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A B S T R A C T

Low-cost, grid-level energy storage is key to maximizing the utilization of renewable energy production and
decarbonizing the electricity sector. The design and testing of a high-temperature thermal energy storage based
on rocks is presented. Important design features are the three electric heaters mounted on top of the storage
and the inner pipe inside the rock bed, allowing for the first time a reversible vertical air flow configuration of
a system which is partially underground. The rock bed storage is highly scalable and based on diabase which
is abundant as well as low-cost in Northern Europe and other locations. A pilot plant with a storage capacity
of 1 MWhth has been operated up to 675 °C. The first law round-trip efficiency of 70.7% in an initial operation
exceeds all efficiencies observed in a previously built thermal storage with horizontal flow configuration. By
improving the operation with charge and discharge air flow rates of 140 and 300 Nm/h3, respectively, the first
law round-trip efficiency increases to 80.7%. A maximum thermal output of 58.06 kW is achieved, of which
90% can already be provided within 6 min of start-up. This paper demonstrates that the novel medium-scale
storage can operate with a satisfactory performance for several years with no failures to date.
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Abbreviations

CB Carnot Battery
DAQ Data acquisition
ECES Energy Conservation through Energy Stor-

age
EUDP Energy Technology Development and

Demonstration Program
HTTES High Temperature Thermal Energy Storage
HTF Heat Transfer Fluid
IEA International Energy Agency
N.I National Instruments
P2X Power-to-X
RES Renewable Energy Sources
SHS Sensible Heat Storage
TES Thermal Energy Storage

Latin symbols

𝐴∕𝑉 Surface-area-to-volume ratio (m2/m3)
𝑏 Specific exergy (J/kg)
𝐵 Exergy (J)
𝑐p Specific heat capacity (J/(kg⋅K))
𝐷∕𝑑 Storage-diameter-to-particle-diameter ratio

(m/m)
𝐷𝑂𝐷 Depth of discharge (–)
𝑝 Pressure (mbar)
𝐸 Energy (J)
ℎ Specific enthalpy (J/kg)
�̇� Mass flow rate (kg/s)
𝑃 Power (kW)
𝑅 Radial coordinate (m)
𝑠 Specific entropy (J/(kg⋅K))
𝑆𝑂𝐶 State of charge (–)
𝑡 Time (s)
𝑇 Temperature (°C)
𝑢 Specific internal energy (J/kg)
𝑣 Specific volume (m3/kg)
𝑉 Volume (m3)
𝑧 Axial coordinate (m)

Greek symbols

Δ Difference (–)
𝜖 Porosity (–)
𝜂 Efficiency (–)
𝜆 Thermal conductivity (W/(m⋅K))
𝜌 Density (kg/m3)

Subscripts

0 Cut-off value
I First law of thermodynamics
II Second law of thermodynamics
amb Ambient
b Bed
CH Charge
DC Discharge
end End value
2

a

f Fluid
fan Fan
heater Heater
r Rock
recov Recovered air
RT Round-trip
stor Stored
theo Theoretical

1. Introduction

With the ever-increasing human population and living standards [1],
limiting global warming to 1.5 °C requires carbon emissions from en-
rgy production to reach net zero by around mid-century [2]. Energy
emand reduction, carbon capture and storage as well as decarboniza-
ion of the energy supply are considered the key measures to meet this
oal [3]. An increasing integration of renewable energy sources (RES) is
equired to achieve the climate goals set. The main challenge in doing
o is the temporal and spatial mismatch between electricity demand
nd generation due to (a) the fluctuating nature of RES such as wind
nd solar power and (b) the varying electricity demand curve. Energy
torage helps provide energy during peak demand times or cloudy
ays, night-time or still days. However, immense storage capacity is
equired since its need increases exponentially with increasing RES
hares, unlike the need for storage power which increases linearly [4].

Besides rapidly improving batteries, energy storages classified as
ower-to-X (P2X) technologies or Carnot Batteries (CB) gain crucial
elevance since they permit greater system flexibility, meaning RES
ntegration into the end-use sectors by potentially overcoming sector
orders. A comparison of widely-researched energy storage technolo-
ies like flow batteries [5], flywheels [6], pumped hydro [7], solid-state
atteries [8] and super capacitors [9] has brought into sharp relief
he significant potential of technologies where electric power can be
onverted to chemical energy in fuels or thermal energy for storage and
econversion. Whereas P2X technologies are predominantly understood
s technologies which use electrolysis in order to store electricity in
uels such as hydrogen (or later ammonia, methane or methanol) [10],
B convert electricity to storable thermal energy [11].

CB cover technologies such as pumped thermal [12] and liquid
ir energy storage [13], all of which are based on thermal energy
torages (TES) as a key component. Especially sensible heat storage
SHS) in which thermal energy is stored either by increasing or decreas-
ng the temperature of a storage medium [14], in combination with
ottom steam cycles, is being investigated as a potential cost-effective
lternative to traditional large-scale energy storage technologies.

For high-temperature TES (HTTES) systems that store low-cost elec-
ricity as high-temperature thermal energy, packed beds are perhaps
he most promising SHS. By either employing electrical heaters or a
eat pump as the heat source, the temperature of the heat transfer
luid (HTF) is increased and that heat is subsequently transferred to
packed-bed medium such as rocks. The heat stored can be used both

or heat supply in a broad temperature range, for instance as process
team in industries or for district heating, as well as for electricity
eneration from an external power cycle. The ability to work over a
ide temperature range with a fast response time enables applications

hat are beneficial for grid operators, energy-intensive industries, RE
r power plant (asset) owners. Further advantages are (I) no geological
equirements as opposed to storing energy at an elevation or pressure
ifferences, (II) low cost due to the use of rocks as the storage medium
nd operating pressures close to ambient avoiding the need for complex
ealings or heavy construction [15], (III) long cycle and calendar life-
ime due to minimal cycle-induced degradation of the storage material

nd (IV) no safety or environmental concerns.



