount of heat
energy and can further release it if needed during the subsequent heat
release stage. The primary distinction between the batch operation
mode and the semi-continuous mode lies in the fact that in the former,
the heated particles remain nearly stationary, whereas in the latter, the
particles are in constant motion due to gravity. Furthermore, there is no
specific differentiation between the sources of electrical energy that the
two modes can utilize.

This mode is anticipated to be the most commonly utilized due to its
applicability to solving time-domain mismatches between electricity
production and consumption over a longer period (usually longer than 4
h). For instance, it is appropriate to store a certain amount of solar en-
ergy in the form of thermal energy during the day. This helps mitigate
the inherent volatility and instability of solar energy and prevents power
shortfalls at night by releasing the absorbed thermal energy as
electricity.

(3) The continuous operation mode refers to an operation approach

of continuously consuming surplus electricity with a stable heat output.
In this mode, all the equipment is in a stable operating state at the same
time. This mode is well-suited for cogeneration units, and the integra-
tion of the ETES system effectively ensures thermoelectric decoupling,
allowing excess electricity (beyond grid demand) to be converted into
heat storage and supplied on demand. This mode is suitable for heat-
supplying scenarios characterized by long duration, extensive
coverage, and high demand. However, it should be noted that the overall
efficiency of this system is lower than that of conventional electric
boilers due to the inevitable heat transfer loss. In this work, this oper-
ation mode is not further considered here, as it does not involve elec-
tricity regeneration.

2.2. Material and parameter consideration

2.2.1. Materials

In an EIHS-MBHR system, the appropriate selections of several crit-
ical materials are essential to ensure safe and stable operation, including
but not limited to particle material, EI heater base material, and elec-
tromagnetic shield material.

A high melting point coupled with a low Curie point or weak
magnetism ensures that the particles can flow smoothly in the system
without particle sintering and particle clogging. The austenitic stainless
steel is a suitable selection. In addition to above consideration, such
material also offers numerous advantages over alternative options (silica
sand, molten salt, etc.). For example, the thermal conductivity of
austenitic stainless steel is approximately 20 W/m/K at room tempera-
ture, significantly higher than that of silica sand (~0.6 W/m/K) and
molten salt (~1 W/m/K), leading to more intense heat transfer, a faster
rate for heat release, and a faster load response. Furthermore, the
austenitic stainless steel, storing heat as sensible heat, allow a wider
operation temperature range with a higher upper limit. As a comparison,
molten salts are typically operated within a relatively narrow temper-
ature range, such as [290,560] °C for solar salt [39], in order to maintain
fluidity and thermal stability while preventing corrosion of metal tubes.
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In order to achieve direct heating of conductive particles and avoid
electromagnetic shielding effect, the EI heater base material should
possess adequate structural strength, high temperature resistance, low
thermal conductivity, and be non-conductive electrically, for example
insulating ceramics.

The electromagnetic shield is set for confining the magnetic field to
the inside EI heater body, thereby reducing magnetic leakage, pre-
venting external metal components from being heated, and avoiding
unnecessary energy loss. However, due to the Joule’s effect, the EI coils
are plagued by high temperature operating environment even if its
electric resistance is quite low, leading to the need of forced-cooled
radiators (e.g. air-cooled radiator) to ensure the safe and stable opera-
tion. Following this requirement, the electromagnetic shield is suggested
to be made of metal dense mesh constructed by copper, enabling the
smooth passage of cooling air.

2.2.2. Geometric parameters

Considering the ease of installation and convenient feeding and
discharging of particles, the rectangular cross-section design is adopted
for the hot bulk storage, the cold bulk storage, and the tubular MBHE.
Furthermore, the EI heater employs the same design to facilitate its
structural integration and to ensure the effective utilization of the
limited space. However, it should be noted that the circular cross-section
design for EI heater generally offer better heating uniformity and
straightforward coil winding process compared to the rectangular cross-
section, which often make it also a readily acceptable solution in many
cases. Note that the inappropriate cross-sectional sizes of the EI heater
can degrade the heating uniformity under specified operating conditions
due to the skin effect [40], leading to an inherent issue: the sizes of the EI
heater cannot be indefinitely increased. This issue can further limit the
engineering applications of this system as a large enough EI heater is
required in industries. A possible solution to this issue is come up with
and described detailly in Section 2.3.

The number of turns in the EI coils mainly affects the particle heating
power. As increasing the number of turns, the magnetic field intensity
within the heater is amplified, resulting in stronger induced eddy cur-
rents within the particles. However, increasing the number of turns leads
to greater heat generation by the coils themselves, which may fail to
meet operation requirements. Hence, it is recommended to adopt a
reasonable number of turns considering the actual device scale.

The dimensions of the hot and cold bulk storage units can be
determined by the total mass of circulating particles. While, the di-
mensions of the tubular MBHE are depended on the heat transfer con-
ditions, such as inlet particle temperature and outlet steam temperature.

Particle diameter is another key geometric parameter that needs
careful consideration. As reported in literature [41-43], the volume
density of the power absorbed by a single particle (Wy/V, the detailed
expression is presented in Section 3.1.1) lies on the ratio of particle
diameter to skin thickness (d,/d;) when other operation parameters are
determined. In this paper, this ratio is set to a value between 4.8 and 5,
and a satisfactory particle heating effect can be attained [41-43].

