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Abstract

Battery electric vehicles (BEVs) play a key role in reducing CO, emissions and enabling
a climate-neutral economy. However, they suffer from reduced range in cold conditions
due to electric cabin heating. Electrically heated thermal energy storage (TES) systems
can decouple heat generation from demand, thereby preventing a loss of range. For this
purpose, a novel concept based on a directly electrically heated ceramic solid media TES is
investigated, aiming to achieve high storage density while enabling both high charging
and discharging powers. To assess the feasibility of the proposed TES concept in BEVs, a
holistic evaluation of central aspects is conducted, including experimental characterization
for material selection, experimental investigations on electrical contacting, and simulations
of the electrothermal charging and thermal discharging processes under vehicle-relevant
conditions. As a result of the material characterization, a promising material—a silicon
carbide-based composite—was identified, which meets the electrothermal requirements
under typical household charging conditions and allows reliable operation with silver-
metallized electrodes. Design studies with this material show gravimetric energy densities—
including thermal insulation demand—exceeding 100 Wh/kg, storage utilization of up to
90%, and fast charging within 25 min, while offering 5 kW at flexible temperature levels for
cabin heating during thermal discharging. These results show that the basic prerequisites
for such storage systems are met, while further development—particularly in terms of
material improvements—remains necessary.

Keywords: solid media thermal energy storage system; heat supply for electric vehicles;
direct resistive heating; high temperature heating system; silicon carbide

1. Introduction

The transition to a climate-neutral economy is essential for mitigating climate change.
In the transport sector, battery electric vehicles (BEVs) powered by renewable energy
sources offer significant potential for reducing CO, emissions. Since the waste heat from an
internal combustion engine is no longer available, the required heating power—especially
for cabin heating—must be provided entirely electrically. Currently, this is mostly achieved
using battery-powered PTC (Positive Temperature Coefficient) heating elements. Under
cold environmental conditions, the heating demand can reach up to 5 kW, which can lead
to a significant reduction in vehicle range—up to 50% in extreme cases [1-3]. Therefore,
new approaches for providing thermal energy are crucial for the success of electromobility,
particularly with regard to range, efficiency and comfort. One promising solution is the
use of thermal energy storage (TES) systems, which allow heat to be stored in advance and
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released when needed. The basic idea is to electrically heat the TES system simultaneously
with the battery, efficiently store the thermal energy, and release it at a defined temperature
level via a bypass system during vehicle operation to reduce the load on the battery.

So far, several studies have investigated TES systems based on phase change materials
(PCM) for heat supply in electric vehicles [4-8]. These systems are often limited in their
discharging power due to low thermal conductivity (in the case of organic PCM) or low spe-
cific surface for heat transfer, which requires additional heat transfer structures [8-10]. New
approaches for thermal management based on thermochemical energy storage systems
(solid—gas reactions) have been proposed [11], offering an alternative means of supplying
heat and cold, particularly for fuel cell vehicles. Thermochemical adsorption-based en-
ergy storage systems have also been investigated for cabin heating in BEVs [12], but they
are associated with high system complexity and exhibit significantly varying discharging
power over time. While these thermal storage technologies offer high energy densities or
charging/discharging capabilities, their overall performance is limited. A promising alter-
native is provided by solid media TES systems electrically heated with a high-performance
heater to achieve high operating temperatures and charging power. Due to the use of
high-temperature-capable ceramic materials, they enable high systemic thermal storage
densities and high discharging power, owing to high specific heat transfer surfaces and
direct contact between the solid and the fluid phase.

Such a storage system with an electrically non-conductive ceramic honeycomb and
resistance-based metallic heating wires, integrated into a honeycomb structure (indirect
resistance heating), was investigated and experimentally tested in [13]. It was shown
that the developed TES system is able to compete with today’s battery-powered PTC
systems. However, such concepts lead to a significantly increased installation effort as the
integration of the heating wires into a porous structure is challenging and time-consuming.
Moreover, these heating wires have a limited lifetime in high-temperature applications due
to oxidation, which results in an increased failure rate.

These limitations can be overcome with a novel approach: a directly heated solid media
TES system, in which the ceramic storage material itself is electrically conductive and thus
serves both as a heating element and a heat storage medium. In addition, direct electrical
heating enables uniform charging power, leading to a more homogeneous temperature
distribution, helping to avoid hotspots and minimize thermomechanical stresses.

So far, only one publication has investigated this approach for BEVs at a simplified
and conceptual level [14]; however, central questions regarding material selection, system
design, and overall feasibility remain open. For the proposed concept, materials based
on silicon carbide (SiC) are considered due to their outstanding structural properties—
such as excellent chemical, mechanical, and thermal stability and controllable electrical
resistivity. Furthermore, the high thermal conductivity of SiC ceramics helps to reduce
thermomechanical stresses during operation [15].

