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Abstract: The expansion of renewable energy sources and sustainable infrastructures for the gener-
ation of electrical and thermal energies and fuels increasingly requires efforts to develop efficient
technological solutions and holistically balanced systems to ensure a stable energy supply with
high energy utilization. For investigating such systems, a research infrastructure was established
within the nationally funded project Energy Lab 2.0 including essential components for generation,
conversion and storage of different energy sources. One element includes a thermal energy storage
(TES) system based on solid materials, which was supplemented by an electrically heated storage
component. Hereby, the overall purpose is to efficiently generate and store high-temperature heat
from electrical energy with high specific powers during the charging period and provide thermal
energy during the discharging period. Today’s solutions focus on convective electrical heating
elements, creating, however, two major challenges for large-scale systems: limited load gradients
due to existing systemic inertias and limited operating temperatures of 700 °C in the MW scale. To
overcome such restrictions, a novel electrically heated storage component with dual operating modes
was developed. The central component of this solution is a ring-shaped honeycomb body based on
an SiC ceramic with electrical heating registers on the inside and outside. This configuration allows,
in storage operation, instantaneous direct heating of the honeycomb body via thermal radiation. At
the end of systemic start-up procedures, an operational change toward a convective heating system
takes place, whereby the high-temperature heat previously stored is transferred to downstream com-
ponents. The simulation studies performed for such a component show, for both operating modes,
high operating temperatures of over 800 °C with simultaneous high electrothermal efficiencies of up
to 90%. Experimental investigations on a 100 kW scale at the DLR test facility HOTREG in Stuttgart
confirmed the feasibility, performance and good agreement with simulation results for a selected
honeycomb geometry with a mass of 181 kg. With its successful testing and good scalability, the
developed component opens up high use case potentials in future Power-to-Heat-to-Power applica-
tions, particularly for Brayton process-based Carnot batteries and adiabatic compressed air energy
storage systems.

Keywords: thermal energy storage; high temperature power to heat; dual operating modes;
systemic improvements

1. Introduction

The secure, affordable and sustainable energy supply of the future will be largely
determined by the efficient conversion of primary, predominantly renewable energy sources
to secondary energy sources such as electricity, heat and fuels as well as their efficient
use. To investigate future solution options, the nationally funded project Energy Lab 2.0
has realized an energy research infrastructure that contains essential components for the
generation, conversion and storage of various energy carriers [1]. The resulting laboratory
contains, among other things, a 1 MW photovoltaic, a 1 MW gas turbine and a 1 MWh
Li-ion battery storage system as well as systems for methanation and for synthesis of
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kerosene, each in the power range of 100 kW, and a 400 kW PEM electrolysis system for the
production of hydrogen.

In addition, the thermal energy storage HOTREG [2,3] of DLR in Stuttgart was inte-
grated at the system level as an external test facility, in which heat storage at temperatures
of up to 850 °C can be investigated. Here, the storage of the high-temperature heat takes
place in solids [4,5] such as ceramic bricks, honeycomb bodies or natural stones, whereby a
storage capacity of up to 1.5 MWh is achieved. The storage inventory cyclically absorbs
heat in direct contact with a gaseous heat transfer medium during charging and releases
it again during discharging to the heat transfer medium. Air serves as the heat transfer
medium and is adjustable over a wide operating range in terms of temperature, pressure
and mass flow rates.

Such solid-based thermal energy storage systems also play a central role—in addition
to the activities within the Energy Lab 2.0 project—in efficiency improvements and flexibi-
lization of conventional [6,7] and solar thermal power plants [8,9] as well as in industrial
processes [10,11]. In addition, these thermal storage options are key requirements in large-
scale electrical energy storage systems to achieve high efficiencies. Typical applications
for this can be found in adiabatic compressed air energy storage power plants [12,13] and
Brayton process-based Carnot batteries [14,15].

To improve the flexibility and cost efficiency of such thermal energy storage systems
as well as for the electrification of conventional power plants and industrial processes,
high-temperature power-to-heat (PtH) extensions [16-18] are being investigated, which
allow higher storage densities, defossilization and improved systemic dynamics through
the additional integration of heat during the charging period. Key requirements for this are
PtH operating temperatures above 700 °C, high load gradients and performance capabilities
of the PtH technology and an efficient coupling between generation and storage of the
high-temperature heat.

PtH integration options considered so far envisage hereby convectively operated
heating systems upstream of the thermal energy storage system. Here, the generation
of electric heat is usually based on conductive processes [19] with metallic heating wires
embedded in a ceramic structure. However, due to the associated thermal resistances and
especially for MW-scale applications, the operating temperature for such convective heating
systems is limited to temperatures of 700 °C maximum due to lifetime restrictions [20,21].
New heating concepts based on inductive processes [22,23] enable significant leaps in both
operating temperature and heating power compared to commercial solutions, but are still
associated with a large R&D requirement.