2.2.3. System operation parameters

Regarding the operation parameters, there are several different types
due to the inherent complexity of the EIHS-MBHR system, such as pa-
rameters of EI heating, particle-side operation, and fluid-side operation.
Generally, it is suggested to consider the specific requirements
comprehensively and then determine the parameter selections carefully.
For instance, only through comprehensive selection of particle diameter
and inverter can we effectively determine the heating frequency f, a
critical parameter for EI heating.

Additionally, particle-side operation parameters mainly consist of
particle mass flow in the EI heater (only valid for semi-continuous and
continuous mode) and tubular MBHE, as well as particle temperatures in
hot and cold bulk storage units while fluid-side parameters primarily
include inlet water temperature and pressure, outlet water temperature
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and pressure, and outlet steam mass flow. Upon selection of the steam
turbine, these fluid-side parameters can be primarily established based
on the turbine’s operation requirements. Subsequently, according to the
traditional design approach of heat exchangers, the particle-side inlet
and outlet temperatures, which respectively correspond to the particle
temperature in hot bulk storage unit and the particle temperatures in
cold bulk storage unit, can be determined by estimating the heat transfer
temperature differences at the hot and cold ends of the heat exchanger.
Furthermore, based on the principle of energy conservation, the mass
flow rate of particles and total heat transfer area required in the tubular
MBHE can be ascertained roughly. Besides, the dimensions of the
tubular MBHE can also be determined once the total heat transfer area
has been specified. Therefore, all the operation parameters mentioned
above can be reasonably confirmed.

2.3. Engineering application

For a better understanding, a potential engineering application
scheme of the EIHS-MBHR system is proposed and illustrated here. This
engineering application encompasses all the components detailed
above, featuring the EI heater as highlighted in Fig. 3, including a par-
ticle distributor, a ceramic lining, a particle collector, and several elec-
tromagnetic shielding enclosures (marked with blue dashed boxes). To
realize EI coil forced cooling, an inlet and an outlet of air flow are
installed on the ceramic lining. In order to deal with the difficulty of EI
heaters for scaling up, it can be considered that each basic unit is a small
size EI heater, enveloped by a thermal insulating layer, an EI coil, and an
electromagnetic shielding enclosure (as shown in Fig. 3).

Some parameters of this potential engineering application are listed
in Table 1 and Table S1, Supplementary Material (SM), involving ma-
terial parameters, EI heater parameters, tubular MBHE parameters,
steam turbine operating parameters, and generator operating parame-
ters. Note that the temperature differences for heat transfer at the hot
end and cold end are set to 280 °C and 130 °C, respectively, thus the inlet
and outlet particle temperatures of the EI heater can be ascertained
accordingly. In addition, some key parameters, including EI heating
efficiency 7y, heat utilization efficiency in the tubular MBHE ,,,, actual
power coefficient 7,,, and power generation efficiency 7,,, are deter-
mined based on engineering experience (see Table S1). In this engi-
neering application, the target scale of ETES capacity is equivalent to EI
heating power.

3. Theoretical analysis methods
3.1. Thermal analysis

3.1.1. Model description

The CFD-DEM model used in this paper is developed based on our
previous work [35], with specific model descriptions available therein.
For simplicity, only the key governing equations are listed for reference,
as presented in Table S2.

To simplify the calculation, it can be assumed that the EI heating
effect equivalently provides an internal heat source to each particle, and
the internal heat source strength (Wy) in each particle is uniform due to
the homogeneity of EI heating [21-26], as written in Eq. (1).

dT,
mpCppd—tp = Z pr + Wu (1)

where m, refers to the particle mass, Cy, the particle specific heat
capacity, T, the particle temperature, t the time, and Q, the particle
heat flux involving conduction, convection, and radiation.

The key lies in directly calculating the intensity of the Wy without
additional electromagnetic simulation. Tanabe [41] utilized the Mie
theory to describe the power absorbed by a single spherical particle
under irradiation from a plane electromagnetic wave, deriving a
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Fig. 3. A preliminary design scheme of the EI heater in the EIHS-MBHR system.

Key parameters of a potential engineering application.

Material parameters

Particle material

Stainless steel
304

Particle diameter
d, (mm)

8, selected
according to Js

Shell material of EI
heater

EI heater parameters

Inlet particle
temperature (°C)

Skin thickness &g
(mm)

Alumina
ceramics

150.0, specified

1.64, Eq. (S1)

Tubular MBHE parameters

Inlet particle
temperature (°C)

Rated mass flow
rate of particles
my, (t/h)

Inlet water
absolute
pressure (MPa)

Outlet steam
absolute
pressure (MPa)

800.0, specified

51.3, Eq. (S3)

12.1, specified

12.1, specified

Tube material

Outlet particle
temperature (°C)
EI heating power
Pem (kW)

Outlet particle
temperature (°C)
Inlet water
temperature (°C)

Outlet steam
temperature (°C)

Rated mass flow
rate of outlet steam
ms (t/h)

Steam turbine operating parameters (Siemens D-R C type)

Inlet steam
temperature (°C)

Rated mass flow
rate of inlet
steam mis (t/h)

520.0,
determined by

the steam turbine

~6.1, Eq. (S4)

Generator operating parameter

Generator output
Pgo (kW)

2256, Eq. (S6)

Inlet steam
absolute pressure
(MPa)

Actual steam
turbine output Py,
(kW)

Steel 20G

800.0, specified

7330, Eq. (52)

150.0, specified

20.0, specified

520.0, specified

~6.1, Eq. (S4)

12.1, determined
by the steam
turbine

2375, Eq. (S5)

corresponding mathematical expression to numerically determine Wy
(see Eq. (2) to Eq. (4)).