However, implementing such a directly heated solid media TES system in BEVs raises
several key questions, which are addressed in this paper. A central focus lies in identifying
ceramic materials with a suitable specific electrical resistance that qualifies them for use as a
combined heating and storage component. Furthermore, the question arises whether design
solutions exist that enable both efficient electrothermal charging and thermal discharging
with a compact design. Another important aspect concerns the selection of appropriate
materials for the electrode connection, which must be both electrically conductive and
resistant to high temperatures.

To evaluate the potential of the proposed concept, a holistic evaluation is conducted,
including experimental material characterization, experimental investigations on electrical
contacting, and simulations of the electrothermal charging and thermal discharging process.
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Based on this, the feasibility of a directly heated ceramic TES system for application in
BEVs is assessed for the first time.

2. Concept and Methodology

The proposed storage concept consists of a directly heated solid media TES unit,
combined with high-temperature thermal insulation and a controllable bypass system. The
insulation minimizes thermal losses and enables high effective storage densities. For this
purpose, the TES is surrounded by an insulation layer with a thickness As. The insulation
is mechanically supported by a lightweight casing that also serves as a mounting interface
for vehicle integration. The bypass system ensures that the vehicle cabin can be supplied
with air at a defined temperature level (Tyix). Honeycomb structures were selected as
the storage medium geometry, as they offer high specific surfaces, enabling high thermal
efficiency. A schematic representation of the functional principle is shown in Figure 1.

Thermal insulation

Bypass-system (discharge period) as |
Ty
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Figure 1. Power-to-Heat concept for heat supply in electric vehicles using a directly electrically
heated solid media TES (charging period) and a bypass system (discharge period) [14], and schematic
cross-sectional illustration of the TES with thermal insulation of thickness As.

During the discharging phase, the stored thermal energy is used to heat the vehicle
cabin. To achieve this, incoming ambient air (Ty) is split by a controllable bypass system:
one portion flows through the TES, while the other bypasses it. By mixing the hot air
stream (Tg,oyt) With ambient air (Tyy) downstream, a defined supply temperature (Tiix)
can be delivered to the cabin. Such a solid media thermal storage system, in which the
storage material is in direct contact with the flowing heat transfer fluid, is referred to as a
regenerator [16,17]. This type of system is commonly used in high-temperature applications
with operating temperatures exceeding 1000 °C.

The TES is designed to be charged during stationary vehicle charging, i.e., simul-
taneously with the traction battery from a grid connection. Heat is generated directly
within the ceramic storage inventory through electrical resistance heating. For the electrode
connection, a parallel configuration is employed, in which airflow and current path run
parallel to each other, with electrical contact established at the open front faces of the
honeycomb structure.

To evaluate the proposed storage concept, the temperature-dependent specific electri-
cal resistance p,| of various SiC-based high-temperature materials was determined, as it
strongly affects heating performance. As the chosen honeycomb structures can be manufac-
tured using both conventional and additive manufacturing techniques, a broad selection of
suitable materials is possible. Simulation studies were then conducted to identify design
solutions enabling both efficient electrothermal charging and thermal discharging under
given boundary conditions (e.g., grid voltage, maximum current, and power limits). Key
performance indicators such as energy density, charging duration, and pressure drop were
used for evaluation. Additionally, suitable materials for the electrode connection were
experimentally examined regarding contact resistance and high-temperature stability. The
simulation models used are described in detail in Section 3.
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3. Modeling
3.1. Tortuosity

Detailed modeling of porous structures such as honeycombs, including the associ-
ated heat transport mechanisms and electrical current paths, would significantly increase
modeling and simulation effort. To capture such design-relevant aspects, a geometric
parameter—the tortuosity T—is implemented. Tortuosity captures the influence of complex
porous structure on transport processes and expresses the ratio of the actual transport prop-
erties (e.g., effective electrical resistivity or thermal conductivity) to the intrinsic bulk values
of the solid material, thus avoiding the need for a detailed geometric representation [18,19].

For the parallel electrode configuration, the correlation for tortuosity is derived using
the approach in [19] and is given by Equation (1):

)

Here, ¢ is the void fraction, defined as the ratio of void volume to total volume.
Tortuosity, as a dimensionless parameter, is scale-independent and remains unaffected by
changes in specific surface [19].

