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Abstract

Access to sustainable and affordable energy for direct thermal applications, such as
cooking and heating, remains a challenge in many regions. Sub-Saharan Africa isaregion
where reliance on traditional biomass fuels is prevalent, giving rise to severe health and
environmental consequences. This study aimed to investigate the thermal performance
of diabase as a storage medium within a prototype of a small-scale rock thermal energy
storage system, constructed from readily available components, to evaluate its
feasibility for potential low-energy applications. The experimental setup consisted of a 60
dm® steel barrel containing 79.5 kg of 11-16 mm diabase gravel, heated by three 1.5 kW
heating forks, and insulated with rock wool. Air was introduced into the system by an
external compressor for heat extraction. Results from four charging and extraction cycles
demonstrated that a single thermocouple in the diabase bed recorded localized
temperatures up to 783.4°C. More representative average diabase temperatures,
estimated from the total energy input, likely reached a range between 340.14 - 572.22°C
depending on the cycle. The system successfully extracted heated outlet air, reaching up
to 321.3°C with an airflow of 2.1 dm®/s and 64.9°C with a reduced airflow of 0.4 dm?/s,
demonstrating the significance of flow rate on extraction efficiency. Energy extraction per
cycle peaked at 3.76 MJ. Temporal heat retention analysis showed rapid energy
dissipation within the first four hours with approximately 64-69% lost over 16 hours.
Despite these losses, the system retained heat above ambient for several days,
indicating potential for overnight storage. The study concludes that the small-scale
prototype, despite limitations such as localized temperature measurements and the
need for improvements regarding its system design, shows potential for direct thermal
applications using readily available materials.
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1. INTRODUCTION

1.1 A global outlook

In 2030 the portion of renewable energy is
projected to increase from 37% to 69% of the
electricity mix in the EU. Roughly half of the
energy consumption in Europe is related to
heating and cooling where 89% of the demand
is supplied by fossil fuels. With an increase in
demand, several challenges will arise related to
the capacity of the current energy grid during
peak hours, possibly causing supply
interruptions (Roncevié, 2023). At the same
time, universal access to electricity in Sub-
Saharan Africa (SSA) is merely at 43%. Rural
SSA countries, apart from e.g. Cape Verde and
South Africa remains without sufficient grid
coverage. The electricity consumption per
capitain SSAis 483 kWh, which is extremely low
in comparison to other developing regions.
(Blimpo et al., 2020). This consumption is
roughly the amount of electricity needed to
power a 50 W light bulb continuously on a yearly
basis.

Given these circumstances, the population in
SSA relies mainly on traditional fuels for
cooking, heating and lighting. Examples of
different fuels are fuelwood, charcoal,
kerosene, farm residue and dung/manure.
Fuelwood is predominantly used for cooking
and acquired by collection with an average of 6
hours spent per gatherer per week. This task is
mainly designated for women and to a lesser
degree children (Adkins et al., 2012).

Electrifying SSA would require major invest-
ments and steadfast political intervention. With
the outbreak of the Covid-19 pandemic and
population growth, the number of people
without access to electricity increased for the
first time since 2013 (Egli et al., 2023). No. 7 of
the Sustainable Development Goals (SDG) as
envisioned in the United Nations’ Agenda 2030
is related to having access to affordable,
reliable, sustainable and modern energy for all.
Achieving this goal would have a direct positive
impact on other goals as well, such as SDG 3
which envisages good health and wellbeing.

Abandoning biomass fuel for domestic
purposes would certainly mitigate the
hazardous health implications that arise from
e.g. fuelwood, charcoal and kerosene (Adkins et
al., 2012). In 2019, household air pollution
accounted for nearly 700 000 deaths in Africa
(Fisher et al., 2021). Reducing the biomass
dependency would also fulfil SDG 13 and 15 by
cutting COs-emissions and reducing de-
forestation. In light of it being primarily women
who collects most of the fuelwood, SDG 5
which aspires to achieve gender equality and
empower woman, could also be addressed
when liberating collectors of the time-
consuming and labour-intense task of fuelwood
collection.

The World Bank has issued a report regarding
the global photovoltaic (PV) power potential by
country, where it highlights that SSA is a region
that has excellent conditions for solar power.
The report highlights that the long-term daily
PVOUT exceed 4.5 kWh/kWp (World Bank,
2020). Furthermore, the PV module prices have
fallen 82% between 2010-2019 and are
expected to continue to do so in the coming
years ahead (IRENA, 2020). The future of sus-
tainable energy in this region should therefore
be bright. The intermittence of solar energy,
however, might possibly be an impediment.

To combat this intermittency, solar energy can
be harnessed within the concept of thermal
energy storage (TES) using rock materials (El
Alami et al., 2020). A rock bed stores solar
energy captured by solar collectors, reaching
temperatures of at least 600°C as sensible heat.
In this setup, air can be forced through the
system and later used to boil a liquid into steam
which in turn operates a generator creating
electricity.