W = 36n/B2 (§)2 {_

Hm dP

By = ”23;“(16

K =1+0.44D, /h.

d, sinh(d,/5s) + sin(d,/5s)

-1

265 cosh(d,/6s) — cos(d,/6s)

@

3

(€3]

where By refers to the amplitude of the incident magnetic flux density, K
the correction coefficient, T, the turns per coil, I. the coil maximum
current, h. the coil height, and D, the coil inner diameter. Eq. (3) and Eq.
(4) are originated from Ref. [44].

The main assumptions of Eq. (2) are as follows [41]:

(1) The classical Mie theory is satisfied under the following condi-
tions: a single spherical particle is irradiated by a plane electro-
magnetic wave. This implies that the equation may suffer from
distortions when describing the behavior of particle groups,
particularly for irregularly shaped particles;

The particle is nonmagnetic and metallic, with its center posi-
tioned at the maximum of the magnetic field. This latter condi-
tion constitutes a strong simplifying assumption for reducing the
complexity of the general analytical solution to Maxwell’s
equations;

The size of the particle is sufficiently smaller than the wavelength
of the electromagnetic field. This condition can generally be
satisfied in most practical scenarios, except when the heating
frequency is sufficiently high, such as in the GHz range.

(2

—

@3

~

Actually, according to the study of Ignatenko et al. [45], the calcu-
lation of Wy for a single particle in an isolated system is significantly
differs from that in a clustered system comprised of numerous particles.
They found that the average Wy of multiparticles is slightly lower than
that of a single particle. They concluded that the induced currents within
each particle can interact with those of neighboring particles, and these
particles are not subjected to irradiation by plane waves, but rather by a
superposition of incoming and scattered waves from other particles. In
contrast, it is mentioned by Lu and Zhang [46] that in an alternating
magnetic field, due to the stacking of conductive particles, the cumu-
lative amplitude of the superposition field may exceed the amplitude of
the original activation field at each particle location, leading to rapid
boiling of interstitial water and bulk sintering of metal particles.

Given these, it seems that there remains a research gap in quantita-
tively modeling electromagnetic induction heating for multi-particle
systems. Therefore, this study adopts the simplified single-particle EI
heating model (Eq. (2)) as the computational baseline. The practical
applicability of this sub-model is questionable in the absence of any
verification or correction, as it may introduce scenario-dependent pre-
diction biases in Wy by overestimating or underestimating certain
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factors. To address this limitation, the CFD-DEM with an EI heating sub-
module is subjected to systematic quantitative validation through
comparative analysis with experimental datasets, as detailed in Section
4.1..

3.1.2. Simulation conditions

According to Section 2.3, an EI heater unit and a tubular MBHE unit
are modeled and utilized for conducting CFD-DEM simulations after
being meshed (see Fig. 4 for details). It is suggested that the average
ratio of mesh size to particle size in CFD-DEM simulation should be
controlled within the range from 3 to 10 [47]. While, due to the use of
the node-based averaging of the discrete phase quantities in CFD mod-
ule, the lower constraint on the average ratio of mesh size to particle size
can be suitably relaxed [48]. Therefore, these ratios of the heater and
heat exchanger are respectively set to 2.2 and 1.6 for subsequent
simulations.

SRK equations, as well as the temperature-dependent parameters of
air involving heat conductivity, specific heat capacity, and viscosity, are
adopted based on our previous studies [35,49]. To align with actual
operations, the EI heater and the tubular MBHE lack inlets and outlets
for the interstitial fluid, resulting in natural convection within these
units. In more details, all walls are treated as adiabatic, and the inlet
particle temperature is set to 300.0 K in the EI heater. The particle
heating process is detailly captured in this study. In the tubular MBHE,
all walls except the tube walls are considered adiabatic, and the tube
wall temperatures are assumed to be constant. It should be noted that
both the particle and tube wall temperatures are set to their respective
averages, in order to obtain the average heat transfer coefficient in the
tubular MBHE. The wall temperature is calculated by averaging the
water-side inlet and outlet temperatures, with the assumption that the
wall temperature is close to the fluid medium flowing inside (refer to
Table 1). Meanwhile, the particle inlet temperature used in this study is
the average of the preset particle-side temperatures at the outlet and
inlet (refer to Table 1), and the particle temperature remain unchanged
during the simulation. With these settings, representative heat transfer
results in tubular MBHE can be achieved without expending significant
computational resources.

Some main parameters are detailed in Table 2. For simplicity, other
settings of models and parameters, such as numerical methods, remain
consistent with our previous studies [35,49].