Accordingly, the effective transport properties are calculated as:

A
At = p= )
Peleff = PT 3

where A and p denote the intrinsic thermal conductivity and electrical resistivity of the solid
material, respectively, and Ag and pej off represent the effective values used in the thermal
model (Section 3.2) and the electrothermal model (Section 3.3), respectively. Figure 2
exemplarily shows the tortuosity T as a function of the void fraction ¢ for a honeycomb
structure with quadratic flow channels.
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Figure 2. Tortuosity as a function of void fraction for a honeycomb structure with quadratic

flow channels.

3.2. Solid Media Thermal Energy Storage System

During the discharge period, ambient air flows through the TES system, absorbs heat
from the electrically preheated solid medium, and is then mixed at the outlet via a bypass
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to achieve the desired temperature (see Figure 1). To model the transient behavior of
sensible solid media TES systems during the discharge phase, a heterogeneous porous
continuum approach is used, providing the temporal and spatial temperature distribution
of the gaseous phase (F) and the solid phase (S) [20]. Due to the high thermal conductivity
of the solid medium, the uniform flow distribution at the inlet, and the low heat losses
through the surrounding walls, radial gradients along the flow direction can reasonably be
neglected. In addition, the axial heat conduction term for the fluid can be omitted, since
the thermal conductivity of the fluid phase is low compared to the convective part. As a
result, the system can be described by one-dimensional heat balance equations in time ¢

and space z:
Solid
oT. 0°T
(1- S)PSCSTtS = /\S,eff?; + kay (T — Ts) — kwaw (Ts — Tu) 4)
Fluid - o
E0RCF (atF + waZF> = kay(Ts — Tf) (5)

In addition to the transient heat balance equations, the following boundary conditions
are defined:

Solid 3T
AS,eff7;|z:0 = kw(Ts(z =0) — Ty) (6)
T
AS,effT;|z=L =kw(Ts(z=L) — Ty) @)
Fluid

Tg|—0 = Tu (8)

In this context, Ts and Tr denote the temperatures of the solid and fluid phase, re-
spectively. The parameter w represents the fluid velocity, € the void fraction, ay and aw
the specific heat transfer surface of the inventory and the casing wall, both related to the
total storage volume (fluid and solid). The density pg, the specific heat capacity cg, and
the thermal conductivity A of air are calculated and temperature-averaged using a real
gas model by Lemmon [21]. The total regenerator heat transfer coefficient k is calculated
according to Hausen, including the heat resistance inside the solid phase as well as the
heat transfer coefficient of the fluid for the investigated channel-shaped geometry [22,23].
Thermal losses through the insulation are implemented by ky in the heat balance equations
and by the solid phase boundary conditions, assuming free convection at the outer surface
to the ambient. For the density ps, the specific heat capacity cg, and the thermal conduc-
tivity Ag temperature-averaged material quantities are used. The temperature-averaged
effective thermal conductivity is calculated using Equation (2). Equations (4) and (5) are
discretized in space using central and backward finite differences for the solid and fluid
phase, respectively. The resulting set of differential algebraic equations, including the
boundary conditions, is solved in time with MATLAB (R2020a, MathWorks).

3.3. Electrical Heating

The TES is directly heated electrically, with the resulting heating power determined
by Ohm’s law from current and voltage. The charging process is modeled using an
electrothermal 0D model that incorporates the temperature-dependent specific electrical
resistivity pe;(Ts) and is expressed in Equation (9):

oT : uz . U2A
msCsTf = Pel — Qloss = R Qloss = Tou(T)L kwaw (Ts — Ty) )
e
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Here, mg is the storage mass, P the electrical power, Qloss the thermal losses through
the insulation, U the electrical voltage, R the electrical resistance, A the cross-sectional area
of the storage perpendicular to the current flow, and L the storage length. The specific
electrical resistivity pej(Ts) is accounted for using parameterized equations derived from
experimental studies (see Section 4.1). The geometric influence on the effective ohmic
resistance of the porous structure is captured by the tortuosity T, which is integrated into
the electrothermal model using Equation (3). The model assumes ideal electrode contact,
defined as a full-surface, symmetrical connection without contact resistance, ensuring
a homogeneous current density across the cross-section. The model equation is solved
in MATLAB.

4. Experimental Material Characterization and Contact Resistance
4.1. Material Screening Based on Electrical Resistivity

A prerequisite for designing a directly heated SiC-based storage system is detailed
knowledge of the temperature dependence of the specific electrical resistivity. For this
reason, the electrical properties of various SiC-based materials were experimentally mea-
sured from 20 °C to 1000 °C. The investigated materials were grouped into three categories
based on their composition: (1) silicon-infiltrated SiC (SiSiC) from different manufacturers,
(2) SiC modified with varying amounts of electrically conductive additives, and (3) SiC-
based composites with variable phase ratios. Detailed compositional data cannot be
disclosed due to confidentiality agreements. For reference, the resistivity of typical metallic
heating wires (e.g., FeCrAl) is included.