However, given the undeveloped grid infra-
structure and the immense endeavour of
electrifying rural communities, the timeframe
for this might be too great. Perhaps an
intermediate step could be to use TES-systems
for low-energy purposes, e.g. direct thermal



applications such as cooking and space
heating. In other words, rather than focusing on
generating electricity, the aim could be to
create a small-scale energy storage specifically
designed for individual households or small
groups of households in rural villages. Studies
have investigated the charging behaviourin rock
beds by experimenting with both natural and
forced convection, achieving high temperatures
of the air. They conclude that solar power in
combination with a packed-rock TES might
serve as a viable option for storing energy and
later extract it for multi-purpose applications
(Abrha et al., 2024; Okello, 2012).

1.2 Aim and purpose

With the previous background as a starting
point, the aim of this study is therefore to
investigate the thermal performance of diabase
as a storage medium within a small-scale
prototype of a thermal energy storage system
constructed from readily available com-
ponents, in order to evaluate the feasibility for
potential low-energy applications. The experi-
mental setup will not, within the scope of this
project, use a photovoltaic source to power the
system. It will focus primarily on the behaviour
of the chosen rock material regarding thermal
characteristics during experimental conditions
as well as investigating the effects of a varying
airflow and its possible impact during heat
extraction. The retention of the heat itself will
also be investigated. This aim is therefore
preparatory in a sense, to firstly conclude any
possible potential before embarking on a future
project of optimizing and enhancing the system
design, as well as coupling it with PV as a power
source.

1.3 Research questions

How much heat energy can be stored and
extracted from the thermal storage system?

What effect does a varied volumetric flow rate
have on energy extraction?

To what temporal extent, during non-
operational hours can heat energy be retained
in the thermal storage system?

1.4 Limitations

Given the time constraints imposed on this
project, the scope of testing was limited to four
cycles for both charging and extraction
processes under operational conditions.
Regarding the analysis of retained energy,
measurements were conducted over three
cooling  cycles under non-operational
conditions. Financial aspects have had
implications as well, restricting the projects’
ability to investigate rock types other than
diabase as well as a larger range regarding grain
size. Furthermore, certain assumptions
concerning the thermophysical parameters of
the diabase were necessary. These parameters
were not experimentally verified within this
study. Instead, they were adopted from values
found in relevant TES literature.



2. THERMAL ENERGY STORAGE

2.1 What is thermal energy storage?

Thermal energy storage (TES) is a concept
involving three main phases of operation:
charging, storing and discharging. This
technology captures thermal energy either by
heating or cooling a storage medium. The stored
energy can later be used for several different
purposes, where heating and cooling app-
lications are most prevalent. It is rapidly
becoming important for storage in combination
with concentrated solar power (CSP) as well as
photovoltaic (PV) solar power (Abrha et al.,
2024).

TES can further be divided into three different
categories of storage; (i) sensible heat, (ii) latent
heat and (iii) chemical heat. The most common
category is the sensible heat storage where the
temperature of the medium itself, either liquid
or solid (e.g. water, molten salts, sand and
rocks), is increased in order to store thermal
energy for later extraction. Latent heat storage
makes use of phase-changing materials (PCM)
and thermochemical storage is focused on
using chemical reactions (Bal et al., 2010;
Sarbu & Sebarchievici, 2018).

2.2Rock thermal energy storage

A specific sub-category of TES based on
sensible heat is rock thermal energy storage
(RTES), which solely makes use of solid rock
materials as a storage medium. In recent years
it has gained attention given its capabilities of
storing large amounts of energy while also being
rather affordable and having a relatively simple
storage mechanism (Amiri et al., 2024). In light
of its cost-effectiveness, several projects have
been reported (Bahnsen, 2019; Collins, 2019;
Weir, 2023). A typical heat transfer fluid (HTF) in
RTES systems is air, while crushed rocks act as
the storage medium. In this setup the air is
heated by an external heat source and
circulated through the rocks, where heat is
transferred. The air is later recirculated to the
heat source where the heat can be discharged
when needed (Amiri et al., 2024).

In most industrial processes with heating
demands, water serves as the primary storage.
Water is pressurised and converts to steam at
extraction. This requires highly pressurised
vessels and pressure management systems,
resulting in high storage costs of 70-200
EUR/kKWh. Rocks however, do not require the
aforementioned attributes, and are therefore
deemed as more cost-effective (Muhammad et
al., 2023).

2.3 Thermophysical parameters

Within the domain of RTES there are several
important thermophysical parameters that
need to be considered (Clauser, 2011a, 2011b;
Seyitini et al., 2024), which are as follows;

Specific heat capacity: A thermal property that
defines the amount of heat energy that can be
stored in a given material per unit mass and
temperature change. Energy (Q) transferred can
be calculated based on the material mass (m),
specific heat capacity (c) and the change in
temperature (AT) by using:

Q=mXc X AT (Eqg. 1)

Where Q is the heat energy in J, m is the mass
in kg, cis the specific heat capacityin J/ (kg *
°C) and AT is the temperature change in °C.

Density: This physical property of the heat
storage mediumisveryimportantandis of great
interest when selecting suitable materials for
storing heat. Density is one of the properties
that directly affect the thermal capacity of
material, and as such, high density is preferred.