Regardless of the heating technology, however, existing systemic inertias or start-
up procedures during cyclic operation limit the achievable systemic load gradients for a
convective integration of electric heat, although the heating systems themselves exhibit
significantly higher dynamics. Fast and powerful systemic integration of electric heat based
on current convective heating systems is, therefore, limited, which means that the expected
benefits of using PtH extensions at the system level cannot be fully realized. New solutions
to high-temperature-capable PtH extensions are, therefore, needed.

To overcome such limitations of convective heating systems and to increase the oper-
ating temperatures above 700 °C compared to today’s commercially available MW-scale
solutions, a novel electrically heated storage component was developed, constructively
implemented and experimentally tested as part of the Energy Lab 2.0 project. The central
feature of the developed component is the direct heating of a ceramic storage body via inter-
nal high-temperature radiant heaters, which enables electrical heating and systemic power
integration even without convective operation. At the same time, the concept also allows
operational flexibility by using as convective heating system. Thus, with this component,
high systemic dynamics through dual operational mode are reached while simultaneously
enabling high operating temperatures of over 800 °C through a combination of commer-
cially available radiant heaters with thermally efficient SiC ceramic storage materials that
are also transferable to MW-scale due to their good scalability.
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2. High-Temperature Electrically Heated Thermal Energy Storage with Dual
Operating Modes

The core idea of the electrically heated storage component is based on dual operating
modes in order to enable high systemic load gradients during integration of electrical
energy and thus to circumvent dependencies due to existing inertias or start-up procedures
within the overall system. This is achieved by using electrical energy at the beginning
directly for heating ceramic honeycombs via thermal radiation, detached from systemic
start-up procedures. Thus, this operating mode allows the direct generation of electrical
heat with high load gradients while the overall system is brought to its nominal operating
state with lower load gradients. At the end of the start-up procedures of the overall
system, an operational change in the electrically heated storage component takes place:
then, analogous to previous approaches, it is used as an electric heating system, whereby
the high-temperature heat generated and stored previously is convectively transferred
to downstream components, for example, a solid-media heat storage device with high
storage capacity. For reaching high performances of such a component, three central
aspects must be fulfilled: high heat transfer areas and operating temperatures for thermal
radiation as well as suitable ceramic materials with high thermal conductivities and specific
storage capacities.

The electrically heated storage component itself is based on an annular ceramic honey-
comb body, which is heated via thermal radiation by an inner and outer heating registers
and is bounded by surrounding thermal insulation. During the convective operating mode,
the gaseous heat transfer medium flows through the inner area of the honeycomb body
from below, receiving heat from the surrounding ceramic structure. An SiC ceramic was
selected as storage material here due to its significantly higher operating temperatures
compared to metallic options and high thermal conductivity compared to alternative ce-
ramic options. A schematic diagram of the concept with central geometrical values and
heat transport paths in relation to the modelling equations is shown in Figure 1.
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Figure 1. Electrically heated storage component with dual operating modes.

The conductively operating heating registers consist of axially arranged heating wires
or rods that transfer the generated high-temperature heat via radiation directly to the
environment. In contrast to today’s MW-scale conductive heating systems, higher surface
temperatures are thus usable, since thermal resistances are eliminated compared to the em-
bedded structures. In addition to the typically used metallic heating materials, electrically
conductive ceramic materials are also suitable here and are used as a heating rod option
within industrial furnace applications with operating temperatures above 1000 °C and are
characterized by high durability [24,25].
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In order to identify favored design solutions for such a component with dual oper-
ating modes, three central requirements have to be met: efficient heating of the annular
honeycomb structure via thermal radiation in the first operating mode, simultaneously
high thermal efficiency during convective heat transport in the second operating mode,
and operating temperatures of over 700 °C.