The specific electrical resistivity of the SiC-based specimens was determined using the
four-point probe method. Bar-shaped samples with a length-to-cross-section ratio of 4-5
were used to ensure homogeneous current distribution. Electrical contacts were attached
via four platinum wires fixed with a graphite-based adhesive. The experimental setup for
electrical characterization, including the contacting principle, the four-point measurement
configuration, and a photograph of a contacted specimen, is shown in Figure 3.

Figure 3. Experimental setup for electrical characterization: (a) schematic of the sample contacting
principle with length I, cross-sectional dimensions 4, b, and electrode spacing s; (b) schematic of the
four-point measurement configuration; (c) photograph of a contacted specimen with four platinum
wires fixed using a graphite-based adhesive. © Fraunhofer-Gesellschaft, used with permission.

The measurements were conducted in an argon atmosphere to prevent oxidation at
high temperatures. The temperature was controlled with a laboratory tube furnace, and
the electrical resistance was recorded as a function of temperature. Based on the measured
resistance R and the sample geometry (cross-sectional dimensions a, b, and electrode
spacing s), the specific electrical resistivity p.; was calculated according to Equation (10):

pa =R (10
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The results of the experimental determination of the temperature-dependent specific
electrical resistivity are shown in Figure 4. For each material, the plotted value represents
the average specific resistivity over the full temperature range from 20 °C to 1000 °C.
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Figure 4. Average specific electrical resistivity of SiC-based materials from 20 °C to 1000 °C.

As shown in Figure 4, the 3D-printable SiSiC variants exhibit specific electrical re-
sistivity values of approximately 0.5 x 10~* to 3 x 10~* Qm, mainly due to the relatively
high electrical conductivity of the free silicon phase. Nevertheless, SiSiC resistivity remains
several orders of magnitude higher than that of conventional metallic heating elements
(e.g., FeCrAl). Typical free silicon contents range from 10% to 25% by volume, depending
on the manufacturing process and porosity of the initial SiC structure. Higher free silicon
fractions result in lower overall resistivity, so samples with lower free silicon content (e.g.,
SiSiC-6) show higher values.

In contrast, the materials in groups (2) and (3) exhibit a much wider resistivity
range due to their compositional flexibility. Electrically doped SiC with conductive addi-
tives (group 2) shows values of p. between 10~* and 10~2 Qm, primarily controlled by
the amount of additive, with lower concentrations yielding higher resistivity. The SiC-
based composites (group 3) cover the broadest range, with average values between 10~°
and 10! Om, reflecting the influence of phase composition and microstructure. By ad-
justing the volume fraction of conductive and non-conductive components, the electrical
behavior can be tailored across several orders of magnitude. Moreover, all investigated
materials exhibit negative temperature coefficient (NTC) behavior, meaning that resistivity
decreases with increasing temperature.

4.2. Material Selection

Before conducting the simulation studies on charging and discharging (Section 5), a
suitable material must be selected based on its specific electrical resistivity. For this purpose,
the standard grid voltage of 230 V is assumed, which is commonly available in residential
environments across Europe. To define a relevant electrical resistance range, an exemplary
current of 32 A is considered, reflecting typical limits in electric vehicle infrastructure
and domestic energy supply. The corresponding storage resistance is then calculated via
Ohm’s law and directly related to material properties and geometry using Equation (9),
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with p,) averaged over 20 °C to 1000 °C. By introducing the dimensionless length-to-width
ratio Cx = L/B and assuming a quadratic cross-section (A = B2), the required resistance
constrains feasible combinations of length and cross-sectional dimensions. Figure 5 shows,
for one representative of each material group, the void fraction € and the corresponding
length-to-width ratio Cx needed to meet the target resistance range. The isolines represent
contours of constant resistance for each material group.

— — SiC-Composite-3 —— SiC+Additives-4 === SiSiC-5

103 ¢
............................................ re
‘_‘><
o
101 L
___________ rQ
100 L
. 02 0.4 0.6 0.8

Figure 5. Isolines of constant electrical resistance R as a function of void fraction € and length-to-width
ratio Cx for one representative material from each of the three SiC-based material groups.