Thermal conductivity: This parameter refers to
the ability of a material to allow heat to be
transferred through its body. It is an important
thermal property to consider for heat storage
materials because of its influence on the
charging and discharging behaviour of a storage
facility.

Thermal volumetric capacity: This is an
important characteristic of RTES materials, as it
determines the energy density and size of the
heat storage facility. Thermal volumetric



capacity is the product of density and specific
heat capacity.

Thermal diffusivity: Thermal diffusivity refers to
the rate at which thermal energy can be
exchanged by a particular medium. This
parameter is dependent on other thermal
properties, namely thermal conductivity,
specific heat capacity together with density of a
particular rock.

2.4 Suitable rock materials

Rocks used in rock beds as a storage medium
can reach temperatures of at least 600°C,
showing a promising performance (Amiri et al.,
2024). Different rocks can however be more or
less favourable when choosing the most
appropriate option. In an effort to combine CSP
generation with a solar drying application by
using natural rocks, Kakoko et al.,, (2023)
investigated different granitic rocks as well as
soap stones from Tanzania. In their concluding
results and remarks, soapstone with its mafic
composition, surpassed granitic rocks in terms
of performance as a thermal energy storage.
Diabase has also displayed better endurance
regarding thermal cycling, in relation to granite
(Allen et al., 2014). For sensible heat storage
applications, Seyitini et al.,, (2024) also
concluded that among all rocks in their study,
mafic igneous rocks were deemed to be the
most favourable options in comparison to
metamorphic rocks, especially regarding
density, thermal diffusivity and thermal
conductivity. They also concluded that the
three aforementioned parameters should take
precedent when selecting a suitable rock
material. Knobloch et al., (2022) evaluated the
performance changes of a RTES pilot plant
(3.5m?) operated up to 675°C. They present the
degradation of rocks from a material- as well as
a system-level perspective. Their evaluation
was based on 249 cycles of heating, amounting
to a total of 3 458 hours of operation. The
chosen rock in their setup was Swedish
diabase. They also discuss that magnetite
could give a higher heat storage capacity,
however given its higher cost range, they
excluded this as an option. Their findings

revealed that rocks with anhydrous minerals
(e.g. pyroxene, olivine, oxides) are ideal for RTES
systems. During the initial heating cycles, the
specific heat capacity and density of the
diabase decreased with merely 13% and 1.3%
respectively. They found no indications that
further cycles would significantly reduce these
parameters. Other performance losses are
mainly attributed to the system setup rather
than the diabase itself. This therefore highlights
that diabase might serve as a good candidate to
explore furtherin this project.

When employing an RTES system, the grain size
of the rock medium should be taken into
consideration. Muhammad et al., (2023) varied
the grain size of diabase between 8 and 50 mm
in their simulations and experimental setup.
From their findings, it is shown that the larger
grain size, the lesser efficient system. This is
primarily due to the fact that a larger grain size
introduces a higher permeability, and therefore
a higher freedom of movement for the
circulated air. The consequence of this is that
less heat or energy is transferred between the
rock medium and air, because the air exits the
system faster. A grain size range between 8-15
mm, however showed a similar performance
regarding the amount of energy stored. The
authors further investigated the effects of
varying the volumetric flowrate between
200m?®/h, 300m3/h and 400 m3/h, to evaluate the
heat transfer. Their model simulations showed
that a higher flowrate resulted in better storage
capacity. A higher rate results in a higher heat
transfer coefficient between the rocks and air.
Lower flowrates introduce more losses in
efficiency given longer time periods for the
energy to be dissipated into the insulation and
surrounding areas. These simulations validated
prior  experimental results (Knobloch,
Muhammad, et al., 2022)



3. METHOD

3.1 Experimental components

1)

A barrel made of steel with athickness of 0.5
mm, a height of 645 mm, a diameter of 360
mm, and a total volume of 60 dm?3, was
chosen as the container for the experiment
(figure 1).

Three heating forks (vidaXL) with an effect of
1.5 kW respectively (figure 1).

A sealing material (PANNKITT CASCO 1500°)
that withstands 1500 °C was utilized when
sealing during the instalment of the heating
forks.

Figure 1: The steel barrel and heating forks during the initial
construction phase.

4) Diabase gravel from the Billingsryd quarry in

Skévde was chosen as the rock storage
medium, with grain sizes varying between
11-16 mm, and a mass of 79.5 kg. The
reason for utilizing diabase is its re-
occurrence as a material in literature. The
thermophysical parameters of the gravel
were not experimentally validated and
therefore had to rely on values found in
scientific literature and can be found in
table 1.

Table 1: Thermophysical parameters of the
diabase gravel (El Alami et al., 2020; Kakoko et
al., 2023; Knobloch, Muhammad, et al., 2022).
Density [g/cm?] 2.70-3.10
Thermal conductivity [(W/(m/K))] 2.31-2.61
Specific heat capacity [(kJ/(kg*K))] | 0.87-0.90
Thermal volumetric capacity 2305-2610
[(k)/(m**K))]

Thermal diffusivity [mm?/s] 0.20-1.30

5)

For insulation purposes (figure 2), rock wool
(Paroc Solid Lambda 37) was chosen as
material, with a thermal conductivity of
0.037 (W/(m/K)).