3. Modelling

The simulation studies of the electrically heated storage concept are based on transient,
rotationally symmetric 2d models in the axial (z) and radial (r) direction of the surrounding
thermal insulation and the annular honeycomb structure. The cylindrical thermal insula-
tion (I) with temperature (T) is modeled as a solid body [26], and the honeycomb body itself
as a porous medium [27] with a void fraction (¢) and a specific surface (ay), distinguish-
ing between the solid (S) and fluid (F) phases. A transient modelling of the inner (i) and
outer (0) heating register was omitted here due to negligible masses of the heating wires
or rods compared to the thermal insulation and honeycomb. In total, this results in three
transient balance equations, one for the thermal insulation (Equation (1)), one for the solid
(Equation (2)) and one for the fluid phase (Equation (3)) of the porous body.

oT; , 9%Ty 9T 10Ty
pieigy =Mga T [arz * rar] @
0Ts , 9°Ts 9?Ts 10T
(1—5)()565? —ASﬁ"F/\S [87’2+731’] +kllv(T1:—T5) 2)
oTp . 9T¢\ , 9*Tr Ty 19Tr
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The overall heat transfer coefficient k is calculated according to Hausen [28], as defined
in Equation (4),
1 1 I

% = & + TCSQD/ with 4> = f(T/ lcr /\SIPS/ CS) (4)

and includes the temporal (T) averaged heat resistance inside the solid phase with charac-
teristic length (I;) as well as the velocity (v) dependent heat transfer coefficient of the fluid
(«) for the investigated channel-shaped honeycombs [29]. Additionally, material properties
such as the density p, the specific heat capacity ¢ and the thermal conductivity A are needed.

Adiabatic boundary conditions were applied at the axial (z) boundaries (Equation (5)),
with the inlet temperature Tr_;,, (Equation (6)) specified at z = 0 on the fluid side.

T T, 9Ts AT, OTE
0z z=0 0z z=0 0z z=L 0z z=L 0z z=L
Trl.—o = Tr—in (6)

The implementation of the heating registers with their respective heating temperatures
(Tpr) takes place within the radial () boundary conditions of the thermal insulation and
the ceramic honeycomb. Here, the model integration assumes cylindrical and transparent
heating surfaces. This results in a homogeneous heat radiation density from the heating
system to the surroundings and a feedback-free heat transport. In fact, the heating registers
themselves consist of several heating wires or rods, resulting in locally cyclically fluctuating
power densities and radiation-related interactions with the surroundings. Due to the
relatively high number of heating wires or rods and their simultaneous low degrees of
coverage to surrounding structures, the assumptions made are considered a solid starting
point in a first step.

In addition to the resulting model-technical correlations, the radiation heat exchange
between thermal insulation and ceramic honeycomb body as well as convective heat losses
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(aw) to the surroundings according to [30] were considered. The radial boundary conditions
are shown in Equations (7)—(12).
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The parameters C; to Cy, based on the formulation expressed in Equation (13), repre-
sent the radiation exchange coefficients,

Q = CA[T} = T!|; with C = f(R;R;, L, B) (13)

whereby the geometric arrangement was taken into account in addition to the Stefan—
Boltzmann constant (0) and the emission coefficients (). For the cylindrical structures with
surfaces A; as a function of R; and L (see Figure 1) used here, these geometry-dependent
parameters were determined according to [31].

Within the simulation model, the local heating temperatures (Tp;y) were iteratively
determined at each time step using the specified heating power of the inner (P;) and outer
(Po) heating registers. In addition, an electrical power control was implemented for the
inner and outer heating registers, which results in a uniform reduction of the electrical
heating power when a permitted maximum heating temperature (Tpg juax) is exceeded.

The partial differential Equations (1)—(3) as well as the boundary Equations (5)—(12)
are discretized in space by the finite-difference method, and the resulting set of differential
algebraic equations are solved temporally with a commercial simulation tool (Matlab
R2020a).

4. Results

On the basis of the electrothermal model, extensive simulation studies were performed
on relevant influencing variables of the electrically heated storage component with dual
operating modes. The overall purpose was to identify geometry configurations that achieve
efficient heating of the annular honeycomb structure via thermal radiation, simultaneously
high thermal efficiency during convective heat transport and operating temperatures of
over 700 °C. Central results for this are presented in Section 4.1. To confirm the feasibility
and to validate the models, a design solution was constructively implemented and inte-
grated within the existing HOTREG test infrastructure. Key insights on this as well as on
experimental results are summarized in Section 4.2.

The results presented here are based on specifications for the existing test infrastructure
HOTREG (Table 1) in terms of electrical power and operating parameters.
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Table 1. HOTREG test infrastructure specifications.

Operating Parameters Values
maximum electric power (P) 100 kW
mass flow rate (1) 200-720 kg/h
pressure (p) 1 bar
heat transfer medium Air

Temperature-averaged material data was used within the simulation studies. For
calcium silicate-based thermal insulation these were determined according to [32], for the
SiC ceramic according to [33] and for the heat transfer medium air according to [34].

4.1. Simulation Results

The overall purpose of the simulation studies was to identify geometry configurations
that achieve efficient heating of the annular honeycomb structure in both operating modes
and, at the same time, reach high operating temperatures of over 700 °C. In addition to the
test infrastructure-related specifications (Table 1), further geometric and heating-related
variables were specified in the context of this publication to enable a comparative evaluation
of different design solutions. A summarization of these can be found in Table 2.