Applied Energy 315 (2022) 118931K. Knobloch et al.
Fig. 1. Novel HTTES system named Droplet.
On the other hand, the main disadvantages are related to the lower
volumetric heat capacity and thermal conductivity of air compared to
those of thermo-oils, molten salts, sodium, or other heat transfer fluids
proposed [15]. Due to the large air flow and surface area needed,
the economic feasibility of industry-scale HTTES rock bed systems is
questionable at the present stage and will be strongly affected by
electricity prices in future applications and the development of low-cost
system construction.

Besides experimental data from industrial-scale applications in the
early 1970s, the available literature about experimental data for rock
bed HTTES systems is limited to lab- and pilot-scale investigations.
Even though an HTTES system offers, unlike batteries, promising scal-
ing opportunities because the (dis-) charging power and capacity can
be scaled independently, experimental results have to be evaluated
under consideration of system sizes. Whereas the surface area of a
sphere or a hexahedron rises with the square of the edge length/radius,
the volume increase of the geometrical shapes often applied for TES
systems is characterized by a cubic growth. For increasing storage sizes,
the surface-area-to-volume ratio 𝐴∕𝑉 decreases which is why lab-scale
TES systems can be expected to show higher relative heat losses. With a
similar average temperature, the 0.05m3 experimental system of Okello
et al. [16] lost 25% of its energy content during a 18 h standby period
while the 3000m3 storage within the Solar One project lost only 2.5% of
its energy content in 20 h [17]. Contrary to industry-scale TES systems,
it is important to consider the decreased flow resistance at the storage
walls due to higher bed porosities near the walls than inside the rock
bed in lab-scale TES systems. The resulting increased mass flow near
the walls for packed-bed storages with a storage-diameter-to-particle-
diameter ratio 𝐷∕𝑑 = 10 can be estimated to 15% of the total flow while
wall effects are negligible for 𝐷∕𝑑 ≥ 40 [18]. Whereas most packed-bed
storages in the literature are cylindrical due to small lateral surface,
truncated conical tanks [19] as well as rectangular shapes [20] are
studied as well.

The above-mentioned aspects from previous research lead to HTTES
performance quantified by energetic efficiencies between 65 and 90%
depending (amongst others) on the selected cut-off temperatures dur-
ing charge and discharge. Existing HTTES designs report temperature
destratification due to natural convection, in particular for horizontal
flow HTTES [21,22] and during operation with multiple cycles [23],
thermal expansion of rocks/walls [24], significant thermal losses to the
ambient [23] and maintenance limitations since equipment is typically
installed directly in the storage unit [22]. The design presented in this
work addresses these problems with (I) a novel air flow configuration
using natural convection to its advantage, (II) an external top-mounting
of all equipment for easy maintenance and (III) a partially underground
installation for mechanical support and cost-effective insulation.
3

The goal of this work is to provide the design of a novel HTTES
rock bed system partially installed under ground level and present
experimental results from a pilot plant with a thermal capacity of
1 MWhth. With the focus on energy and exergy efficiencies during
charge and discharge phases, an initial operation is compared to a
previously reported HTTES rock bed system with horizontal flow ori-
entation [21,25], see Sec. 1.1. The performance of the HTTES system is
tested with different air flow rates, heater set temperatures and resting
times to define their influence on temperature profiles, pressure drop
and maximum power output as well as their sensitivity. By testing
consecutive cycles with charge, rest and discharge phases, thermal
losses, mechanical strains and overall efficiencies for realistic operation
scenarios are studied and presented below.

1.1. Pre-pilot HTTES named Shoebox

In 2017, a pre-pilot rock bed HTTES was built [21]. The cuboid
geometry lead to the name Shoebox. The Shoebox HTTES system with
horizontal air flow direction was built to store thermal energy at 600 °C
and had a thermal capacity of 450 kWhth. The 1.5 m3 rock bed was
surrounded by an insulation layer and then enclosed in an outer shell of
stainless steel, which guaranteed an airtight inner environment thanks
to a high-temperature sealing. Irregular diabase rocks from southern
Sweden were selected as the storage material for this HTTES system
since it performed well in laboratory tests and is readily available in a
range of sizes. The Shoebox HTTES system with rock diameters between
16 and 22 mm was successfully used to study several configurations of
air flows as well as a rock bed modification and is still operable today.
However, the design and testing by Soprani et al. [21] as well as the
modeling by Marongiu et al. [25] showed that the buoyancy forces in
the horizontal-flow bed are the main reason for the moderate maximum
round-trip efficiency of 68% in experiments.

2. System description

2.1. Design concept

The new HTTES design is a further development of a previously
built cuboid HTTES with horizontal flow direction called the Shoe-
box [21,25], see Sec. 1.1. The new HTTES was designed first as a
full-scale system with a storage capacity target near 3 GWh and then
scaled down to a medium-scale test facility. Therefore, upscaling has
been designed into the system from the beginning. Fig 1(a) shows a
3-D CAD representation of the partially underground HTTES system de-

signed and experimentally investigated in this work. The combination
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Fig. 2. Flow schematic in the rock bed during charge (left) and discharge (right). Red
indicates high, orange medium and blue low temperature of air.

of a conical frustum and hemispherical shaped housing gives a droplet-
like shape, hence the name Droplet. Being classified as an unpressurized
gas/solid packed-bed storage, the system uses atmospheric air as the
HTF and solid material as the storage medium. The flow system is
open, meaning that ambient air is used for the charging and discharging
processes. One novel element is that the heaters, valves, and inlet and
outlet pipes are located on top of the storage to avoid additional ex-
cavation, simplify maintenance, and allow the rock bed to be installed
partially below ground level. Air enters and exits the rock bed in the
vertical direction during charge and discharge by means of separate
fans for the charge and discharge processes. The flow scheme in Fig. 2,
being a mix of radial but predominantly vertical air flow direction, uses
natural stratification to its advantage. A pipe leading to the bottom of
the rock bed makes it possible to reverse the flow direction for charge
and discharge to obtain a flat thermocline. This inner pipe acts as an
outlet during charge and an inlet during discharge phases, respectively,
in both cases for ambient air.