Figure 2: Rock wool encapsulating the steel barrel during the
construction phase. The diabase gravel can be seen as well,
although not fully filled yet.

6)

7)

8)

For measuring temperatures, a data logger
(AZ Instrument Corp., Model 88598), with
four thermocouples was used.

An anemometer (BILTEMA, Model DT-82)
was used to measure the volumetric air
flow. This was done by measuring the air
velocity multiplied by the cross-sectional
area of the outlet pipe.

An air compressor (ABAC, Model unknown).



3.2Experimental setup

The geometry of the experimental setup is
outlined in figure 3. The steel barrel s filled with
79.5 kg of diabase gravel. Three heating forks
have been installed with a vertical interval of
110 mm between them. The forks were plugged
into electrical sockets during operation.

A perforated false bottom was installed at 80
mm above the bottom of the container,
securing space for a pneumatic pipe (12.7 mm)
with a ball valve that serves as an inlet for air
flow. An outlet pipe (32 mm) with a ball valve is
also installed on the lid of the barrel.

The four thermocouples (Ch1 - Ch4) were
positioned at different heights. Ch1 is placed
inside the outlet pipe to measure the extracted
heated air. Ch2is placed underthe false bottom
where the air flow is introduced. Ch3 is placed
in the diabase gravel between the two upper
heating forks and Ch4 measures the ambient
temperature outside of the model.

The barrel is insulated with rock wool (figure 4).
The rockwoolis 145 mm thick along the vertical
sides of the barrel. The barrel itself stands on
approximately 200 mm of rock wool. Wool is
also placed on top comprising of 145 mm as
well.

The air flow was generated by an external air
compressor that connects to the inlet pipe. The
different volumetric flow rates used in the
experiment were achieved by adjusting the ball
valve in the inlet pipe. This resulted in three
different modes of air flow being investigated:
2.1 dmds, 1.6 dmds and 0.4 dm?ds.
Unfortunately, the logger malfunctioned during
the experiment when 1.6 dm?d/s was
investigated, therefore providing no data.

During the cooling stage of the system after
operation hours, the model was covered with
silage plastic in order to protect the system
from rain as well as ensuring that the insulation
is not too affected by wind.

2(|11.5 kW

64.5cm

1.5 kW

(cra amiionce |
—— T

Figure 3: A conceptualized 2D-model of the experimental setup.
Ch1 - Ch4 refers to the position of each thermocouple in the
storage system. The air compressor is connected to the inlet
pipe. Note that Ch4 is placed outside the system for measuring
ambienttemperatures. Each heating fork has an effect of 1.5 kW
respectively. The height of the barrel is 64.5 cm. Note that the
insulation is not displayed, instead refer to figure 4.

Figure 4: The experimental system in operation, where the rock
wool encasing the barrel is visible. The picture also shows
steam escaping from the outlet pipe.



4. RESULTS

4.1 Thermal charging and extraction performance

Charging cycle no. 1 demonstrates the capacity of the diabase, reaching a max T° of 783.4°C, in 150
minutes (figure 5). The outlet air remains <100°C throughout the experiment. Air flow is introduced at
55 minutes with a volumetric air flow of 2.1 dm3/s. During this extraction, the temperature varies
between 55-94°C. Ambient temperatures remain rather constant, while the compartment beneath the
rock bed has a slight increase.

Charging cycle No. 1
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700  ——Airoutlet e [ Temperature data
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£ 300 _t | 2.1 dm®/s. The air
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Ve .
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B - -
0
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Minutes

In charging cycle no. 2, the diabase reaches 712°C after 115 minutes (figure 6). The heating elements
are turned off at 102 minutes. The outlet air is <40°C, when introducing the air flow. The temperature
rises sharply from 42°C to 68°C in three minutes. The temperature reaches a max T° of 240.2°C,
approximately 100 minutes after air flow introduction.

Charging cycle No. 2
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Further experiments, no. 3, display similar results (figure 7). The heating elements are switched off at
98 minutes. One notable difference is that the operation begins roughly 24 hours after the results
depictedin figure 7. The starting temperature is therefore 195°C for the diabase and 82°C for the outlet
air. After 116 minutes of operation the diabase reaches a max T° of 750.1°C. Observe the drastic
temperature increase from 88.8°C to 177°C, in just three minutes once the air flow is introduced. After
229 minutes of operation, it reaches its maximum at 321.3°C.

Charging cycle No. 3
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Figure 7:
Charging  cycle
no. 3 begins with
retained heat in
the system from
cycle no. 2. The
outlet air reaches
a peak T° of
321.3°C  during
extraction.

During charging cycle no. 4, a max T° of 599.9°C was reached after approximately 90 minutes (figure 8).
Another pattern emerges when operating a decreased volumetric air flow of 0.4 dm?/s. At initiation the
outlet airis 30°C and rises to a maximum of 64.9°C. Once the air flow is shut off, the temperature begins

decreasing.
Charging cycle No. 4
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Figure 8: In
charging  cycle
no. 4, the heating
elements are shut
off  after 78
minutes. A volu-
metric rate of 0.4
dm3/s is intro-
duced at 99 min-
utes and shut off
after 165 min-
utes. The extr-
acted air in the
outlet pipe reach-
es a peak T° of
64.9°C.