Table 2. Electrically heated component specifications.

Specifications Values
mass of the annular honeycomb () 180 kg
length of the annular honeycomb (L) 12m

maximum radius (Rg) 0.375m
insulation thickness (Rg—R5) 0.1m
maximum permitted heating temperature (Tp yax) 950 °C

In addition, two further specifications were applied here: the radial position of the
inner and outer heating registers and their respective electrical heating power. Thus, with
the aim of generating the largest possible heating surface, the radial positions of both
heating registers were defined with a fixed distance of 0.01 m from the inner radius of the
annular honeycomb body (Rp—R;) or of the thermal insulation (R5—Ry4), respectively. The
distribution of the total electrical heating power to the inner and outer heating registers
was implemented proportionally to the inner and outer surface of the annular honeycomb
body in order to achieve radially constant heat flux densities.

The results presented below are based on simulation studies of the three remaining
central geometry variables: the heat-transferring specific surface (ay), the void fraction (¢)
and the inner radius (R;) of the annular honeycomb body. Central results for the first
operating mode—electrical heating via thermal radiation—are described in Section 4.1.1
and for the subsequent second operating mode—electrical heating via thermal radiation
with simultaneous convective flow—in Section 4.1.2.

4.1.1. Operating Mode I

The objective of the simulation studies was to identify geometry configurations that
enable effective heating of the annular ceramic SiC honeycomb body via thermal radiation
with high heating powers over a large period of time during the first operating mode.
Such design solutions are associated with high storage densities or temperatures, achieve
high-performance electric heat generation and coupling and thus enable the overarching
systemic benefits in terms of cost efficiency and dynamics.

Simulations included variation studies in terms of void fraction (¢) and inner radius
(Ro). Effects of different specific surfaces (ay) are only marginally present for this operating
mode and are, therefore, not presented. For each geometry configuration, the transient
heating processes were performed with the maximum heating power of 100 kW specified
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in Table 1. The simulations were terminated as soon as the heating power dropped below
95 kW due to the implemented heating power control, when the permitted maximum
heating temperature (Tpiy mqx) Was exceeded. Results on charging durations (7) are shown
in Figure 2.

32 15
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Figure 2. Charging duration (1) and heating power densities (P/A) as a function of the inner ra-
dius (Ry) and void fraction (¢) of the annular honeycomb body.

The results show that charging durations of up to 31 min are achievable for a given
storage mass of 180 kg, whereby these are associated with larger inner radii (R;) and
increasing void fractions (¢). The reason for this is increasing heat-absorbing surfaces,
which lead, in the annular honeycomb body, to lower heating power densities (P/A) and
thus to lower excess temperatures in the areas close to the heating registers. Due to
design restrictions considering the limited radial space, higher inner radii are increasingly
only achievable with geometry configurations with a lower void fraction of the annular
honeycomb body.

Further relevant results regarding the generated and stored electric heat (Qg) related
to the electric work as well as the achieved maximum temperatures (ATs) are summarized
in Table 3.

Table 3. Stored heat (Qs) and maximum temperature difference (ATs) as a function of charging

duration (7).

7 [min] Qs/(P ) [%] AT [°C]
20 83 520
25 84 662
30 85 803

As can be seen, geometric design solutions with achievable charging durations of
30 min are associated with averaged temperature differences inside the inventory body of
803 °C, whereby 85% of the electrically generated heat is stored inside the honeycomb. Up
to 5% of the electrical heat is lost to the environment through heat losses, and approximately
10% remains within the thermal insulation.

For the subsequent operating mode—electrical heating via thermal radiation with
simultaneous convective flow—variation studies were performed analogously to the rela-
tionships explained here. Central results are summarized in Section 4.1.2.
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4.1.2. Operating Mode II

At the end of the first operating mode, thus at the end of the start-up procedure of the
overall system, an operational change takes place: the component then acts as an electrical
heating system, whereby the stored as well as the continuously generated high-temperature
heat is convectively transferred to systemic downstream components or to a solid-media TES
with high storage capacity, respectively. Within this operating mode, the objective is to identify
geometry configurations of the annular ceramic SiC honeycomb that achieve an efficient heat
transfer to the heat transfer medium (air) and operating temperatures above 700 °C.

Similarly to Section 4.1.1, simulation studies were performed for the central geometric
degrees of freedom—the void fraction (¢), the inner radius (Ry) and the specific area (ay).
The mass flow rates were varied in the range between 200 and 500 kg/h, and the maximum
heating power was set to 100 kW as specified in Table 1. Exemplary results on resulting
thermal powers (Q r) and maximum operating fluid outlet temperatures (Tr.,,;) in steady-
state condition are shown in Figure 3 based on comparable geometry configurations with
respect to void fraction and inner radius.