It becomes evident that many SiC-based materials—particularly the 3D-printable SiSiC
and electrically doped SiC variants—require very high length-to-width ratios Cy to achieve
sufficient electrical resistance. This inevitably results in long, slender geometries that pose
significant design challenges: extended flow paths cause substantial pressure losses in the
gas flow, and the increased outer surface area leads to larger volumes of thermal insulation.
One potential approach to mitigate these issues is to coil or meander the elongated geome-
tries and stack them into planar modules connected electrically in series. This transforms
wire-like into plate-like arrangements, reducing insulation demand by creating a more
compact geometry. However, it increases fabrication complexity and likely raises total
contact resistance due to multiple serial connections. Among the evaluated materials,
‘SiC-Composite-3’, a conventionally manufacturable SiC-based composite, appears most
promising, allowing designs with moderate length-to-width ratios (Cx < 4). Consequently,
all subsequent electrothermal charging and thermal discharging calculations were carried
out using this material.

4.3. Experimental Investigations on Electrical Contacting

Besides the storage material, reliable high-temperature electrical contacting is a key
prerequisite for a directly heated TES system. Poor electrical contacting can lead to high
contact resistance, localized overheating, or mechanical degradation. Therefore, contact
materials must provide low and stable electrical resistance, even at elevated temperatures,
and they must be chemically and mechanically compatible with SiC to prevent interfacial
reactions such as silicide formation, which could compromise electrical performance and
mechanical integrity [24].
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Among potential contacting materials, only aluminum and silver avoid the forma-
tion of brittle silicides at the ceramic interface, making them prime candidates for high-
temperature SiC applications [24]. Aluminum is commonly used for metallization and
electrical contacting, with connection concepts based on aluminum coatings and connector
straps considered state of the art for SiC heating elements. However, these concepts are
generally limited to operating temperatures below 200 °C due to oxidative degradation. In
contrast, silver (Ag) remains stable up to around 700 °C, making it a promising alternative
for high-temperature applications.

To examine design-critical aspects such as contact resistance and high temperature sta-
bility, laboratory tests were conducted using three cylindrical ‘SiC-Composite-3” specimens:
two with silver-coated end faces and one uncoated reference (see Figure 6).

a
—_— e ——
- S . l F
P ) )
Mechanical spring
(a)

Silver metallization

Sample
Ohmmeter

Nickel sheet \
Electrical insulation  — 7N eo——

(b) (©)

Figure 6. Test specimens made from ‘SiC-Composite-3": (a) after green machining; (b) after
sintering with (right) and without silver metallization (left); (c) schematic illustration of the
experimental setup.

This setup enables a direct comparison of metallized and non-metallized components
regarding contact resistance. For this purpose, the tube is clamped at both ends between
nickel sheets and electrical insulators, with a defined contact force applied via a mechanical
spring. Contact resistance as a function of contact pressure is measured using a DC
milliohmmeter (GW Instek, Taipei, Taiwan), which precisely records the total resistance
of the setup, including the contact resistance, the intrinsic tube resistance provided by
the manufacturer, and the known resistance of the supply lines. To assess the effect of
metallization, measurements were performed on samples with and without silver coating
under varying contact pressures at room temperature.

The results show that silver-metallized specimens achieved contact resistance values
well below 2% of those of non-metallized samples, demonstrating that reliable electrical
contact was achieved (see Figure 7).

The increase in the contact resistance ratio between metallized and non-metallized
specimens can be explained by the fact that the metallized samples already achieve good
initial contact at low pressures. In contrast, the contact quality of the non-metallized sample
improves more strongly with increasing pressure—as surface asperities flatten and the real
contact area grows—leading to a steeper decrease in its contact resistance compared to the
metallized counterpart. At higher pressures, both specimens reach their ‘contact optimum’,
and the ratio stabilizes. Complete elimination of contact resistance is not feasible; the
residual value of about 2% may be attributed to microscopic surface roughness, suggesting
that contact quality could be further improved during manufacturing.
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Figure 7. Ratio of the electrical contact resistance of a silver-metallized ‘SiC-Composite-3” sample to a
non-metallized sample, based on experimental results as a function of contact pressure before and
after the heat treatment (700 °C, 5 h).

To assess the high-temperature stability of the silver coating, the specimens were
placed in a laboratory furnace at 700 °C for 5 h. Subsequent resistance measurements
showed no detectable change compared to the initial values, indicating that the silver
metallization remains thermally stable up to 700 °C. In summary, silver provides thermally
stable electrical contacts with low resistance for moderate high-temperature applications
up to 700 °C.