In charge mode, Fan 1 (see Fig. 1(a) and Fig. 4) provides an air flow
by overcoming the flow resistance of the system. After splitting into
three pipes, electric resistance heaters increase the air temperature to
a set point, up to 675 °C. Air enters an open flow chamber that aims to
distribute air flow evenly down through the rock bed as it passes the
conical shaped upper part as well as the hemispherical shaped bottom
part. The hemispherical shape gives a small surface area for thermal
losses and avoids corner effects. The sloped walls were chosen to reduce
mechanical stresses caused by thermal expansion by allowing the rocks
to migrate during heating and cooling. The inner pipe is mounted at the
center of the storage, giving axial symmetry. Air exits from the center
tube at the storage top where the outlet air temperature is measured
and is lead to the chimney. This charge flow scheme, illustrated in the
left side of Fig. 2, generates a steep thermocline because the hot air
enters at the top and buoyant forces ensure that the hottest air will
remain at the top of the bed.

In discharge mode, the flow is reversed, as shown in the right side
of Fig. 2. Fan 1 is switched off and Fan 2 (see Fig. 1(a) and Fig. 4)
generates a cold air flow which flows through the inner pipe and enters
the bottom of the rock bed. Cold air is upward as it recovers heat from
the rock bed and exits through the manifold into three outlet pipes
that merge into one before being sent to the chimney. During this flow
process, the steep thermocline allows the bed to maintain a high outlet
air temperature for an extended period of time.

The selection of storage material is based on the studies performed
for the previous HTTES system built [21,25]. Irregular shaped diabase
from southern Sweden is selected as the storage material for this HTTES
system since it performed well in laboratory tests and is readily avail-
able in a range of sizes. Magnetite, which is a ferrimagnetic material,
is insufficiently studied regarding mechanical and thermal stability as
well as corrosion aspects and is therefore left for future studies [26,27].
To improve flow distribution at the bottom of the bed where the fluid
flow converges to the center tube, larger rocks are used to fill the
volume below the middle pipe, approximately 20 cm high.
4

Table 1
List of HTTES storage components as illustrated in Fig. 3. Material properties can be
found in Tab. B.1.

No. Component Material

1 Pipe system Stainless steel 316L, rockwool
2 Foundation Stainless steel 316L
3 Top cover Rockwool
4 Mid cover Superwool
5 Manifold Stainless steel 316L, rockwool
6 Pipe insulation Superwool
7 Inner Pipe Stainless steel 316L
8 Steel cover Stainless steel 316L
9 Steel cage Stainless steel 316L

10 Hard insulation Skamol Brick
11 Bottom Concrete D39A-EF

2.2. Construction and materials

The Droplet HTTES pilot plant is shown in Fig. 1(b). The rock bed
has a volume of 3.2 m3 and is filled with a total rock mass of 5394 kg.
Whereas the rocks below the inner pipe (219 kg) are characterized
by sizes between 16 and 22 mm, rocks between 8 and 11 mm are
used for the main part of the rock bed (5175 kg). Particle sizes are
obtained by sieving through corresponding meshes, meaning that the
rocks passed through 22 mm and 11 mm openings, respectively, but can
be longer in some direction due to their irregular shape. The theoretical
thermal capacity 𝐸theo of the system is calculated to be 1007 kWhth for
a heater temperature 𝑇heater of 600 °C, by using Eq. (1) and assuming
a homogeneous temperature in the rock bed. A calculation based on
the measured rock mass 𝑚r is favored over its estimation with bed
porosity 𝜖, bed volume 𝑉b (3.2 m3) and rock density 𝜌r (measured as
3007 kg m−3).

𝐸theo = (1 − 𝜖)𝑉b𝜌r ∫

𝑇heater

𝑇0

𝑐p,r(𝑇 )d𝑇 ≈ 𝑚r𝑐p,rΔ𝑇 (1)

Where 𝑐p,r is the average heat capacity of the rock as received
(1.12 kJ kg−1 K−1 between 0 and 600 °C), 𝑐p,r is the temperature-
dependent heat capacity of the rock, 𝑇0 is the discharge cut-off tem-
perature (assumed to be an ambient temperature of 0 °C here) and Δ𝑇
is the difference between heater temperature 𝑇heater and the discharge
cut-off temperature 𝑇0. The discharge cut-off temperature 𝑇0 can be
ambient air but also a specific temperature level of heat supply leading
to a smaller temperature difference and hence a lower heat extraction,
depending on its specific application. It should be noted that the theo-
retical thermal capacity 𝐸theo decreases for lower heater temperatures
𝑇heater or higher discharge cut-off temperatures 𝑇0 and does not include
the contribution of air. Fig. B.1 provides temperature-dependent values
for the heat capacity of rocks as received as well as for rocks which were
exposed to 800 °C for two weeks. In order to consider the degradation
possibly taking place, the latter ones are used for the analysis presented
in this work.

An exploded view of the storage assembly is shown in Fig. 3, the
materials are listed in Tab. 1 and their properties are given in Tab.
B.1. The rock bed is partially underground and built with a reinforced
concrete outer housing followed by an insulation layer and then a steel
shell that surrounds the rocks. The rock bed is encased in a 5 mm thick
hemispherical stainless steel 316L shell with a radius of 1 m. At the top
of this steel structure, a manifold is installed for air inlet and outlet.
A steel pipe is mounted at the center of the storage and is insulated
with 150 mm thick superwool blanket. The top of this steel structure is
insulated by a layer of 400 mm of superwool followed by the 75 mm
thick rockwool sheet. The bottom and sides of steel shell is insulated by
a 400 mm thick layer of Skamol bricks. This brick structure is supported
by a 150 mm thick reinforced concrete outer support. The insulation
bricks not only reduce heat losses from the rock bed to ambient but
also support the HTTES structure by balancing mechanical forces.
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Fig. 3. 3-D explode view showing storage components 1–11 listed in Tab. 1.
Fig. 4. Air flow schematic and instrumentation of the system. The storage is depicted with a cut view from above. Electric supply is indicated by ‘‘El’’.
Table 2
Cost breakdown for the Droplet HTTES.