The combined energy input from all three heating forks into the storage system is outlined in table 2.
The total energy inputis 29.70 MJ, 27.54 MJ, 26.46 MJ and 22.95 MJ for each cycle respectively.

Table 2: The total amount of energy consumption and heat generated by the heating elements for each
cycle (assuming no losses).

# | Charging cycle No. 1 No. 2 No. 3 No. 4 Average
#1 | Power [W] 4500 4500 4500 4500 4500
#2 | Energy/hour [kJ] 16200 16200 16200 16200 16200
#3 | Energy input duration [h] 1.83 1.70 1.63 1.42 1.65
#4 | Total energy input [kJ] 29700 27540 26460 22950 26663
#5 | Total energy input [MJ] 29.70 27.54 26.46 22.95 26.66

In table 3, the estimated heat energy stored in the system is calculated based on the max T° of the
diabase in each charging cycle. Note that there is a discrepancy between the energy input from table 2
(#5) and the estimated stored energy in table 3 (#7). Further calculated estimates relate to the
theoretical max T° and AT (#9-10) that would be achieved by solely applying the total input energy. A
theoretical mass (#11) is calculated as well to match the total energy input. Observe however, that
cycle no. 3 begins with residual energy from cycle no 2.

Table 3: Thermal properties and characteristics for the diabase rock bed.

# ‘ Charging cycle Average
#1 | MinT[°C] 15.40 10.40 194.00 12.10 57.98
#2 | MaxT[°C] 783.40 712.40 750.10 599.90 711.45
#3 | Mass[kg] 79.50 79.50 79.50 79.50 79.50
#4 | AT[°C] 768.00 702.00 556.10 587.80 653.48
#5 | Specific heat capacity [k) / (kg * °C)] 0.88 0.88 0.88 0.88 0.88
Estimations calculated by using Eq. 1 in section 2.3.

Estimated stored energy based on
#6 observed AT (#4) [k]] 53729 49112 38905 41122 45717
Estimated stored energy based on
#7 observed AT (#4) [MJ] 53.73 49.11 38.90 41.12 45.72
Difference between estimated stored
#8 | energy (#7) and energy input (Table 2 #5) 24.03 21.57 12.44 18.17 19.05
[M]]
Estimated AT based on energy input
424, . 78.22 28.04 .
#9 (Table 2 #4) [°C] 53 393.65 378 328.0 381.11
#10 ;\'g‘;" max Tbased on estimated AT (#9) 439.93 404.05 572.22 340.14 439.09
Estimated effective mass based on
#11 | observed AT (#4) and energy input (table 43.95 44.58 54.07 44.37 46.74
2 #4) [kg]




The extracted energy from the diabase rock bed into the outlet airis displayed in table 4. Note that cycle
no 4 was operated with a volumetric flow rate of 0.4 dm?3/s, hence yielding a lower value in comparison,
while cycle no 3 has the highest energy output.

Table 4: Thermal properties and characteristics for the outlet air.

# Charging cycle No. 2 Average
#1 | MinT[°C] 11.20 11.00 74.50 22.20 29.73
#2 | Max T[°C] 94.00 240.30 321.30 66.00 180.40
#3 | AT[°C] 82.80 229.30 246.80 43.80 150.68
#4 | Specific heat capacity [J / (kg * °C)] 1005.90 | 1005.90 | 1005.90 | 1005.90 | 1005.90
#5 | Air density (kg/m?) 1.23 1.23 1.23 1.23 1.23
#6 | Volumetric flow rate [m®/s] 0.0021 0.0021 0.0021 0.0004 0.0017
#7 | Mass [kg/s] 0.0026 0.0026 0.0026 0.0005 0.0021
Estimations calculated by using Eq. 1 in section 2.3.

#8 | Extracted energy [J/s, W] 214 593 639 22 367
#9 | Extracted energy/hour [kJ] 771 2136 2299 78 1321
#10 | Extracted energy/cycle [kJ] 1414 3631 3755 110 2228
#11 | Extracted energy/cycle [MJ] 1.41 3.63 3.76 0.11 2.23

4.2 Temporal heat retention

Three cooling cycles investigated during non-operational hours, evaluating the diabase gravel, are
displayedinfigure 9. Each cycle correspondsto a previous charging cycle. Cycle no 2 was logged during
a period of approximately 22 hours, cycle no 3 was logged during a period of five days and cycle no 4
was logged during a period of 18 hours. The peak T® is of each cycle is found in table 3 #2.
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Figure 9: Thermal ranges for each cycle respectively showing passive cooling within the diabase gravel over time.
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The estimated energy losses commencing after max T° is reached are shown in table 5. Cycle no 3was
logged during five days, however for comparative reasons the table only considers a period of 16 hours,
divided into 4 intervals. Note that nearly half of the energy dissipates within the first four hours for each
cycle respectively. Throughout the 16-hour period almost 70% is depleted.