5. Simulation Results and Discussion

Design studies are carried out to identify solutions for the heat supply in BEVs that
combine high effective storage density with high charging and discharging power. The
approach follows a three-step methodology: (1) thermal design calculations for the dis-
charging process (via bypass operation) with systematically varied key parameters such as
void fraction, specific surface, length-to-width ratio, and maximum storage temperature
(Section 5.1); (2) evaluation of electrothermal charging (Section 5.2); and (3) identification of
design solutions that enable both high storage utilization during thermal discharging and
efficient electrothermal charging under the given boundary conditions (e.g., grid voltage,
current range). Key performance indicators—energy density, pressure drop, maximum
current, and power input limitations—serve as evaluation criteria (Section 5.3).

For the simulation studies, central process specifications, thermal and electrical bound-
ary conditions (Table 1), and material properties (Table 2) are specified. The boundary
conditions and target values, including thermal storage capacity (Q), thermal discharge
power (Q), constant mixing outlet temperature (Tnix), ambient temperature (Ty), discharge
duration (74;5), and maximum permitted pressure drop (Ap), are based on requirements for
cabin heating in BEVs under cold environmental conditions [14,25]. Thermal insulation
design assumes a maximum surface temperature of 60 °C (Tw) to ensure passenger safety.
A grid voltage of 230 V is selected, as it is widely available in residential settings and
commonly provided at standard charging stations, ensuring high accessibility. A maximum
current of 32 A is defined as an evaluation criterion, reflecting typical limits in electric
vehicle infrastructure and domestic energy supply.
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Table 1. Boundary conditions and target values [14,25].

Thermal storage capacity: Q 2.5 kWh
Thermal discharging power: Q 5kW
Discharge duration: 4;g 30 min
Mixing temperature: Trix 60 °C
Ambient temperature: Ty -10°C
Outer surface temperature: Ty 60 °C
Pressure loss (max.): Ap 15 mbar
Voltage: U 230V
Current: [ <32 A

Table 2. Temperature-averaged material properties of the solid media and the thermal insulation,
exemplarily shown for the range from —10 °C to 700 °C.

SiC-Composite-3 Microporous Insulation

Density : p [kg/m?] 4388 280
Specific heat capacity : cg [J/kg K] 778 —1
Heat conductivity : A [W/mK] 38 0.028
Electrical resistivity : pe [(m] 0.15 —1

1 Not needed for the models.

The material properties of the solid media and thermal insulation were averaged over
temperature and are listed in Table 2. A microporous insulation material [26] was used due
to its low thermal conductivity and density, making it suitable for compact insulation even
at high temperatures.

5.1. Thermal Discharge

During the discharge period, the total mass flow is split into a bypass flow and a
flow through the thermal storage unit in order to compensate for the temporal decrease in
the fluid outlet temperature including heat losses and thus to achieve a constant mixing
temperature. To identify thermally efficient design with high effective storage densities,
parameter variations were carried out on geometry and storage temperature. The parameter
space included a length-to-width ratio Cy of 0.5-4, specific surfaces ay of 50-600 m?/m3,
void fractions € of 0.2-0.7, and maximum storage temperatures of 400-1000 °C. To ensure
constant discharge power over the discharge period of 30 min (Table 1), the storage mass
was iteratively adjusted. By the end of discharge, 100% of the mass flow passes through
the TES unit. Figure 8 shows the resulting effective gravimetric and volumetric thermal
energy densities, including storage utilization (defined as the ratio of usable to maximum
stored thermal energy).

The results reveal a wide range of possible energy densities, arising from variations
in storage dimensions (Cx), void fraction (g), specific surface (ay), and maximum storage
temperature (Tmax). Maximum gravimetric and volumetric energy densities occur at
specific storage temperatures due to opposing effects: higher temperatures increase the
energy density of the solid storage medium and reduce the required storage mass and
volume, but simultaneously demand thicker thermal insulation to maintain the maximum
permitted outer surface temperature of 60 °C. A maximum gravimetric energy density of
about 110 Wh/kg is reached at 800 °C, while the maximum volumetric energy density
(about 130 kWh/m?) occurs at 500 °C.

The influence of storage dimensions, void fraction, and specific surface on thermal
utilization is shown in Figure 9.
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Figure 8. Effective gravimetric and volumetric thermal energy density, including storage utilization
during the discharge period of the ‘SiC-Composite-3’, as a function of maximum storage temperature.
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Figure 9. Storage utilization as a function of specific surface (ay), void fraction (¢) and length-to-width
ratio (Cy), evaluated at an exemplary maximum storage temperature of 700 °C.

It can be seen that higher specific surfaces significantly enhance storage utilization.
Further moderate improvements are also achieved by increasing the length-to-width ratio
(Cx = L/B) and by decreasing the void fraction, as this leads to higher total heat transfer
coefficients due to increased flow velocities. In summary, a specific surface of at least
200 m?/m? and small void fractions are required to reach storage utilization of up to 90%,
and thus high effective storage densities.