Cost (103 e) Fraction (%)

Off-the-shelf components

Valves 4.0 2.1
Heater 7.3 3.8
Fans 4.8 2.5
Rocks 0.7 1.4
Fittings 0.13 0.3
Electronics 6.9 3.6

Custom-built construction

Excavation 5.5 2.8
Sealings 0.7 0.4
Concrete 80.8 42.3
Insulation 16.6 7.2
Housing, piping 61.1 32.0

Total 189.0 100

The cost breakdown provided in Tab. 2 shows that most costs are
related to the bespoke construction. The capacity specific costs are
calculated to be 188e/kWhth. It is important to note that especially
the concrete pouring and steel welding of the housing and pipes could
be significantly cost-reduced in commercial HTTES systems, besides the
generally higher cost effectiveness on larger scale.

2.3. Data acquisition

The data acquisition system consists of thermocouples, strain gauges,
flow meters, pressure sensors and an energy meter, as shown in Fig.
4. Tab. 3 provides a detailed summary of all components used in the
data acquisition system as well as their quantity, manufacturer and
model number. Two flow meters are installed — one at inlet pipe 1
for measurements during charge mode and another one at inlet pipe
for discharge mode. Pressure sensor 1 is mounted upstream of the
electric heaters on the charge side and pressure sensor 2 is mounted
just downstream of the discharge flow meter. In order to exclude
5

pressure losses due to inlet pipe 1 and the heaters from the pressure
loss calculations for the rock bed, pressure sensor 3 is installed after
electric heater 3 just upstream of the rock bed. The mechanical strain
experienced by the concrete structure is evaluated by eight strain
gauges glued to the steel concrete reinforcements. An energy meter
provides the total electric consumption of the entire system, including
fans. In total, 53 thermocouples are installed in pipes, the rock bed
and the concrete structure. The rock bed houses 38 thermocouples. It is
divided into 3 vertical sections at planes 120◦ from each other, called
in this paper East, North West, and South West. Each section has a
3 × 3 matrix of thermocouples, where a set of three thermocouples are
installed at a distance of 300, 700, and 1100mm from the top of the
rock bed, see Fig. 5. These thermocouples are installed such that one
is at the inner wall of the rock-bed, one at the outer periphery and one
in the middle of these two. Apart from them, two more are installed
at the top of the bed on the manifold and one at the bottom close to
the central pipe at a distance of 1500mm from the top. The East section
also contains three more thermocouples at the outer wall at 100, 200
and 400mm. East and Southwest sections have one thermocouple at the
bottom of the bed at 1656mm. Apart from these, 6 thermocouples are
installed at the inlet just after the heaters to control and validate the air
inlet temperature, 3 inside the outlet pipe away from the rock bed, and
1 to measure the ambient temperature. The temperature of concrete is
acquired with 8 thermocouples installed in the structure, from which 3
are at the top, 4 in the middle and 1 at the bottom of the structure.

3. Experimental analysis

To evaluate the performance of the HTTES system, the acquired data
from the system described in Sec. 2.3 is used to define figures of merit
in Sec. 3.1 which are suitable for the comparison of experiments with
different operating conditions introduced in Sec. 3.2.
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Table 3
List of HTTES system components.

Component No. Description Manufacturer Model no.

Fan 2 Single stage, air-cooled side channel blower (up to 325 m3/h at
50 Hz)

Becker SV 300/1

Electric heater 3 3 × 400 V/15 kW double-flange air heater (up to 900 ◦C)
assembled in parallel

Leister LE 1000 HT

Flow meter 2 Turbine flow meter with ±1.5% accuracy Bell GFT-A-100-S(X)-S-S-N
Strain gage 8 Linear strain gages HBM 6/350 LY11
Pressure sensor 3 Low-pressure transducers: 2 × 4000Pa and 1 × 6000Pa, 0.50%

F.S.O.
BD Sensors DMP343

Thermocouple 55 K-type (Ni-Cr) IEC 584 with threaded pot and tails, 3 mm diameter
and 150 mm length, ±1,5 °C between −40 and 375 °C and ±2.5 °C
between 375 and 1000 °C

RS 787–7863

Energy meter 1 Rated voltage 230 V ±10%, nominal frequency 50 Hz ±2%, average
maximum permissible error ±0.1%

Kamstrup 382Mx7

DAQ 1 1 For pressure and flow, 8-Channel, 16-Bit Analog Input Module for
flow rates and pressures

N.I. 9203-4-20 mA

DAQ 2 1 For temperature, <0.25 °C accuracy N.I. 9213
Fig. 5. Location of thermocouples and strain gauges in side cut view (left) and in top
view with sections (right). All values are given in mm.

3.1. Figures of merit

The first law and second law charge 𝜂CH, 𝜂II,CH as well as round-
trip efficiencies 𝜂RT, 𝜂II,RT are the main figures of merit in this work.
The calculation of parameters relevant for efficiency calculations are
either based on specific enthalpies ℎf or on the specific internal energy
𝑢, defined as Eq. (2) with the discharge cut-off temperature 𝑇0, the
rock temperature 𝑇r and the temperature-dependent heat capacity of
the rock 𝑐p,r.

𝑢 = ∫

𝑇r

𝑇0

𝑐p,r(𝑇 )d𝑇 (2)

In simple terms, efficiency is the ratio of energy output over the
input. The charge efficiency gives an estimate of the capability of the
storage unit. In the case of HTTES, it is the ratio of energy stored over
the energy supplied by the heaters and auxiliary components such as a
fan, according to the first law of thermodynamics, Eq. (3).