400 mm

A kg S

CFD mesh DEM mesh
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Table 2
The list of parameters used in simulations.
Name Value Unit
Material roughness Particle 2.5 x m
10°®
Tube 2.5 x m
10°°
Emissivity Particle 0.8 /
Tube 0.8 /
Particle-to-wall contact and particle- Coefficient of 0.7 /
to-particle contact [50] restitution
Coefficient of static 0.2 /
friction
Coefficient of rolling 0.01 /
friction
Gas film thickness 0.8 mm
Air pressure 1 atm
EI heater unit Air initial 26.85 °C
temperature
Inlet particle 26.85 °C
temperature
Particle descending 2 mm/
velocity H
Time step in EDEM 5x10° s

Time step in Fluent 1x10% s
Tubular MBHE unit Air initial 270 °C

temperature

Inlet particle 475 °C

temperature

Tube wall 270 °C

temperature

Particle descending 2 mm/

velocity H

Time step in EDEM 5x10° s

Time step in Fluent 5x10° s

3.2. Economic analysis

3.2.1. Model description

There are at least two business models applicable to the project
mentioned in Section 2.3, named as business models 1 and 2. The
business model 1 utilizes valley power to supply peak power demands,
whereas model 2 uses abandoned photovoltaic and wind power. The
economics of these two business models are numerically modeled here.

As depicted in Eq. (5), the annual total operating revenue consists of
three parts: the benefit for the supply of peak electricity Yp., the
comprehensive subsidy for the supply of peak electricity Y., and the
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Fig. 4. Geometries and meshes of an EI heater unit and a tubular MBHE unit. There are 640 CFD grids and 2112 DEM grids for the heat exchanger, along with 625

CFD grids and 3483 DEM grids for the heater.
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additional government subsidy for the project Yg;.
Yop = Ype + ch + Ygs (5)

Generally, the main revenue comes from Y., which corresponds to
the heat release stage of the semi-continuous operating mode:

Ype = Prp(1 — FscpTpp)€phne (6)

where r, is the ratio of the self-consumption power to P, (rated
power of steam turbine), r;,, the ratio of the peak power demand for self-
consumption to the self-consumption power, e, the price of peak elec-
tricity, and hy, the annual operation hours for heat release.

Eq. (7) presents the expression of Y., which is mainly derived from
the provision of power services, including energy storage and peak
shaving, as well as offering eco-compensation, such as carbon emission
reduction. Actually, quantifying these subsidies individually poses a
challenge, hence a pre-assumed value, the comprehensive subsidy per
kW-h for the supply of peak electricity e, is used to collectively char-
acterize them. Similarly, Yy, which reflects the government’s support
for the project, is assumed to be constant and is provided annually.

ch = rp(]- - rscprpp)ecshhr (7)

Meanwhile, the annual total operating cost comprises 6 parts: the
operating cost of using valley electricity to meet the self-use re-
quirements Cy., the operating cost of EI heating Cgp,, the operating cost
of hiring workers Cy,,, the operating cost for equipment maintenance
Cem, the operating cost for supplement water supply Csy, and the oper-
ating cost of supplement particle supply C;, as expressed in Eq. (8):

Cop = Cve + CEIh + Chw + Cem + Csw + Csp (8)

The operation costs can be obtained as shown in Egs. (9)-(14). For
business model 2, due to the fact that the electricity consumption comes
from the abandoned photovoltaic and wind power, which are consid-
ered as free, the operating cost of using valley electricity to meet the self-
use requirements Cy. (see Eq. (9)) and the operating cost of EI heating
Cen, are considered to be zero (see Eq. (10)).

1, forbusinessmode 1

Cre = Bun X [PrpTscp(1 = Tp)vhns], B = { 0: for business mode 2 ©)
Cim = By X Pgpeyhys 10$)
Chw = Wshy, an
Cem = IeNer (12)
Csw = MswhnPw (13)
Cop = Mg,pp 14

where B, represents the coefficient related to business models, e, the
price of valley electricity, w, the average salary of a single worker per
year, n,, the number of workers, I the total investment, 7., the equip-
ment maintenance factor, mg, the mass flow rate of supplement water
per hour, p,, the price of supplement water, mg, the mass flow rate of
supplement particles, and p, the price of supplement particles.

Hence the annual net profit, Y, can be calculated as Eq. (15).

Yoet = Yop.i - Cop,j (15)

Subsequently, according to definition of net present value (NPV, see
Eq. (16)), two crucial parameters can be further obtained: the payback
period PBP (a minimum number of years ny;, meeting NPV > 0 with a
set interest rate r) and the internal rate of return (IRR) (a specific r
meeting NPV = 0 with n adopting the project life cycle L,).

n
M,
NPV = E;WM = {Ynet,0 = =L, Ynet, 1, Ynet, 2, -+ Yot x} (16)
=
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where M, is the money flow over x years.

In addition, the impacts of several critical parameters (Fij) in this
evaluation model on the IRR are explored through a sensitivity analysis,
with the change ratios set to + 20 % and + 10 % (see Eq. (17) and Eq.
(18).

(IRRij.z - IRRbase)/IRRbase
(Fl]z - Fbase)/Fbase

Sijz = a7

18

where S; is the sensitivity coefficient of factor Fij and S is the average
sensitivity coefficient of multiple tests.

3.2.2. Parameter settings

In this work, it is suggested that I; mainly includes the equipment
cost I, the cost of equipment installation I, the land cost I, the cost of
project design I,q, the engineering test cost I, project management cost
Ipm, as illustrated in Eq. (19). I. and I; are determined based on engi-
neering experience, as detailed in Table S3.

It = Ie +Iei +1 +Ipd +Iet +Ipm (19)

Other model parameters are artificially estimated, as shown in
Table 3. The evaluations of these parameters primarily refer to current
situation of investment market and electricity market to ensure their
authenticity and representativeness.