100
90 -
80
£ 70 —a = 50 m2m)
& 60 —a,=100 [m2/m?3] J
a,=150 [m’/m’] L
507 2, 3 e
—av=500 [Mm*/m~] -
40| - w mp=200 [kg/h| =w mp=400 [kg/h]
-o 1F=300 [kg/h| -¢ 1mp=500 [kg/h]|
30 : ‘
400 600 800 1000

TF-out [DC]

Figure 3. Steady-state thermal powers (Q r) and fluid outlet temperatures (Tr.o,;) as a function of
mass flow rate (1) and specific surface (ay) of the annular honeycomb body.

The mass flow-dependent relationship between specific surface (ay) and achievable
thermal power or operating temperature becomes obviously visible. With increasing
heat-transferring surfaces, the effectiveness of heat transport improves, whereby excess
temperatures at honeycomb body areas close to the heating registers are reduced, allowing
finally higher thermal outputs. However, the results also show that above a specific surface
of about 150 m? /m3, further improvements cannot be reached. This is due to limitations in
thermal conductive heat transfer within the SiC honeycomb, which results in a reduction
of the heating power in order not to exceed the defined maximum heating temperature of
950 °C. Despite these limitations, the results show, that steady-state operating temperatures
above 800 °C at thermal powers above 90 kW are achievable with the presented concept
and suitable geometry configurations.

For identification of such design options, the associated geometric relationships be-
tween void fraction and inner radius of the annular honeycomb body at an exemplary mass
flow rate of 300 kg/h are shown in Figure 4. These characteristics are based on results at a
sufficiently high specific surface of 200 m?/m3.
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Figure 4. Steady-state thermal powers (Q r) and fluid outlet temperatures (Tr.,,) as a function of the
inner radius (Ry) and void fraction (¢) of the annular honeycomb body.

The results for steady-state thermal powers and operating fluid outlet temperatures
show a strong dependence on the inner radius and a comparatively moderate one on the
void fraction. Analogous to the relationships already explained in Section 4.1.1, increas-
ing inner radii lead to efficiency improvements in the convective operating mode due
to increasing heat-absorbing surfaces between the honeycomb and the radiation-based
electric heating systems. The void fraction specific minimum, on the other hand, is due
to a superposition of the resulting outer diameter of the honeycomb body and the flow
velocity with an associated opposite dependence between residence time and heat transfer
coefficients. Comparable relationships between inner radius and void fraction to efficiency
are also found in the other mass flow rate studies considered. Regardless of pressure
loss-specific limitations, design options favored for the convective operating mode are also
associated with high inner radii (Ry) and low void fractions (¢), with the most significant
influence on efficiency by far being the specific surface (Figure 3).

4.1.3. Favorite Geometrical Design Solutions

The identification of favored design options reaching high efficiency in heat transport
in both operating modes and high operating temperatures is based on geometry- and mass
flow rate-dependent results determined in Sections 4.1.1 and 4.1.2. For this purpose, re-
quirements were defined for the relevant target variables—operating temperature, charging
duration, performance—and design options were selected on the basis of their results.
Geometric solutions determined in this way with respect to specific surface, inner radius
and void fraction are summarized in Table 4.

Table 4. Favored geometric design solutions with operating temperatures above 800 °C, charging
durations above 27.5 min (T/ Tyax > 90%), steady-state thermal powers above 90 kW (Qr/P > 90%).

ay [m2/m3] R [mm] e [%]
>200 >150 10-60

The specific surface and the inner radius of the ring-shaped SiC honeycomb show the
most significant influence on the efficiency. The void fraction itself plays a subordinate role
in comparison, but it is especially important with respect to pressure losses, which were
not considered here.
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For an exemplary selected geometrical design solution, central results on locally
averaged temperatures in both operating modes as well as on stationary local temperature
profiles in the convective operating mode are presented in Figure 5.
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Figure 5. Transient characteristics (a) and steady-state temperature profiles (b) of a favored design
solution with a specific surface of 300 m?/m3, an inner radius of 150 mm and a void fraction of 60%
at a mass flow rate of 400 kg/h.