𝜂CH =
𝐸stor

𝐸heater + 𝐸fan
(3)

Where 𝐸stor is the energy stored in the rocks, 𝐸heater is electrical
energy input for heaters, and 𝐸fan is the energy input for the fan. These
are given as:

𝐸stor = ∫𝑉
(1 − 𝜖)𝜌(𝑢(𝑇0) − 𝑢(𝑇r))d𝑉 (4)

𝐸heater = ∫

𝑡end

𝑡0
�̇�f(ℎf(𝑇heater) − ℎf(𝑇0))d𝑡 (5)

𝐸fan = ∫

𝑡end

𝑡0
�̇�f𝑣Δ𝑝d𝑡 (6)

Where �̇�𝑓 is the mass flow rate of air, 𝑇r is the rock temperature,
𝑇 is the heater set temperature, ℎ is the specific enthalpy of air
6

heater f
flow, 𝑣 is the specific volume of air, Δ𝑝 is the pressure drop across the
whole rock bed and 𝑡 is the time. The round-trip efficiency according
to the first law of thermodynamics 𝜂RT is the ratio of energy recovered
from the storage unit as heat to the energy supplied by the heaters and
fans, Eq. (7).

𝜂RT =
∫ 𝑡end
𝑡0

�̇�f(ℎf(𝑇recov) − ℎf(𝑇0))d𝑡
𝐸heater + 𝐸fan

(7)

Where 𝑇recov is the temperature of the air recovered. Other important
figures of merit include defining the charge efficiency according to the
second law of thermodynamics, Eq. (8).

𝜂II,CH =
𝐵stor

𝐸heater + 𝐸fan
(8)

Where 𝐵stor is the amount of exergy stored in the rock bed, it is
given as in Eq. (9).

𝐵stor = ∫𝑉
(1 − 𝜖)𝜌(𝑏(𝑇𝑡0 ) − 𝑏(𝑇𝑡end ))d𝑉 (9)

Where 𝑏 is the specific exergy defined as Eq. (10) and 𝑠 is the specific
entropy defined as Eq. (11).

𝑏 = 𝑢 − 𝑇0𝑠 (10)

𝑠 = ∫

𝑇r

𝑇0

𝑐p,r(𝑇 )
d𝑇
𝑇

(11)

The round-trip efficiency according to the second law of thermody-
namics 𝜂II,RT is defined as the amount of exergy recovered from the unit
as heat divided by the exergy supplied by the heaters and fans, given
in Eq. (12).

𝜂II,RT =
∫ 𝑡𝑒𝑛𝑑
𝑡0

�̇�𝑓 (𝑏f(𝑇𝑟𝑒𝑐𝑜𝑣) − 𝑏f(𝑇0))d𝑡
𝐸ℎ𝑒𝑎𝑡𝑒𝑟 + 𝐸𝑓𝑎𝑛

(12)

In order to evaluate the current state of charge 𝑆𝑂𝐶 at a given time,
another figure of merit is used. It is defined as the ratio of actual energy
stored 𝐸stor to the maximum theoretical energy 𝐸theo that can be stored
at a given temperature (defined in Eq. (1)), Eq. (13).

𝑆𝑂𝐶 =
𝐸stor
𝐸theo

(13)

It is important to emphasize that the calculations of energies as
well as exergies in charge and round-trip efficiencies use different
approaches. While the charge efficiency in Eqs. (3) and (8) considers
only the energy or exergy, respectively, stored in the rocks, round-trip
efficiencies in Eqs. (7) and (12) are defined as the energy or exergy,
respectively, recovered by the discharge air flow calculated as the
integral over time of the energy or exergy difference between outlet
and inlet. Consequently, round-trip efficiencies also consider energies
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Table 4
Overview of the experimental plan.

Section Charge Rest Discharge Consecutives?
(°C) (Nm3/h) (h) (h) (Nm3/h) (h)

4.1 600 200 24 0/24 300 24 No
4.2 600 140, 170, 200 24 0 150, 200, 250, 300 24 No
4.3 600, 625, 650, 675 140 24 0 300 24 No
4.4 600 140 72 168 – – No
4.5 600 200 24 24 300 24 Yes
Fig. 6. Temperature as a function of time for all three radial positions (R1, R2, R3) and three axial positions (top: 𝑧 = 30 cm, middle: 𝑧 = 70 cm, bottom: 𝑧 = 110 cm) during
200m3 h−1/24 h charge (solid ) and 300m3 h−1/24 h discharge (dashed ) with 24 h rest in between.
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nd exergies stored in external thermal mass like insulation or piping
eading to the fact that round-trip efficiencies can reach higher values
han corresponding charge efficiencies in theory.

.2. Experimental plan

An overview of the experimental plan is provided in Tab. 4. Whereas
ec. 4.1 concentrates on improvements for an initial operation achieved
y the new design concept itself, following sections present the effect
f highly influential operational changes on selected figures of merit.

The initial operation used for a performance classification of the
roplet HTTES is chosen according to the capabilities of components
nd offers a reasonable range for subsequent parameter studies. In
rder to allow a representative comparison to the Shoebox HTTES,
imilar 𝑆𝑂𝐶 are realized by selecting suitable charge and discharge
imes and efficiency calculations exclude the rest period. Compared to
liquid HTF, air requires high HTF velocities due to its low density.

n combination with the low viscosity of air, high Reynolds numbers
hich indicate flow dispersion result [28]. Therefore, the charge flow

ate will be varied between 140 and 200 Nm3/h even though the single
tage fan is able to provide an air flow of up to 325 Nm3/h (see Tab.
). The charge flow is limited by the minimum flow rate required by
he heaters and the maximum flow rate is limited by the heater power.
n the other hand, the discharge flow rate is tested in 50 Nm3/h

teps from 150 up to 300 Nm3/h to reach maximum power output.
nticipated HTTES applications for electricity generation will likely use
heat recovery steam generator and be coupled to a steam turbine.
igh-efficiency steam turbines require higher steam temperatures up
7

o 530 °C. Although most HTTES applications are characterized by (
individual process specifications and retrofitting, an exemplary insight
in operating conditions of typical commercial reheat rankine cycle
configurations is provided by Spelling et al. [29]. Therefore, the Droplet

TTES standard heater set temperature of 600 °C is increased up to
75 °C with 25 °C steps. Based on findings in Sec. 4.2, the charge
rocesses are run for 24 h with a flow rate of 140 Nm3/h. To ensure
full discharge with high discharge efficiencies, every charge process

s followed by a 24 h discharge with an air flow rate of 300 Nm3/h.
he operating parameters for consecutive cycles are based on possible
eal-life applications. Instead of testing short (dis-) charge times cycles
8 h matching daily electricity price fluctuations but ignoring used

quipment, the main characteristics of real-life applications, incomplete
dis-) charges around 60–80% 𝑆𝑂𝐶, are performed by choosing (dis-)
harge times accordingly. By assuming this combination of (dis-) charge
ime and air flow, results are representative of an upscaling where the
ame 𝑆𝑂𝐶 is realized by improved equipment automatically leading to
horter (dis-) charge times.