Table 5. Energy losses from the diabase during cooling phases.

Cooling cycle No. 2

Time Interval[h] Max T[°C] Min T [°C] AT [°C] Loss [MJ] Loss [%] Total loss [%]

0-4 4.0 702.00 382.60 319.40 22.35 45%

4-8 4.0 382.60 296.50 86.10 6.02 12% 69%
8-12 4.0 296.50 248.50 48.00 3.36 7%
12-16 4.0 248.50 214.30 34.20 2.39 5%

Cooling cycle No.

Time Interval[h] Max T[°C] Min T [°C] AT [°C] Loss [MJ] Loss [%] Total loss [%]

0-4 4.0 731.20 440.80 290.40 20.32 40%

4-8 4.0 440.80 356.50 84.30 5.90 12% .
8-12 4.0 356.50 302.10 54.40 3.81 7%
12-16 4.0 302.10 260.80 41.30 2.89 6%

Cooling cycle No. 4

Time Interval [h] Max T [°C] Min T[°C] AT [°C] Loss [MJ] Loss [%] Total loss [%]

0-4 4.0 587.80 323.50 264.30 18.49 45%
4-8 4.0 323.50 253.30 70.20 4.91 12% 68%
8-12 4.0 253.30 216.80 36.50 2.55 6% °

12-16 4.0 216.80 190.60 26.20 1.83 4%
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5. DISCUSSION

The results display several key factors and
considerations that have arisen throughout the
experimental phase of the project. This section
will firstly review the results from each cycle
with initial interpretations regarding the thermal
performance of the system, followed by a
discussion based on the calculated estimates
that have been outlined in table 2-5. The section
then concludes with a discussion from a
methodological perspective.

5.1 Thermal performance

Initial results show quite a good performance,
rendering significant temperature ranges. Cycle
no 1 clearly outperforms the initial pre-
conceptions I’'ve had when commencing the
project. The max T° of diabase reaches a
staggering 783.4°C, showing great potential for
energy storage. However, this first experiment
must be viewed as a trial run, given that steam
began forming early onindicating that there was
water present in the gravel. For this reason,
extraction began before turning the heating
elements off, in order to make sure that the
storage system was dry for coming charging
cycles. The temperature of the outlet air rises
once air flow is introduced but fails to reach
>100°C, presumably due to the fact that the
water itself uses the energy input to evaporate
into vapor. The presence of water was further
confirmed by a corroded thin layer that was
found on the bottom side of the closing lid.

The thermal performance of cycle no 2 is rather
similar regarding the diabase gravel, reaching a
max T° of 712.4°C. In comparison to cycle no 1,
the heating forks are operated under a shorter
time frame and also showing a continued
increase intemperature once these are shut off.
The interpretation of this is that the heat energy
is being distributed throughout the gravel.
Before introducing the air flow, the outlet air has
slowly increased to a temperature of
approximately 40C°C. Upon initiation of a
volumetric flow rate of 2.1 dm?/s, there is a
sharp increase up to 68°C under just shy of
three minutes.
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It is evident that during these operational
conditions, with a dry system, the system has
an enhanced performance that was lacking in
cycle no 1. With a continuous air flow, the outlet
air reaches a max T° of 240.2°C. This is
beneficial to the aim of this project, regarding
being able to extract a temperature range
sufficient for a direct thermal application, such
as cooking and heating, albeit that the max T°is
well beyond a reasonable range for space
heating purposes. Cycle no 2, further displays
that there is a direct link between the diabase
and the outlet air, in that there is a direct, more
or less proportional, mirrored responseinterms
of temperature increase vs. decrease.

Cycle no 3 begins with different initial settings.
From the outset of this charging and extraction
cycle, the system has residual heat energy from
cycle no 2. The min T° for the diabase and the
outlet air is 195°C and 82°C respectively. After
approximately 100 minutes of energy input by
means of the heating elements, the diabase
reaches a max T of 750.1°C. In comparison to
the two previous cycles, the thermal range does
not differ greatly. The obvious difference,
however, relates to the performance of the
outlet air. When the airflow is introduced, with
the same volumetric flow as in prior cycles,
there is a drastic increase from 88.8°C to
177.0°C in three minutes. When extraction
ceases, the max T° is significantly higher,
reaching 321.3°C. This difference amounts to
81.1°C in comparison to cycle no 2 with a max
T° 0of 240.2°C. This is a promising result, and just
as cycle 2 provides potential for direct thermal
applications, this achievement surely
surpasses any set goalpost throughout this
project. In a hypothetical scenario, where the
system is operated on a daily basis in regions
with abundant solar power, these results
should provide excellent conditions for
developing the system further.