Within the first operating mode, the results (Figure 5a) show a quasi-linear increase
of the averaged storage temperatures (Ts) to 800 °C until the electrical heating power (P)
falls below the specified 95 kW after about 30 min. From this point on, the operational
change from the storage mode to the convective heating mode takes place. Right from
this start, high thermal powers are achieved at fluid outlet temperatures (Tr.,,) of over
800 °C due to the already preheated structures. Due to thermally significantly increased
inertias of the thermal insulation (T}), the steady-state condition is reached here only after
several hours. These weakly pronounced gradients lead to internal thermal balancing
effects between thermal insulation, honeycomb body and heating registers, but are only
marginally visible in the fluid outlet temperature with a steady-state level of 805 °C. The
local temperature profiles resulting in the steady-state condition (Figure 5b) additionally
confirm the homogeneous temperature distribution within the annular honeycomb body
caused by the high SiC thermal conductivity. It also points out here that high thermal
insulation temperatures occur at the hot-side end, which must be considered in future
design studies, especially for upscaled applications in MW scale.

4.2. Experimental Results

For proof of concept and for model validation, a design solution was constructively
implemented and integrated within the existing test infrastructure HOTREG [2] of the
DLR Stuttgart. Central insights into the test rig of the electrically heated component are
presented in Section 4.2.1 and into experimental as well as simulation results in Section 4.2.2.

4.2.1. Experimental Set-Up

A design option was selected on the basis of the simulated results for testing the
electrically heated component with dual operating modes. The geometry solution of this
option was integrated in the HOTREG test facility at DLR Stuttgart and experimentally
investigated within the Energy Lab 2.0 project. For this purpose, detailed constructive
designs were performed with external suppliers for the ring-shaped SiC honeycomb body;,
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the internal and external heating register, and the thermal insulation as well as the space
requirements for the metrological instrumentation. Central aspects of the implementation
and integration into the test facility are summarized in Figure 6.

Figure 6. Annular honeycomb body (top left), heating registers with honeycomb body and thermal
insulation (bottom left), electrically heated storage component (in the foreground) with integration
to the solid-media thermal energy storage (right).

The design solution included stacked annular SiC honeycombs with a total length
of 1.2 m, a specific surface of 190 m?/m3, a void fraction of 42% with an inner radius of
90 mm and a total mass of 181 kg. The high-temperature heating register placed inside
the ring-shaped SiC honeycombs reach a maximum power of 33 kW, and the outer high-
temperature heating register integrated on the thermal insulation a maximum power of
66 kW. Both heating registers, each with an effective length of 1.1 m, consist of closely spaced
meandering heating wires or rods, enabling a homogeneous heating of the honeycomb
bodies with a total output of 100 kW.

The electrically heated component was instrumented metrologically and connected
process-technically with the solid-media thermal energy storage system available in the
HOTREG test facility in order to achieve holistic investigations of the coupled system
within the scope of the Energy Lab 2.0 project. At axial and radial positions, thermocouples
(type K and type N) with an accuracy of 1.5 °C or £0.4% were integrated within the ring-
shaped honeycomb bodies, the thermal insulation and the heating registers as well as at the
inlet and outlet, enabling comprehensive temperature measurements for model validation.
In addition, the electrical powers per heating register and—during convective operating
mode—the specified mass flow rates were recorded, each with a measurement accuracy of
2%. Due to the test rig design, minor adjustments were made to the existing simulation
model, mainly involving the length of the heating registers compared to the honeycomb.

Central experimental results and associated model validations are presented in the
following. The focus is on measurements of the electrically heated component for both
operating modes.
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4.2.2. Proof of Concept and Validation

The experimental investigations on the electrically heated storage component focused
on measurement campaigns on the operating modes without and with convective flow
through the ring-shaped honeycomb bodies. In addition to a successful proof of concept,
the overall purpose was to validate the radiation-based simulation model and thus to
enable a solid base for future up-scaled design studies.

Exemplary results on two measurements for the first operating mode, the storage of
electric heat within the electrically heated component, are shown in Figure 7. In the first
case (red curve), a maximum total heating power of 66 kW was specified at an averaged
inventory temperature (Ts) of 600 °C to be reached, and in the second case (green curve), a
maximum total heating power of 47 kW at an averaged inventory temperature of 900 °C.
The total heating power was divided area-proportionally between the inner (1/3) and outer
(2/3) heating registers, and these values were used as input variables in the simulation
model. The maximum permitted heating temperatures (Tps ;qx) Were specified as 1000 °C.
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Figure 7. Transient heating processes in the first operating mode; (a): averaged inventory tempera-
tures (T's)—(b): temporal characteristics of heating powers (P).

The results in Figure 7a show good agreement between the experimental and simulated
temperature characteristics during the transient heating process for both measurements.
Despite the radial heating input, comparatively homogeneous temperatures of the hon-
eycomb body were achieved due to the high SiC thermal conductivity. Figure 7b also
clearly shows the drop in electrical heating power over the time of the measurements. The
reason for this is the power control, implemented both in the experiments and in the model,
which leads to a reduction in the heating power when the maximum permitted heating
temperature is reached. The high storage temperatures of more than 800 °C, targeted
for this operating mode, with simultaneously constant heating power were successfully
achieved at heating temperatures of 1000 °C.