. Results and discussion

.1. Initial operation

A maximum difference of 4% between temperatures from the same
hermocouple positions confirms the axial symmetry of the HTTES sys-
em. Even when operating with only two heaters, a homogeneous tem-
erature distribution can be observed within the rock bed. Therefore,
harge temperature profiles (solid) as well as discharge temperature
rofiles (dashed) in Fig. 6 are representative for all three orientations

East, North West and South West, see Fig. 5). Whereas the temperature
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Fig. 7. Energy 𝐸stor/theo (bars □) and charge efficiency 𝜂CH (bullets ∙) for different 24 h charge operations.
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Table 5
Comparison of performance parameters for round-trip experiments of Shoebox and
Droplet HTTES. Lasagna indicates additional horizontal layers inside the storage.

HTTES 𝑃CH (kW) DOD (%) 𝜂RT (%) 𝜂II,RT (%)

Shoebox [21] (Standard) 27 82 62.9 21.2
Shoebox [21] (Lasagna) 27 86 68.4 23.6
Droplet (Standard) 42 86 70.7 24.7

measured by thermocouples closer to the middle pipe (R1) increases
first in the upper part of the HTTES (𝑧 = 30 cm) during charge, the
adially centered thermocouples (R2) record faster and higher increases
n temperature for lower positions inside the storage (𝑧 = 70 or 110 cm).

Furthermore, Fig. 6 shows that the 24 h rest does not reduce any of the
easured temperatures by more than 10% except for the inner upper

hermocouple (R1, 𝑧 = 30 cm). This can be explained with its position
lose to the cold middle pipe, also valid for other thermocouples at
he R1 position showing higher losses compared to those in the R2
nd R3 positions. During the 300m3 h−1/24 h discharge, the reversed

flow direction leads to the observation that temperatures decrease
first in the lower part of the HTTES, representing the thermocline
moving towards the storage top over time. During the 200m3 h−1/24 h
harge with 600 °C, the pressure drop for the whole HTTES system
ncreases from 9 to 9.05mbar since the average air temperature inside
he packed bed and hence its viscosity increases. However, calculat-
ng the corresponding fan pressure work with the measured volume
low and pressure drop (approximately 0.05 kW in this case) clarifies
hat the fan power consumption is generally small compared to the
eater power consumption (42 kW). It is important to note that large
mounts of the pressure drop are related to the heaters which lowers
he pressure drop and hence fan power consumption for a discharge
ignificantly. With 𝜂RT = 70.7 and 𝜂II,RT = 24.7, the standard Droplet
TTES configuration exceeds both the Shoebox HTTES Standard as well
s Lasagna configuration’s round-trip efficiencies (Tab. 5), even in this
nitial operation without improved operational parameters. Since the
roplet HTTES is characterized by a large amount of external thermal
ass, presented in Tab. 6, the authors assume that a significant amount

f heat is transferred to the surrounding materials when operating a
ingle cycle without previous HTTES operation. Consequently, even
igher efficiencies are expected in full-scale HTTES systems or when
perating consecutive cycles where the charge power is used for rock
ed heating only since the external thermal masses are already heated
8

p. Consecutive cycles are investigated in Sec. 4.5. 7
Table 6
Heat capacity of components in Shoebox and Droplet HTTES.

Shoebox Droplet

Component kJ/K (%) kJ/K (%)

Rocks 2970 73.7 6335 44.7
Insulation 710 17.6 1771 12.5
Concrete – – 5760 40.6
Steel cage/cover 172 4.3 70 0.4
Insulated pipes 176 4.4 250 1.8

Fig. 8. Temperatures (NW, R1) as a function of time for a 140 m3/h (solid ), 170
m3/h (dashed ) and 200 m3/h (dotted ) charge. The coordinate 𝑧 describes
he vertical position, see Fig. 5.

.2. Effect of flow rate

The charge temperature profiles for different air flow rates are
hown in Fig. 8. Results show that higher charge flow rates lead to a
aster rate of energy storage, as expected.

As illustrated in Fig. 7(a), higher amounts of stored energy 𝐸stor
dark gray) are observed while the theoretical maximum capacity 𝐸theo
light gray) is not changed when increasing the charge air flow rate.
harge efficiency decreases from 91.1 to 75.4% when increasing the
harge flow rate from 140 to 200 Nm3/h, given as bullets in Fig.
(a). This can be explained with a higher 𝑆𝑂𝐶, meaning more energy
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Fig. 9. Outlet temperature and power over time for four discharge flow rates each
following a 200m3 h−1/24 h charge with 600 °C.

is needed to further increase the stored energy, which leads to an
increase of exhaust air losses from 43.0 to 171.8 kWh (140 vs. 200
Nm3/h). Consequently, one measure to improve the charge efficiency is
to recirculate the outlet air while charging. This air recirculation would
take advantage of the wasted outlet air with significant heat content by
using it in the heaters again. Since the storage outlet air temperature is
higher than the ambient temperature, this measure would reduce the
energy required to heat the inlet air to the desired temperature.