4. Results and discussions
4.1. Model validation

Herein, a temperature rise experiment conducted by Deng [27] on a
steel pellet fixed bed with interstitial air is used to validate the model’s
accuracy. Detailed information of this experimental system (Fig. S2), as
well as the experimental procedure and conditions (Table S4), can refer
to Ref. [23,27] or the attached SM.

The temperature rise rates of particles and interstitial fluid are shown

Table 3
Parameters used in economic analysis.

Parameter Value Unit
Py 2256, see Table 1 kW
Vg 100.0 x10* ¥/y
Tep 0.05 /
Top 0.2 /
e 1.3 ¥/kW-h
Ay 2920, for business model 1 h/y

880, for business model 2 h/y
hyr 2920, for business model 1 h/y

880, for business model 2 h/y
ecs 1.0 ¥/kW-h
ey 0.3 ¥/kW-h
m, 14.26, see Table 1 kg/s
Ap, 488.5, see Table S1 kJ/kg
o 0.95 /
W, 20.0 x10* ¥/y
Ny 5 /
Nem 0.01 /
Msw 1.0 t/h
Pw 8.0 ¥/t
g, 2.0 t/y
Do 2.0 x10% ¥/t
Le 30 y
I 500.0 x10* ¥
I 100.0 x10* ¥
Iet 50.0 x10* ¥
Iom 50.0 x10% ¥

Lk 4012.0 x10% ¥
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in Fig. S3. It’s worth noting that a non-uniform distribution of temper-
ature rise rates is observed, particularly at the two ends of the experi-
mental segment. In addition, Meng et al. [23] also reported this unique
phenomenon and attributed it to the scattering of magnetic field lines at
both ends of the heater. This scattering results in an edge effect, thereby
causing the magnetic field strength to be weaker at the edges compared
to the middle. The magnetic scattering phenomenon can be virtually
eliminated by ensuring that the heating section has a sufficiently large
height-to-diameter aspect ratio.

In this study, data from the middle section (refer to Fig. S3, position:
P4-P12), rather than the edges, are utilized to determine the experi-
mental value of Wy ey, as estimated by Eq. (20). Given this, a similar
fixed bed system is established to obtain Wy sim by Eq. (20) from a CFD-
DEM simulation perspective, in order to ensure the comparability of the
results. The final comparison results are depicted in Table 4. The heating
performance of a packed bed with air as the interstitial fluid is slightly
weaker compared to a packed bed with water as the interstitial fluid,
even when the total input power remains constant. Deng argued that this
discrepancy occurs because water, as the interstitial fluid, can enhance
the magnetic permeability of the surrounding medium, especially when
the bed contains oxidized stainless steel particles [27]. Overall, the
simulation results demonstrate a satisfactory level of accuracy when
compared to the experimental data, as the relative errors remain below
10 %. Hence, it can be considered that our CFD-DEM model integrated
with an EI heating sub-model is relatively effective and accurate.

AT, AT; 7p,d
WH‘exp/sim = CppmpA_tp + cpfmfA_tfmp = g

3 3
b pfﬂdpaf
M eA—ay 20

where C,, refers to the particle specific heat capacity, C, the fluid

AT, AT;
> ac/ad the
average temperature rise rate of a single particle or the surrounding

fluid, p,/p; the particle/fluid density, and ar the packed bed porosity.

specific heat capacity, my the mass of the surrounding fluid

4.2. Particle heating process in EI heater

In the EI heater unit, particles are expected to descend smoothly
under the influence of gravity and the solid flow controller for discharge,
such as screw discharging machine, and to be gradually heated to a
preset temperature. Thus, it is essential to investigate the particle flow
characteristics and the particle temperature distributions along both the
axial and radial directions in the EI heater unit to further reveal the
comprehensive performance in EI heater. In general, it can be consid-
ered that the particle flow within the unit exhibit a plug or integral flow
behavior, as evidenced by the uniform downward movement of particles
without any significant lateral transfer. It should be noted that, due to
the effect of particle-wall friction and the actually uneven downward
process of the particles, the particle velocity is unevenly distributed in
space, which is shown in Fig. S4. However, the degree of non-uniformity
in the velocity distribution within our studied operation conditions is
relatively small, therefore, the particle flow pattern can still be
approximately regarded as plug flow. The particle temperature distri-
bution at a simulation time of 100 s (see Fig. 5a) is relatively uniform

Table 4
Comparison results.

Interstitial fluid Wi sim(W) Wh exp(W) Relative error (%)
Air 1.95779 x 1072 1.78590 x 1072 9.62
Water 1.95780 x 1072 2.16032 x 1072 9.37
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along the X-axis with no obvious tilted temperature layer. This result can
further illustrate the existence of a plug or integral flow.

Distinct temperature gradients are also observed in Fig. 5a along the
Y-axis at the upper section of the unit, with a maximum temperature
increase of approximately 334 K. However, there is an even temperature
distribution in the lower part, which can be attributed to the insufficient
simulation time. Predictably, this uniform temperature distribution is
expected to gradually disappear with the extension of simulation time
(at least 200 s, an estimated time to exclude all initial particles), how-
ever, this necessitates substantial computational resources. Actually, the
particle flow can reach a stable state through a short time (~10 s) ac-
cording to our simulation, therefore, a compromise method is adopted
herein which can predict the temperature distribution after stabilization
in a limited calculation time, rather than simulating for an extended
period to directly obtain the temperature distribution.