To investigate the developed component in the second operating mode, electrical
heating with simultaneous convective flow, variation studies on heating powers as well
as on mass flow rates were performed and compared with simulation results. Exemplary
results for radially averaged fluid temperatures (T ) within the honeycomb body as well
as for the temporal characteristics of the heating power are shown in Figure 8. In the
measurement selected here, a maximum total heating power of 90 kW and a mass flow
rate of 260 kg/h were specified. The total heating power was divided area-proportionally
between the inner (1/3) and outer (2/3) heating registers and the maximum permitted
heating temperature (Tps max) Was set to 1000 °C.
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Figure 8. Local radially averaged fluid temperatures (T ) within the annular honeycomb bodies (a)
and temporal characteristics of the thermal (QF) and electrical powers (P) (b).

In addition to good agreement between simulation and measurement results, it is
visible from Figure 8a that the cold entering air is successively heated across the flow path
and reaches maximum temperatures of 830 °C at the outlet of the developed electrically
heated storage component. The highest deviations are found at z = 600 mm and are mainly
caused by the temperature-averaged material properties for the fluid and solid phase
within the simulation results.

The radial temperature distributions due to the two-sided radially radiated heating
showed deviations of less than 20% related to the averaged temperatures at each axial
position in the experimental and less than 13% in the simulations results. The comparable
low deviations were caused by the high thermal conductivity of the SiC-based ceramic, but
were underestimated inside the simulation model. Model extensions regarding effective
thermal conductivities in the radial direction for porous structures are needed to improve
the simulations” quality, especially for large-scaled designs.

With respect to Figure 8b, at the beginning, the maximum specified heating power of
90 kW was achieved, which was reduced to 66 kW in steady-state condition. The reason for
this was the implemented power control, which—after ending transient processes—led
to a reduction of the heating power in order to maintain the permitted maximum heating
temperature. The thermal power itself showed temporally increasing values due to initial
thermal inertias, whereby at steady-state condition, 64 kWth was reached, resulting in only
marginal heat losses of less than 3% related to the electric power. Analogously, variation
studies were performed on steady-state heating powers and mass flow rates, showing
comparable characteristics and good agreements between the transient experimental and
simulation results.

To evaluate the performance of the electrically heated storage component in the second
operating mode over the whole range, steady-state results are presented in Figure 9.

The steady-state characteristics illustrate the well-known relationship between outlet
temperature, mass flow rate and heating power as well as the good agreement between
experimental and simulation results. At high outlet temperatures or at high thermal
powers, the power control described above leads to a limitation of the electrical heating
power, which results in restrictions to the maximum permitted heating power in the steady-
state condition of approximately 24% at Tr.,,; = 700 °C and of 35% at Tr.,, = 830 °C.
Optimizations with respect to honeycomb geometry and heating register arrangement
as described in Section 4.1 as well as to operating heating temperatures by means of
ceramic heating elements [24,25] allowed further increases in performance with a significant
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reduction of limitation on heating power. Additionally, as visible with increasing mass
flow rates, the experimental results showed higher deviations. This is due the fact of
increasing flow maldistributions at the inlet and between the staked honeycomb bodies,
leading radially and axially to higher volatilities in convective heat transport.
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Figure 9. Steady-state fluid outlet temperatures (Tr.y,;) and thermal powers (Q r) as a function of

mass flow rates ().

For the final evaluation of the electrically heated storage component, the transient
characteristics were investigated for both operating modes running directly one after the
other. Exemplary results at a maximum total heating power of 90 kW and a mass flow rate
of 260 kg /h are shown in Figure 10. Analogously with previous results, the total heating
power was divided area-proportionally between the inner (1/3) and outer (2/3) heating
registers and the maximum permitted heating temperature (Tpyy 1) Was set to 1000 °C.
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Figure 10. Local radially averaged fluid temperatures (Tr ) within the annular honeycomb bod-
ies (a) and temporal characteristics of the thermal (Qf) and electrical powers (P) (b) over both

operating modes.

Despite test rig-specific limitations, the results here also confirm the high performance
of the developed component in achieving both high operating temperatures of over 800 °C
and simultaneously enabling dual operation functionality. During the first operating
mode with pure radiative heating, a comparably homogeneous temperature elevation was
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observed in the simulation and experimental results. Significant deviations were visible
only at the lowest part at z = 100 mm due to locally test rig-related high specific heat
losses. Similarly to previous explanations, the maximal radial temperature deviations were
reached during the second operating mode, whereby less than 19% related to each axial
position was determined in experimental and less than 11% in simulation results.