The outlet temperature as a function of time is shown for different
discharge air flow rates in Fig. 9. Higher discharge flow rates lead
to higher output power but a faster drop in outlet temperature and
power. However, Fig. 9 also highlights the advantage of an operation
with lower discharge flow rates: With 150 Nm/h3, an output power of
22 kW ± 5% is supplied for more than 17 h which demonstrates a suf-
ficient stability for possible heat consumers. Furthermore, all presented
discharge flow rates allow the supply of 90% of maximum output
power after approximately 6 min making the Droplet HTTES, together
with fast-reacting reconversion equipment, also promising for capacity
market participation. Confirming the findings above, the maximum
round-trip efficiencies of 𝜂RT = 80.7% and 𝜂II,RT = 28.3% are achieved
with a 140 Nm/h3 charge and a 300 Nm/h3 discharge, both for 24 h.

4.3. Effect of heater temperature

Increasing the heater set temperature theoretically increases the
maximum storage capacity, 𝐸stor/theo, of the rock bed. The energy
storage and charge efficiency for increased heater set temperatures are
shown in Fig. 7(b) and the corresponding outlet temperature profile as
well as thermal power output are shown in Fig. 10.

Comparing the stored energy after a 24 h charge period for a 600
and 675 °C heater set temperature, an increase from 658.7 kWh to
784.8 kWh (+19.1%), approximately corresponding to the amount of
energy which is lost during 4 days of storage rest, is observed. Although
this increase is disproportionately higher than the capacity increase,
charge efficiencies decrease for higher heater set temperatures due to
increased thermal losses caused by the higher temperature difference
from ambient. By changing the heater set temperature from 600 to
675 °C, the charge efficiency drops by 3.5% from 91.9 to 88.4%.

However, an operation with increased heater set temperature can
be conceivable in real applications with economic tradeoffs between
charge efficiency and stored energy due to fluctuating electricity prices
for both buying and selling. Fig. 10 shows the benefit of higher maxi-
9

mum power output and increased outlet temperature during discharge
Fig. 10. Outlet temperature and power over time for a 300m3 h−1 discharge following
a 140m3 h−1/24 h charge with four heater set temperatures.

or higher heater set temperatures in the previous charge. A comparison
etween 600 and 675 °C charge shows a 14.1% increase in maximum
ower output as well as a maximum outlet temperature increase of
1.8%. Furthermore, outlet stability is extended since a power of
2.5 kW can now be supplied for 15.6 h instead of 14.4 h. The
orresponding pressure drop growth from 9mbar to 11mbar, resulting in

a higher fan power consumption, has a negligibly small influence since
>95% of the total power consumption is attributable to the heaters in
all experiments.

In contrast to higher flow rates, higher heater set temperatures
increase both the theoretical storage capacity 𝐸theo as well as the
energy stored 𝐸stor. Consequently, the 𝑆𝑂𝐶 in Fig. 7(b) does not
change significantly and a smaller decrease in charge efficiency occurs
since it takes more energy to charge the rock bed to higher 𝑆𝑂𝐶.

evertheless, higher heater temperatures are only recommended when
bove mentioned advantages are required since round-trip efficiencies
re lower for all experiments with increased heater temperatures due
o higher losses to the ambient.

.4. Effect of rest period

A 140 Nm3/h charge with 600 °C reaches an 𝑆𝑂𝐶 of 69% after 72 h.
hile the 𝑆𝑂𝐶 decreases by 8.1% during the first day of resting, an
𝑂𝐶 loss of 4.2% is measured on the seventh day of resting. The 𝑆𝑂𝐶

oss quantifies the decrease of stored thermal energy inside the packed
ed, meaning that it includes both heat transferred to surrounding
aterials such as insulation as well as heat transferred to the ambient

ir. For the tested time span of seven days, an average 𝑆𝑂𝐶 loss
f 5.1% per day is calculated. This average 𝑆𝑂𝐶 loss corresponds
o approximately 35 kWh of energy which is lost per day. Although
reater starting 𝑆𝑂𝐶 as well as higher charge temperatures lead to
igher 𝑆𝑂𝐶 losses during resting, an up-scaled version of the Droplet
TTES can be expected to achieve sufficient rest behavior since the
roplet HTTES is a downscaled system with a high 𝐴/𝑉 -ratio and a
on-optimized insulation design. Nevertheless, Fig. 11 illustrates that
he current version of the Droplet HTTES is more suitable for operations
onsidering rest periods from several hours to up to one day. The main
roblem for longer rest periods is not the 𝑆𝑂𝐶 loss of the storage

in general but the relatively fast temperature drop in the storage top
which makes the storage no longer suitable for heat consumers that
require a higher temperature level. Designing the insulation under

consideration of those specific requirements would solve this problem.
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Fig. 11. Reconstructed temperature profile during rest after a 140m3 h−1/72 h charge with 600 °C.
Fig. 12. Concrete temperatures as a function of time at storage top (solid ), wall
(dashed ) and bottom (dotted ) during cycle 1–4. Note that temperatures at
storage top and wall are mean values from thermocouples of different orientation.

4.5. Consecutive cycles

The effect of subsequent charging, resting, then discharging cycles
on the temperature profiles in the system was tested. Because the
fraction of external thermal masses in the total thermal mass of the
Droplet HTTES is higher compared to the Shoebox HTTES (see Tab. 6)
or a full-scale HTTES, more energy is stored in the insulation, walls,
piping and external equipment.

The concrete temperatures in Fig. 12 measured at three positions
during four cycles of 24 h charge, rest and discharge each demonstrate
three effects: (I) the conduction mechanism responsible for the concrete
temperature increase is most dominant during rest, (II) concrete tem-
perature at the top of the storage rises first and shows a cyclic behavior
after the second cycle (2.41% and 1.92% increase in the third and
fourth cycle), whereas concrete temperatures at the wall and bottom
still rise by 5.04% and 5.55% in the fourth cycle, (III) the influence of
ambient is observable due to consistent temperature fluctuations over
a 24 h period. The long lag time between heating the rock bed and an
increase in temperature of the concrete is due to the long conduction
path from the edge of the rock bed to the concrete and the low
thermal diffusivity of the insulation materials. During the first cycle,
a disproportionate amount of heat is stored in the external equipment,
which reduces the charge efficiency. As the external equipment heats
up over the course of several days, the overall efficiency of the HTTES
increases until the system finally reaches an effective cyclical steady
state. As stated in Tab. 7, these effects lead to more energy stored in
the rock bed as well as higher efficiencies for higher number of cycles
— up to 70.8% energetic round-trip efficiency in cycle 4 compared to
68.8% in cycle 1.