Based on the solutions shown in Figure 8, the highest effective gravimetric energy
densities for the selected material occur at storage temperatures of about 800-900 °C,
while the maximum volumetric energy density occurs around 500 °C. As a compromise, a
maximum storage temperature of 700 °C is chosen, allowing gravimetric energy densities
close to their maximum while keeping volumetric energy density only moderately below
its peak. Accordingly, a target temperature of 700 °C at the end of the charging process is
used for the subsequent electrothermal charging design calculations.
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5.2. Electrothermal Charging

Using Equation (9), along with the voltage specified in Table 1, the geometric dimen-
sions of the cuboid honeycomb structure from the thermal calculations, and the material
properties of ‘SiC-Composite-3” (Table 2), the charging duration (Tcharge), average current,
and corresponding average electrical power during heating up to a storage temperature of
700 °C are calculated.

Figure 10 (left) shows the variation in average electrical power as a function of the
storage dimensions Cy and the void fraction €. According to Equation (9), both parameters
are directly linked to the effective electrical resistance of the structure and thus to the
resulting electrical power. The wide range of average electrical power arises from different
geometric dimensions of the designs: longer and more slender geometries and/or larger
void fractions increase the electrical resistance of the structure, which, for a given voltage,
reduce current and consequently electrical power. However, in addition to the storage
dimensions and void fraction, the thermal utilization coefficient strongly depends on the
specific surface. A low thermal utilization coefficient requires a larger storage mass to
discharge the same amount of thermal energy, increasing the charging duration because
more mass must be heated to the target temperature. Conversely, higher specific surfaces
improve thermal utilization and thus shorten the charging duration (Figure 10, right).
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Figure 10. Average electrical power as a function of storage dimensions Cy and void fraction ¢ (left),
and the resulting charging durations (right), shown for ‘SiC-Composite-3’.

The following section combines the charging and discharging results to identify design
solutions that are efficient in both modes while meeting key performance criteria and
specified target values.

5.3. Selection of a Design Concept at 700 °C

To evaluate the potential of the proposed concept, design solutions must be identified
that enable both efficient electrothermal charging and thermal discharging. Evaluation
criteria include gravimetric and volumetric energy density, pressure drop, maximum cur-
rent/power limits, and charging duration. Starting from the solution space at a storage tem-
perature of 700 °C (Figure 11, left), applying the target criteria—a maximum pressure drop
of 15 mbar and maximum current levels up to 32 A (~7.4 kW, see Table 1)—progressively
reduces the solution space from left to right.
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Figure 11. Reduction in the solution space at 700 °C and 230 V under the applied target criteria
—solutions that do not meet the target criteria are shown in gray.

The remaining region, representing the highest achievable gravimetric and volumetric
energy densities along with the corresponding void fractions, storage dimensions, charging
durations, and specific surfaces, is shown in Figure 12.
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Figure 12. Achievable gravimetric and volumetric energy densities at 700 °C and 230 V under the
applied target criteria.

The results in Figure 12 indicate that elongated storage designs with a length-to-width
ratio Cy greater than 3.2 are necessary to comply with the maximum current and power
limits. Configurations with low void fractions and high length-to-width ratios, however,
produce unacceptably high pressure drops. Remaining designs require a greater volume
of thermal insulation due to their larger outer surface area, which in turn reduces the
achievable energy density.

Figure 13 shows, for one exemplary solution, the time-dependent mass flow through
the TES and the temperature of the fluid exiting the storage. The selected concept variant
has a length L of 0.42 m, a width B of 0.12 m, a void fraction ¢ of 30%, and a specific surface
ay of 400 m2/m?.



Energies 2025, 18, 5354

15 of 18

700
600
O 500
LLL 400
— 300
200 t
100 .

| !

0 1 1 L
0 5 10 15 20 25 30

t [min]

Figure 13. Time-dependent mass flow through the storage system, relative to the total mass flow, and
fluid outlet temperature.

As the TES outlet temperature decreases over time, a larger fraction of the total mass
flow must be directed through the TES to maintain the target mixing outlet temperature.
For the characteristics shown, the TES exhibits a maximum pressure drop of 13.1 mbar and
achieves a thermal utilization of 88.9%, resulting in effective gravimetric and volumetric
energy densities of 102 Wh/kg and 90 kWh/m?, respectively. The corresponding charging
time is about 24 min at an electrical input power of 7 kW. A thermal discharge power of
5 kW is achieved, with the bypass system offering excellent scalability: lower discharge
power requirements allow proportionally longer discharge durations. For the selected
design, a TES mass of only 18 kg is required, with the thermal insulation (thickness of
55 mm) adding another 6 kg. During a 12 h standby period with a TES surface temperature
of 60 °C and an ambient temperature of —10 °C, heat losses amount to roughly 26% of the
stored energy. This corresponds to a conservative worst-case scenario, as in practice the
TES can be charged shortly before departure, leading to lower standby losses.