With special regard to the operating modes running directly one after the other and
despite further needed control optimization, the overall purpose of the novel concept
and developed component becomes visible: fast integration of electrical energy from the
beginning at high values without systemic limitations (operating mode I) and—after reach-
ing the fully thermally charged storage—instantaneously high thermal powers (operating
mode II), for instance, for thermally charging cost-efficient, large-scaled solid medium
thermal energy storage. Compared to today’s solutions with an external storage device and
convection-based heating elements [16-21] limited to 700 °C for MW-scaled applications,
significant benefits in system dynamics with simultaneously high operational temperatures
of over 800 °C are reached through the new concept.

For future design studies, especially under large-scale scenarios, further investigations
are needed. Special attention should be paid to the following:

- identification of the maximal size of the internal, radiative heated storage system
with dual operating modes in combination with an external cost-effective solid-media
thermal energy storage system

- design optimizations to improve the maximum operational temperature via ceramic
heating elements with radial orientation

- lifetime predictions based on FEM models for the brittle SiC material

With these results, the limitations of the proposed system in terms of size, temper-
ature and dynamics were derived, and well-founded systemic case studies for suitable
applications in terms of techno-economical optimizations can be conducted. Regardless
of these open questions, the developed, tested and validated internal electrically heated
storage component, as part of the Energy Lab 2.0 project, confirms even now with its results
the overall benefits: improved system dynamics due to the operational flexibility, cost
reduction potential due to high operating temperatures, and finally, economic advantages
for future large-scaled power-to-heat-to-power systems, in particular through coupling
with a solid-media thermal energy storage system with high storage capacity.

5. Conclusions

The research infrastructure erected as part of the nationally funded Energy Lab 2.0
project enables the testing of new technologies and approaches for the generation, conver-
sion and storage of various energy sources and their interconnection. In addition to specific
technology developments, the infrastructure allows investigations on energy services of
decentralized energy plants, on improvements of flexibilities and on new approaches to
stabilize the energy networks. One element within this network is a thermal energy storage
system with high storage capacity based on solids, which was extended by an electrically
heated storage component with a maximum heating power of 100 kW. In this context, the
coupled energy storage systems act as a dynamic and flexible subsystem that can store
electrically generated heat efficiently with high operating temperatures of over 800 °C and
provide it during times of thermal energy demand.

For this purpose, an electrically heated storage component with dual operating modes
was developed for the first time, enabling high load gradients in the integration of electrical
energy at a superordinate systemic level, leading to a significant reduction in systemic
inertias. This was achieved by using electrical energy directly for internally heating a
storage inventory via thermal radiation—detached from systemic start-up procedure—
while the superordinate overall system is brought to its nominal operating state with
lower load gradients. At the end of systemic start-up procedures, an operational change
takes place: the electrically heated storage component then acts analogously to current
approaches as an electrical heating system, transporting the stored as well as continuously
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generated high-temperature heat to downstream components or to a large-scaled solid-
media thermal energy storage system with high capacity.

To identify such a component with dual operating modes and specifically for high-
temperature requirements, a favored design solution with high electrothermal efficiency of
more than 90% for both operating modes and operating temperatures of more than 800 °C
was developed via detailed models and wide simulation studies. For proof of concept,
a design solution was constructively implemented and tested through experimental in-
vestigations at 100 kW scale. The validated and novel concept consists of an annular SiC
honeycomb body, which is radially heated by an inner and outer high-temperature heating
register. Due to the high heat transfer efficiency in both operating modes and despite test
rig-related limitations, high operating temperatures of 830 °C have already been achieved
at steady-state heating powers of up to 65 kW. Further technological improvements in
performance can be reached by optimizing the honeycomb geometry, heating register
arrangement and heating temperature using ceramic heating elements.

The use of this developed technology, especially in combination with a solid-media
thermal energy storage system with high storage capacity, is particularly suitable for two
future applications: power-to-heat-to-power storage power plants and electrification of
fossil-fueled industrial processes. In the first, the electrically heated high-temperature
storage system with dual operating modes will achieve a significant increase in dynamics
and cost efficiency through systemically improved start-up procedures and higher op-
erating temperatures, and in the second, a fuel reduction of natural gas-fired processes
through alternative heat supply above 800 °C. Further developments will, therefore, focus
on design studies for up-scaled solutions in the MW range, holistic optimizations to the
storage capacity between the developed electrically heated storage component and the
high-temperature solid-media heat storage system, and their dynamic interactions.
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