Since a material’s temperature is directly connected with thermal
expansion, mechanical problems such as thermal ratcheting in opera-
tions with a large amount of stored energy at high temperature can
10
Table 7
Comparison of performance parameters for four cycles each consisting of a
200m3 h−1/24 h charge with 600 °C, a 24 h rest and a 300m3 h−1/24 h discharge.

Cycle 1 Cycle 2 Cycle 3 Cycle 4

𝐸stor (kWh) 803 822 826 827
𝜂CH (%) 75.4 77.2 77.5 77.6
𝜂RT (%) 68.8 70.4 70.7 70.8

occur for HTTES systems. To monitor thermal stresses experienced
in the concrete outer shell, strain gages were mounted to the steel
reinforcements in the concrete. The largest elongation observed is
0.0023% (upper strain gage in Fig. 5) which proves that the Droplet
HTTES is mechanically sound since this is well below recommended
limits. Higher temperatures, higher molding pressures or higher resin
content as well as smaller grain sizes would additionally result in higher
maximum stress. The maximum elongation in the consecutive cycles
corresponds to an increase in the concrete bottom diameter at the upper
strain gauge measurement position of just 0.769 μm. Additionally, no
significant elongation growth is expected when the number of cycles
is further increased due to the observation of cyclic behavior after two
cycles (<2.4% elongation growth for the investigated strain gauges in
cycles 3 and 4 compared to 37.84 and 24.71% growth in cycle 1 and
2).

4.6. Post-operation inspection

A total of 250 charge/discharge tests were performed on this system
and the rock bed was at an elevated temperature over a time span of
around 3500 h. After this cycling, the system was inspected for me-
chanical degradation by removing the insulation on top of the HTTES
and opening the manhole in the cone part conical section of the Droplet
HTTES. A visual inspection of the rock bed was possible and showed no
structural damage, which supports the strain gage measurements. The
rocks, mainly consisting of plagioclase and pyroxene, showed a light
brownish surface which appears gray for raw diabase. This observation
was already found for rocks exposed to temperatures above 150 °C
in the Shoebox which was operated for around 1500 h. Even though
the rocks in the Droplet were cycled significantly longer, no visual
difference regarding thermal degradation can be concluded, which
suggests that there is little long-term degradation of the rocks. But
several rock samples were investigated in the lab showing decreased
density, decreased linear thermal expansion coefficient as well as a
decreased specific heat capacity compared to the diabase as received.
Additionally, a gap between the rock bed and cone wall in the vertical
direction is observable. Thermal ratcheting can lead to rearrangement
of rocks that results in a higher packing density and likely created a gap
between the rock bed and cone side as well as cone top. The gaps at the
cone side walls are measured to be 2.7 to 3.4 cm, increasing from the
cone side bottom (transition to hemispherical part) to cone side top.
Due to typical settlement in packed beds, a gap of 4.6 cm results at the
rock bed top. Additionally, thermocouple positions were changed up to
1 cm due to thermal ratcheting.
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Table B.1
Selected properties of materials used for the HTTES construction described in Sec. 2.2.

Material Heat capacity
𝑐p,r (kJ/(kg⋅K))

Density
𝜌 (kg/m3)

Thermal conductivity 𝜆
(W/(m⋅K))

Rocks as received (diabase) 1.12 (0–800 °C) 3007 1.75 (500 °C)
Steel 316L 0.5 (0–100 °C) 8000 21.5 (500 °C)
Rockwool 1.05 150 0.073 (300 °C
Superwool 1.13 128 0.08 (400 °C)
Skamol Brick 0.8 700 0.155
Concrete D39A-EF 0.88 2200 1.65 (400 °C)
R

Together with detailed characterization measurements, findings re-
arding this potential material- as well as system-level degradation are
rovided in a separate paper [30].

. Conclusion

TES in a rock bed represents a low-cost energy storage solution
ith a high heat-to-heat storage efficiency. This paper presents the

onstruction and performance of a downscaled HTTES for power-to-
eat or power-to-power applications with a thermal capacity of 1
Whth. Selected results are compared to a previously built horizontal

low system with a similar design.

• All first law round-trip efficiencies of the predominantly vertical
flow system partially installed under ground level exceed those
observed in a previously built thermal storage with horizontal
flow configuration. By improving the operation with low charge
and high discharge air flow rates of 140 and 300 Nm/h3, respec-
tively, the first law round-trip efficiency increases from 70.7 to
80.7%.

• A maximum thermal output of 58.06 kW is achieved, of which
90% can already be provided within 6 min. While a slower
discharge flattens the curves of outlet power and temperature
over time, heater temperatures should be increased since the
slightly lower charge efficiency is compensated by benefits such
as higher charge power and stored energy.

• When operating consecutive cycles, the efficiency increases dur-
ing the first several cycles as the external equipment such as
housing and insulation heat up, and cyclical steady is nearly
reached after 4 cycles.

• The overall TES efficiency can be improved by implementing
heaters that are able to withstand inlet temperatures above 400 °C
in order to allow air recirculation during charge. Further effi-
ciency improvements are identified in the design of the storage
top part to avoid flow bypass due to thermal ratcheting as well
as in the selection of storage material and insulation design.

Future studies could investigate the suitability of the presented design
for thermal storage at lower temperatures, for example for process heat
around 200 °C or in liquid air energy storages around −180 °C. The
ifetime of rock bed HTTES systems is not well studied and requires re-
earch on thermal degradation mechanisms happening at the material-
s well as on system-level in order to improve lifetime predictions and
dentify business opportunities.
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Appendix A. Supplementary material

Supplementary data to this article including raw experimental data
and animations of reconstructed temperature profiles can be found
online at this link.

Appendix B. Material properties

See Tab. B.1 and Fig. B.1.

Fig. B.1. Measured specific heat capacity of diabase rocks 𝑐p,r between 0 °C and 800 °C.
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