From Fig. 5b, four sets of data are extracted to quantitatively char-
acterize the temperature distributions at the respective four simulation
times. Overall, a single temperature distribution curve in Fig. 5b can be
divided into three stages, which are the stable stage, the transition stage,
and the linear stage:

(a) In the linear stage, newly added particles experience strong
heating due to the EI effect and gradually move downward (the Y
coordinate value decreases), as residence time extends. The slope
of this linear stage mainly depends on the strength of EI effect,
and this linear stage is heating-dependent.

Particles operating in the stable stage are the original ones that
remain in the system without being fully excluded. They are
continuously heated throughout the simulation, resulting in a
relatively consistent temperature distribution. From  this
perspective, this stable stage is also heating-dependent.

In the transition stage, the temperature distribution undergoes a
transition from a linear increase to a stable state. In essence, the
particles in this state include new added ones and initial ones,
which are affected by both the EI effect and the heat transfer
effect. Due to the latter effect, particles in the stable stage, which
exhibit higher temperatures, tend to transfer heat to those in the
linear stage, facilitating a smooth transition. Thus, the transition
stage is heating-dependent and transfer-dependent. However,
given sufficient simulation time, the stable stage and the transi-
tion stage tend to disappear.

)

-

(c

—

It can be seen from Fig. 5b that the linear stage exhibits the same
slope regardless of the simulation time. These suggest that a predicted
temperature distribution of the system in the final stable state can be
obtained. The fitting result can also be found in Fig. 5b with the R-
squared (R%) of 0.9993. From this relationship, the final outlet particle
temperature can be calculated to be 724.54 °C. Besides, a theoretical
outlet particle temperature can also be obtained based on the particle
residence time (~200 s) and average temperature rise rate (3.33 K/s, see
Fig. 5b), which is 692.85 °C. The relative error is less than 4.6 %,
indicating the relative accuracy of the trend prediction. Based on it, it is
possible to anticipate the particle temperature at the exit of a real unit by
generalizing the linear heating phenomenon, which is crucial for the
particle temperature control.

There are two key parameters for particle heating stage and subse-
quent heat storage stage: temperature rise rate and particle heat storage
density. In this case, the average temperature rise rate is 3.33 K/s,
indicating that a strong EI heating effect exists. It is noteworthy that the
actual particle temperature rise rate can be tailored to meet specific
particle heating requirements by adjusting parameters such as the
number of coil turns, the coil height, the operating frequency, and the
current magnitude in the coil. However, it is crucial to carefully regulate
this rate to avoid damaging the base material or particle material due to
excessive thermal stress, while also ensuring that the surplus power is
effectively utilized within a limited timeframe. Subsequently, the
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(a) Simulation time: 100 s (b)
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Fig. 5. The diagrams of a) the distribution of particle temperature along Y-axis at simulation time of 100 s and b) the relationships between average particle

temperature and Y-axis position at various simulation times.

thermal storage density is determined by the specific heat capacity of
particle materials and the temperature differential during heat storage
and release. Assuming a particle specific thermal capacity of 700 J/kg/K
and a temperature increase of 700 K, the particle heat storage density is
calculated to be 490 kJ/kg. The temperature increase in the EI heater is
likely to be greater than that in a Joule heater, as the heating temper-
ature in a Joule heater is constrained by the high-temperature tolerance
of the heating resistor and the inherent heat transfer temperature dif-
ference between the hot surface and the cold particles. However, given
the same temperature difference, the thermal storage density of stainless
steel particles is about half that of silica sand (~1000 kJ/kg) due to its
smaller specific heat capacity, which is determined by the material itself.
Although stainless steel particles are inferior to silica sand in terms of
thermal storage density, their excellent thermal conductivity (generally
an order of magnitude higher than that of silica sand) makes them
significantly better at maintaining a higher heat release rate in the
system. Given these, it is considered that stainless steel particles, when
used as heat storage media, possess a suitable heat storage density and
show promising potential for various applications.

In summary, the EI heater offers a uniform heating effect and an
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adjustable heating rate when using stainless steel particles, which also
exhibit a satisfactory thermal storage density.

4.3. Heat release performance in tubular MBHE

In the tubular MBHE unit, five tubes are embedded, each labeled
with serial numbers from 1 to 5, as shown in Fig. 6. It can be seen in
Fig. 6a that the particles are dense packed with less void zone below
tubes due to the large ratio of tube diameter to particle diameter (50/8
= 6.25). During the operation, the particle flow presents a semi-integral
mode as particles near the tube are hindered and slightly packed on top
of the tube, as demonstrated in Fig. 6b. This stagnation phenomenon
causes that the updating rate of particles near the tube is relatively slow,
which may be not conducive to heat transfer [51,52]. Furthermore, from
Fig. 6¢, there are several void zones existing beneath the tube, charac-
terized by a high air volume fraction, which may also hinder heat
transfer [52,53]. Due to the heat transfer between air and tube wall, the
air temperature is lower near the tube and more evenly distributed
elsewhere.

For further analyzing the heat transfer intensity, heat transfer co-

(c) Air volume fraction  (d) Air temperture distribution

o]
0 (O]
475.00
065
469.50
0.62
464.00
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57 458.50
-0.8000
0.54 453.00
051 447.50
-1.2000 0.48 442.00
045 436.50
-1.6000 043 431.00
040 42550
037
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Fig. 6. Distributions of a) particle location, b) particle Y-axis velocity, c) air volume fraction, and d) air temperature within the tubular MBHE unit, at the simulation

time of 17.8 s.
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efficients hee of different tubes are employed, as calculated by Egs. (21)
and (22). It’s worth mentioning that these values mainly reflect the
average heat transfer intensity within the tubular MBHE, as they are
based on the boundary conditions averaged from the operation condi-
tions of the potential engineering application.