Cycle no 4 starts with ambient temperatures,
reaching a max T° of 599.9°C in the diabase
gravel. This is a contrast when comparing to all



the three previous cycles. The reason for this
lower range is not evident, as there were not any
operational differences conducted throughout
this phase. An explanation, although a highly
speculative one, might possibly be that the
heating elements were not operating at their
fullest capacity. This cycle, however, is distinct
given that the volumetric airflow is altered to a
rate of 0.4 dm?/s. Atinitiation the outlet air rises
from 30.0°C to 64.9°C throughout the extraction
phase. This is a key finding, that is further
strengthened by the overall results from
Knobloch, Muhammad, et al., (2022). In their
study, it was concluded that a lower flow rate
indeed affects the general performance of the
system regarding extraction. Their pilot plant
was considerably larger (3.5 m?®), hence
evaluating significantly larger flow rates.
Despite these dimensional differences, it
certainly is a finding worth highlighting. The
research question as related to a varied
volumetric air flow rate in the system is
therefore addressed, and the results support
the significance of this variance. In summary
these initial findings should provide a solid
conclusion that the system is successful. There
is, however, a need for further elaboration
based on the quantified energy in table 2-4.

The energy input from the heating elements is
outlined in table 2, comprising of 29.70 MJ,
27.54 MJ, 26.46 MJ and 22.95 MJ for each cycle.
The estimated quantity has been calculated by
using equation 1 in section 2.3. Upon
examination, there is a discrepancy between
the energy input (table 2 #5) and the estimated
stored energy based on observed AT with
respect to the diabase gravel (table 3 #7).

Cycle no 1, based on the measured AT, yields a
quantity of 53.73 MJ, while the heating elements
are capable of only producing 29.70 MJ. The
difference amounts to 24.03 MJ. Cycle no 2 has
a discrepancy of 21.57 MJ, while no 3 and no 4
has a difference of 12.44 and 18.17
respectively. From a physical standpoint, it is
not possible for the system being charged well
above the capacity of the heating elements. Itis
important to remember that cycle no 3 begins
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with higher temperatures, possibly explaining
the relatively low energy discrepancy of 12.44
MJ. The equation solely considers the AT, which
is lower than the other cycles. In addressing
these observed findings, several explanations
could be at hand.

One reason could be that the specific heat
capacity of the diabase is assumed to be 0.880
kl/(kg*K) in these calculations, which might not
be fully accurate. It is however within the range
found in literature values. Lacking instruments,
such as a calorimeter, forces therefore the
project to make this assumption. Knobloch,
Muhammad, et al., (2022) found a decrease of
13% regarding the specific heat capacity of their
diabase. On the other hand, they operated their
plant for 249 cycles. This makes it slightly
irrelevant when comparing with the four
charging cycles of this project. This factor could
address the energy discrepancies to an extent,
if lowering the specific heat capacity
assumption. This variation is however unlikely
to be the sole cause.

A more viable explanation could instead be that
there is a localized temperature zone
surrounding the thermocouple in the gravel. Its
positionisfound between the two upper heating
elements. There is likely direct heat radiation
affecting the measured temperatures. This
suggests that the thermocouple is registering
the temperature of the diabase as well as the
heating forks themselves. Although the
temperature profile initselfis correct, relyingon
one position in the gravel is not representative
ofthe entire mass. Afurtherinterpretation then,
is that the energy has not been distributed
throughout the 79.5 kg mass, raising questions
about the thermal conductivity. This parameter
governs a body’s ability to transfer heat within
itself. In table 3 (#9-10) estimates were
calculated based on the energy input from table
2 (#4). This provided differing temperature
results. For each cycle the AT resulted in
424.53°C, 393.65°C, 378.22°C and 328.04°C
respectively. A continued calculation based on
these theoretical values, provided a new max T°
0f439.93°C, 404.05°C, 572.22°C and 340.14°C.



These peak temperatures should to a fuller
extent be representative of the entire diabase
mass as they would generate the equivalent
energy as the total energy input from table 2. It
could also very well be that only the theoretical
masses in table 3 #11 were heated. Using these
hypothetical masses in Eq. 1 would equate to
the total energy input from table 2 as well. For
cycle no 3 and 4 as examples, the effect would
be that only 54.07 and 44.37 kg was heated.

Despite the corrections above, they do not
interfere with the extraction possibilities in the
outlet air. The extracted energy is outlined in
table 4. The results show that in cycle no 1,
there is an energy withdrawal of 1.41 MJ, well
below the total energy input of 29.70 MJ. For the
following cycles, extracted energy amounts to
3.63MJ,3.76 MJand 0.11 MJ. Cycle no 3 had the
largest AT (246.8°C), thus yielding the highest
value. As previously stated, a lower volumetric
air flow rate affects the overall performance.
This is clearly displayed in that only 0.11 Ml is
extracted with a rate of 0.4 dm?®/s. In summary,
the entire system is sufficiently demonstrating
its potential. The aim and purpose are further
strengthened and the research question
addressing the amount of energy that can be
stored and extracted in the system has been
addressed with satisfactory results.