Overall, these holistic results indicate the high potential of an electrically directly
heated solid media TES system with a bypass and demonstrate its feasibility for application
in BEVs. For larger storage systems (e.g., in buses), where insulation mass is small relative
to total system mass, even higher effective energy densities can be achieved, as the storage
medium alone provides about 140 Wh/kg. Compared to previously investigated concepts—
such as electrically non-conductive ceramic honeycombs with embedded metallic resistance
wires (indirect resistance heating) or PCM-based TES systems (e.g., Al-Si alloy) [4,13]—the
present approach yields lower energy densities, mainly due to the relatively low specific
heat capacity of the selected material (‘SiC-Composite-3).

Future advances in material development—toward higher specific heat capacities and
higher resistivity—offer considerable potential for improvement. Particularly promising are
materials with comparable electrical properties that also exhibit PTC behavior. Combined
with the growing availability of 3D-printing techniques, such materials could enable
controlled redistribution of current: as resistance increases with temperature, current is
forced through alternative paths. By tailoring the hole pattern of the structure, this effect can
be harnessed to increase overall resistance. Another approach for geometric optimization
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is the use of TPMS (Triply Periodic Minimal Surfaces) structures, which could significantly
improve thermal performance due to their high surface-to-volume ratios, enabling more
compact designs [27]. In addition to the current concept, where airflow and current path
are parallel, perpendicular arrangements—where airflow and current path are arranged
orthogonally—could represent an alternative optimization strategy.

Future work will focus on setting up a test rig of the complete system at the target scale
to provide an experimental proof of concept and generate data for validating the developed
models. The experiments will also include cyclic operation to assess the long-term stability
of the material and provide insights into overall system reliability.

6. Conclusions

To improve the driving range of BEVs in cold seasons, this study introduces a novel
thermal management concept based on a directly electrically heated sensible solid media
TES system with high-temperature insulation and a controllable bypass system. To assess
the feasibility of this concept, key questions were addressed regarding material selection
for both the storage medium and electrode contacts, as well as the overall storage design.
Based on exemplary specifications for cabin heating, the proposed system enables high
discharging powers (constant 5 kW for 30 min), achieves high thermal utilization of up to
90%, and shows gravimetric and volumetric energy densities—including thermal insulation
demand—exceeding 100 Wh/kg and 90 kWh/m?3, respectively. Reliable operation of the
selected SiC-composite material up to 700 °C with a silver metallization for electrode
connections, as well as fast charging from a standard grid connection (230 V, <32 A) in
about 25 min, is feasible, with the battery charging time only marginally increased when
the TES is charged in parallel.

Although alternative thermal storage technologies, such as PCM-based or solid media-
based TES systems with indirect resistance heating, can currently achieve higher storage
densities, the proposed concept offers distinct advantages. Unlike PCM-based systems, no
additional effort is required for heat transfer structures due to the direct contact between
storage and heat transfer medium. Compared to concepts with indirect resistance heating,
eliminating metallic heating wires enhances durability at high temperatures by avoiding
oxidation issues and simultaneously reduces assembly complexity. In addition, direct
electrical heating allows for homogeneous heating, helping to avoid hotspots and minimize
thermally induced stresses.

In comparison with state-of-the-art lithium-ion batteries, which currently power PTC
heaters and provide effective energy densities of about 100-180 Wh/kg [7], this novel
concept of a directly heated solid media TES system shows competitive first results and
demonstrates that the basic prerequisites for such storage systems in BEVs are met. How-
ever, further advances in material development—toward higher specific heat capacities,
higher specific electrical resistances, and additive manufacturability—are needed to fully
unlock its potential. Additional optimization could be achieved with materials exhibiting
PTC behavior, enabling the effective electrical resistance to be tuned via structural design.

Future work will focus on building a test rig of the complete system at the target scale
to provide experimental proof of concept and to validate the developed models under
realistic cyclic conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

BEVs Battery Electric Vehicles

FeCrAl Iron-Chromium-Aluminum
NTC Negative Temperature Coefficient
PCM Phase Change Material

PTC Positive Temperature Coefficient
SiC Silicon Carbide

SiSiC Silicon-infiltrated Silicon Carbide
TES Thermal Energy Storage

TPMS Triply Periodic Minimal Surfaces
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