Qw.i .
SV - 21
Poet Area; x AT,_,,’ ' > @
Qw.i = prw.i + fow‘i (22)

where i is the tube serial number, Q, the heat flux received by tube wall
(including the particle-to-wall heat flux Qp_, and the fluid-to-wall heat
flux Q¢_y ), Area the heat transfer area, and AT,_, the particle-to-wall
temperature difference.

Taking tube 3 as an example, as shown in Fig. 7a, he.es usually
changes with simulation time; thus, an average value over the last 5 s is
adopted to ensure the representativeness. Given this, the average heat
transfer coefficients of tubes 1-5 can be obtained and presented in
Fig. 7b. However, the heat transfer coefficients of different tubes show
certain deviations due to the fact that their particle surround conditions
are varying (see Fig. 7c). Due to the interactions between tubes arranged
vertically [49], the heat transfer intensity of the upper row of tubes is
higher than that of the lower row of tubes, which is also true in the case
of staggered tubes as heat transfer coefficients of tubes 1-3 are slightly
higher than those of tubes 4 and 5.

It can be seen that h. is ranging from 678.2 W/m?/K to 784.6 W/
m?/K, which is relatively higher than that of traditional tubular MBHEs
[36]. This highlights the unit’s satisfactory heat release performance,
attributed to the high thermal conductivity of the particle materials,
indicating that this heat release equipment is well-suited for timely
supply of peak power. What’s more, the higher heat transfer coefficient
can result in less heat transfer area required under given operation
conditions, further leading to lower equipment investment of this heat
exchanger.

4.4. Economic analysis of EIHS-MBHR system

4.4.1. Systematic economic evaluation

From Section 2.3, it can be found that for this possible application,
the power-to-power (P2P) conversion efficiency is about 30.78 %
without taking into account other limited power consumption (calcu-
lated by Eq. (§10)). The steam Rankine cycle, as it is currently imple-
mented, significantly restricts further improvements in P2P conversion
efficiency. This limitation arises primarily from the inherent

1000

|(a)

800 —

Averaging

%554.‘

600

400

200

Heat transfer coefficient of tube 3 (W/m%/K)
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thermodynamic constraints of the cycle, which dictate the maximum
efficiency achievable based on the temperature and pressure conditions
of the steam. Therefore, implementing the steam reheating cycle, the
steam regeneration cycle, and the supercritical CO, cycles will be
effective strategies for further enhancing conversion efficiency. How-
ever, the methods and their applications for enhancing the efficiency of
P2P conversion are beyond the scope of this study. Based on the given
parameters, the main results of the economic evaluations for the busi-
ness models 1 and 2 are listed in Table 5.

It can be found that running in the semi-continuous operation mode,
the operation cost of the business model 1 (732.8 x 10* ¥/y) is higher
than that of model 2 (81.1 x 10*¥/y). This can primarily be attributed to
the higher valley electricity cost in model 1, whereas in model 2, the
electricity consumption is derived from photovoltaic and wind power
abandoned. Besides, given that the annual utilization hours of model 1
(2920 x 2 h) significantly exceed those of model 2 (880 x 2 h), the
operational income of model 1 (1600.1 x 10* ¥/y) is correspondingly
higher. Therefore, overall, the net yield of model 1 (867.4 x 10* ¥/y) is
nearly half higher than that of model 2 (471.0 x 10*¥/y). Consequently,
model 1 features a PBP that is 5 years shorter and an IRR that is
approximately 10.3 % higher than those of model 2 at the same in-
vestment cost. This not only indicates that this engineering application is
economically feasible, but also implies that business model 1 utilizing
the grid electricity is more favorable and possesses a greater potential for
future application and development compared to model 2, on basis of
the given project implementation environment.

Table 5
Economic evaluation results.
Business model Parameter Value Unit
1 Yop 1600.1 x10* ¥/y
Cop 732.8 x10* ¥/y
Ynet 867.4 x10* ¥/y
C 4012.0 x10* ¥
PBP 5 Year
IRR 21.56 %
2 Yop 552.1 x10* ¥/y
Cop 81.1 x10% ¥y
Vet 471.0 x10* ¥/y
C 4012.0 x10% ¥
PBP 10 Year
IRR 11.26 %
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Fig. 7. The diagrams of a) the relationship of the heat transfer coefficient of tube 3 with simulation time and b) the average heat transfer coefficients of tubes 1 to 5.
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4.4.2. Sensitivity analysis

Herein, the sensitivities of IRRs to several critical factors inherent to
business models 1 and 2 are examined, including total investment cost
(F11 or F21), peak electricity price (F12 or F22), valley electricity price
(F13), annual heat storage/release hours (F14 or F23, a single factor
when assuming that the annual heat storage hours are equal to the
annual heat release hours and both exhibit same variation), life cycle
(F15 or F24), comprehensive subsidy for the supply of peak electricity
(F16 or F25), and additional government subsidy (F17 or F26). The
average sensitivity coefficients of these 13 factors studied are illustrated
in Fig. 8 while the detailed sensitivity results can be found in Table S5.