5.2 Heat retention

Although previous sections have highlighted the
general potential of the system, another aspect
that demands attention is the temporal heat
retention of the system, i.e. how long can energy
be retained over time? These results as
displayed in figure 9, seems to show similar
dissipation patterns. Cycle no 2 was logged for
22 hours, and cycle no 3 for 18 hours. Cycle no
3 was on the other hand logged for a period of
five days. By solely interpreting the graphs there
is evidence of a rapid energy loss within the first
hours after max T°® was reached, which is to be
expected given general thermodynamic laws.
Cycle no 3, having an extensive time period
clearly shows that this decline is edging out
after 24 hours. It is not until the end of the
logging period, that the diabase reaches
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ambient temperatures. An initial assessment,
regarding energy storage over time, could
therefore be that the system is performing
sufficiently, and that the insulation is
contributing well to retaining heat. When
examining table 5, it becomes even clearer that
the energy losses are primarily occurring during
the first four hours. The loss for each cycle in
this time interval is 45%, 40% and 45%.
Throughout the entire 16-hour period, the
losses amount to 69%, 64% and 68%
respectively. The vast majority is in other words
dissipated, raising questions regarding its
overall retaining ability. Though there is cause
for caution regarding table 5, in that it assumes
the max T° for each cycle to be correct, the
overall patterns should still be representative of
the passive cooling. Within the hypothetical
scenario that was mentioned earlier, i.e. if
constructing a system that is to be operated
daily, both charging and extraction, these rates
might still be acceptable. The highest extraction
of 3.76 MJ occurred in fact in charging cycle no
3, which had residual energy from the previous
cycle. Taking this into consideration,
strengthens the potential for a small-scale
energy storage system operated during a short
time interval of 1-2 days continuously.

5.3 Methodology and system design

An issue throughout the project has been the
heating elements, i.e. the heating forks. During
the charging phases, the residual current circuit
breaker tripped, meaning that the heating
elements were shut off. This is an expected
conseqguence, given that the heating forks are
primarily designed for cooking. If no financial
constraints had existed during this project,
heating elements specifically designed to
withstand extreme temperatures would have
been preferred. This would allow having a fixed
and comparable duration for each cycle.
Another option could also have been to use
heating forks with a lower power, e.g. 5-6 forks
with 500 W respectively. This would aid in
distributing the energy evenly in the system.
This would however require a longer duration of
operation, reasserting the need for heating



elements specific to the purpose. The total
energy input (table 2) isassuming that no losses
existed. However, in absence of an energy
meter in the electrical sockets, this assumption
was necessary.

Section 5.2 cover other issues related to the
measured temperatures. It would have been
beneficial to the project if several
thermocouples were positioned in the diabase
gravel. With such a setup, comparisons could
have been made to investigate if there is
thermal stratification in the system or at a
minimum provide the possibility of estimating a
combined mean temperature for the entire
diabase mass in each cycle.

Installing fans with a control system, where
multiple flow rates could be set throughout the
experiment, would also have been preferable.
This project was constrained to utilizing an
external air compressor that couldn’t be
modified in terms of adjusting the air flow.
Instead, a ball-valve in the inlet pipe had to
serve this purpose, in combination with using
an anemometer for measuring the airflow in the
outlet pipe.

An ideal protocol for measuring thermal
characteristics would have been to separate
each phase, e.g. commencing the project with
four charging cycles followed by a passive
cooling cycle. Thereafter, four new charging
phases combined with a varied forced air flow
and extraction. However, given that the diabase
in cycle no 3 reached ambient temperatures
after five days, this would have drastically
increased the time frame of this project, making
this protocol impossible.

There is certainly room forimprovement, as has
been exemplified, regarding experimental
components as well as the experimental setup
itself. Despite this, a partial aim of this project
was in fact to assess the systems’ overall
performance by using readily available and
cost-effective components. The project has
clearly demonstrated the potential considering
this. To the best knowledge of the author, there
is currently no scientific publication or literature
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with the specific aim of using readily available
material on such a small scale as this project.
This applies for commercial products as well,
since the market seems to be focused solely on
larger systems for industrial facilities and
energy plants. This inevitably raises the
question of the commercial potential for the
evaluated prototype in this project. Although
not within the scope of this thesis, a business
plan of some sort should be part of a future
system roll out, possibly in cooperation with an
NGO or a philanthropic organization.



6. CONCLUSION

This study evaluated a small-scale diabase rock
thermal energy storage prototype, using readily
available components, for its potential in low-
energy thermal applications. The system
successfully demonstrated a significant
thermal energy storage and extraction capacity.
While the stored energy quantification was
affected by a single thermocouple indicating
localized diabase temperatures between 599.9
and 783.4°C, the system delivered outlet air up
to 321.3°C. Airflow significantly impacted
extraction, with a higher rate drastically
increasing outlet temperatures. Heat retention
showed rapid initial losses, yet the system
retained heat for days, supporting potential for
daily cycling and overnight storage. The
prototype shows considerable potential for
direct thermal uses, such as cooking or heating
in resource limited settings, using simple
materials. Key limitations included the single
thermocouple placement impacting average
bed temperature assessment and an estimated
diabase mass. Future design should consider
multiple thermocouples for accurate
temperature profiling, precise mass
determination of the storage medium and
integration of optimized heating elements,
before coupling it with PV solar. Despite these
limitations, this research provides valuable
insights into the feasibility and future
development of a small-scale RTES system in
energy poor regions.
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