For model 1, its IRR is highly dependent on the F11, F12, and F14. A
slight change of these factors can significantly affect the economic
effectiveness of business model 1, with their absolute sensitivity co-
efficients of approximately 1.0. In addition, F13 and F16 can also exert
non-negligible influence on model 1's IRR (their absolute sensitivity
coefficients are 0.76). It appears that F15 and F17 exhibit the lowest
effect. As for model 2, F21 and F23 show the most significant influence,
followed by F22 and F25. Similarly, two parameters in model 2 (F24 and
F26), which is the same as F15 and F17 in model 1, also exhibit the
lowest sensitivity. In the context of economic analysis and decision-
making, this is typically viewed as a positive indicator, signifying that
the project possesses robust resilience against risks and can sustain its
benefits at a relatively stable level throughout different life cycle stages
and government subsidy policies. Furthermore, the results also uncover
several potential risk factors (with higher sensitivity coefficients) within
the project operating in two business models, which facilitate its pro-
motion, enhance project risk management, and contribute to further
optimization and improvement.

Moreover, in order to compare the overall sensitivity of these two
operation models to internal parameters, the averages of the absolute
values of these sensitivity coefficients are further calculated, which are
0.67 (or 0.65 without F13) for model 1 and 0.63 for model 2. The finding
suggests that, overall, the income stability of model 1 is nearly compa-
rable to that of model 2, with model 1 showing a marginally higher
sensitivity to its internal parameters than model 2. In other words,
model 2 is somewhat less dependent on environmental parameters,
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thereby its ability to resist risks can be considered to be slightly stronger
than that of model 1.

Overall, the economic analysis of the EIHS-MBHR engineering
application suggests that the business model 1 is more cost-effective but
demonstrates a marginally lower risk resistance compared to model 2. It
should also be noted that business model 2 is location-dependent and
typically more suitable for implementation in areas with a significant
amount of abandoned photovoltaic and wind power, such as northwest
of China. In contrast, business model 1 has no strong location depen-
dence, but is highly dependent on the peak-valley price difference,
thereby it is more appropriate for cities where power supply and demand
do not match, such as Shanghai, China. Therefore, in addition to
considering the cost-effectiveness and risk resistance capacity, it is rec-
ommended to select the business model based on the region’s endow-
ment of photovoltaic and wind energy, as well as the current state of
power supply and demand.

5. Conclusions

In this work, an innovative electro-thermal energy storage (ETES)
system combining electromagnetic induction (EI) heat storage with
moving bed heat release (EIHS-MBHR) is proposed and further detailed
with system descriptions, design criteria, and an exploration into its
engineering applications. To further investigate the EIHS-MBHR sys-
tem’s technical viability, a numerical simulation method grounded in
CFD-DEM has been established, initially validated, and subsequently
utilized for exploratory simulations in an EI heater unit and a tubular
MBHE unit. Additionally, a comprehensive economic evaluation,
including a detailed sensitivity analysis, has been conducted to further
assess its economic feasibility. The main conclusions are listed as below:

(1) The uniform radial temperature distribution and adjustable
temperature rise rate highlight the advantages of the EI heater
unit, while the used conductive stainless steel particles also
exhibit a satisfactory heat storage density.

(2) The heat transfer intensity in the tubular moving bed heat
exchanger (MBHE) unit ranges from 678.2 W/m?/K to 784.6 W/

e S S S A S
F26 - Business model 1
F25 Business model 2

T33233333
A L & N~ N W AN

Factors in two business models
~
o

Fi12
Fl1

Average sensitivity coefficient

Fig. 8. Average sensitivity coefficients of different factors in two business models. A negative value (indicated by a symbol “-” and a lighter color) signifies a negative

relationship, whereas positive values denote a positive relationship.
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m?/K. Due to the high thermal conductivity of the metal particles,
the heat exchanger shows satisfactory heat release performance.
This advantage precisely addresses the need for timely peak
power supply and reduces heat exchanger investment.

By using EI heater and moving bed heat exchanger, the power-to-
power (P2P) conversion efficiency of the EIHS-MBHR system is
approximately 30.78 %, excluding other minor power
consumption.

The proposed ETES system possesses three different operational
modes, which are batch operation mode, semi-continuous oper-
ation mode (employed by this engineering application), and
continuous operation mode, as well as at least two business
models for supplying peak electricity, named as model 1 (using
valley power) and model 2 (using abandoned photovoltaic and
wind power).

The results of preliminary economic evaluation show that the
payback periods (PBPs) of business models 1 and 2 are 5 years
and 10 years, respectively, with corresponding internal rates of
return of 21.56 % and 11.26 %. This reveals the acceptable eco-
nomic feasibility of the proposed engineering application. Be-
sides, it is also found that the business model 1 is more cost-
effective but demonstrates a marginally lower risk resistance
compared to model 2.

3

-

(C)]

(5)

In summary, this study aims to offer valuable insights into the
advanced enhancement and development of the ETES system, as well as
its future engineering applications. In the future, there is a need to solve
the following problems: 1) the detailed, complete and accurate EI
heating model for a multi-particle system remains to be studied and
established; 2) in order to further clarify the technical feasibility, it is
necessary to conduct whole process simulations and corresponding ex-
periments; and 3) further specific economic analysis for specific cities or
regions with distinct characteristics is also required.
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