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Energy and Services at the Department of Civil and Mechanical Engineering, DTU. The
study has been supervised by associate professors Jianhua Fan and Simon Furbo and
by researcher Adam R. Jensen from DTU. It was also co-supervised by professor Zhifeng
Wang from the University of Chinese Academy of Sciences (UCAS).

This work has been financially supported by the Danish Energy Agency’s Energy Technol-
ogy Development and Demonstration Program (EUDP) under the grant number 64018-
0134 and by the Sino-Danish Center for Education and Research (SDC) PhD program.

What motivated me to carry out this study was my desire to increase my knowledge and
expertise by pushing the boundaries of a specific topic. Although | had never heard of pit
thermal energy storages (PTES) before starting my PhD, after three years of research, |
believe they can play a major role in future district heating systems, enabling a larger use
of renewables and reducing fossil fuel dependency.

| feel privileged to have carried out my PhD in Denmark, which is the frontrunner in PTES
systems, and thus | had the chance to visit all but one of the operational PTES in the
world. Additionally, my external stay at AEE Intec in Austria and my participation in the
International Energy Agency’s Task 39 gave me the opportunity to meet experts in my
field of research, resulting in many fruitful discussions.

Apart from research, this PhD also gave me the opportunity to acquire many experiences,
including teaching university lectures, supervising the thesis of an MSc student, becoming
a certified drone pilot, making field trips to district heating plants in Denmark, and attending
conferences and task meetings. Overall, it has been a great experience where | had the
chance to meet and interact with many wonderful people, and for that, | will be forever
grateful.

loannis Sifnaios

Kgs. Lyngby, 31 August 2023
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Abstract

In recent years, there has been a growing interest in the use of pit thermal energy storages
(PTES), which is mainly attributable to their low cost and high efficiencies. However, the
existing knowledge derives primarily from short-term performance monitoring of seasonal
storages and a small number of scientific studies. Specifically, the effect of storage ge-
ometry, soil conditions, and storage operation remains largely uninvestigated, although
they potentially have a large impact on performance. Thus, this thesis aimed to investigate
methods for assessing storage performance, determining the effect of storage design and
soil conditions, and quantifying the economic impact of PTES.

In order to assess the performance of PTES systems, a thorough review of key perfor-
mance indicators regarding efficiency and stratification was conducted. Initially, the most
common energy efficiency expressions were compared, and a recommendation for han-
dling the internal energy change was provided. Moreover, exergy efficiency was found to
be the only efficiency indicator that accounted for heat losses and mixing in the storage.
Regarding stratification, exergy destruction was recommended as an indicator that can
evaluate stratification without being biased by differences in heat losses.

The performance of PTES was further investigated by assessing the impact of the geom-
etry in terms of the slope of the storage sides and the aspect ratio of the lid. It was found
that, due to a smaller surface area, changing the slope of the side walls from 26° (typical
PTES side-wall slope) to 44° could reduce the total heat losses by 20%. Additionally, a
square-shaped PTES had 9% less heat loss compared to a rectangular one.

Moreover, the impact of groundwater on PTES performance was investigated by simu-
lating the heat transfer in the soil domain. It was found that groundwater could increase
heat losses toward the ground by up to 60%, compared to a case without groundwater.
Furthermore, the increase in groundwater temperature was investigated since it is subject
to regulation in many countries. It was found that if the groundwater table was at a depth
of at least 25 m, the groundwater temperature could be maintained below 20 °C for a
seasonal PTES. However, this was not feasible for the short-term PTES operation.

The economic impact of PTES was investigated using the Danish city of Viborg as a
case study. Since it has become common practice to install electricity-based generation
technologies in distinct heating grids, a system using an air-to-water heat pump, an electric
boiler, and a PTES was compared to a system without a PTES. It was found that the
PTES could reduce the levelized cost of heat by 10%, with a payback period of 5.1 years.
Furthermore, if the PTES charge temperature was reduced from 90 °C to 80 °C, the cost
of heat could be decreased by an additional 4%.

Furthermore, the impact of thermal energy storage (particularly PTES) was investigated
at a country level, with a focus on Denmark. It was found that heat storage enabled higher
installation of renewable technologies (i.e., 35% higher PV capacity and 10% higher
wind capacity) compared to scenarios without heat storage. In parallel, heat storages al-
lowed for utilizing excess electricity (through power-to-heat technologies), leading to 53%
lower curtailment levels and ultimately to a 2.4 €/ MWh lower average heat price. Last, it
was demonstrated that only by utilizing heat storage systems could carbon neutrality be
achieved for the energy system by 2050.
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Resumé

| de senere ar har der vaeret en stigende interesse for anvendelsen af damvarmelagre
(pit thermal energy storage (PTES)), hvilket primeert kan tilskrives deres lave anleegsom-
kostninger og hgje effektivitet. Den eksisterende viden om PTES stammer primeert fra
kortvarige maleperioder for saesonvarmelagre og et mindre antal videnskabelige studier.
Der er derfor flere aspekter, som ikke er tilstraekkeligt undersggt, fx effekten af lager-
geometri, jordbundsforhold samt driftsstrategier, selvom disse forhold potentielt kan have
stor indflydelse pa ydeevnen. Denne afthandling har derfor til formal at undersa@ge metoder
til vurdering af damvarmelagres ydeevne, kvantificere effekten af lagergeometri og jord-
bundsforhold, samt gkonomien ved integrering af damvarmelagre i fiernvarmesystemer.

For at vurdere ydeevnen af damvarmelagre blev der foretaget en undersggelse af key
performance indikatorer (KPIs) for effektivitet og temperaturlagdeling. Farst blev de mest
almindelige energieffektivitetsudtryk sammenlignet, og der blev formuleret en anbefaling
til beregningen af effektiviteten. Desuden blev exergi-effektiviteten fundet til at vaere den
eneste effektivitetsindikator, der tager hgjde for varmetab og opblanding i lageret.

Ydeevnen af damvarmelagre blev yderligere undersegt ved at vurdere indvirkningen af
geometrien i form af haeldningen af lagerets sider og forholdet mellem lagets laengde
og bredde. Simuleringer viste at en aendring af haeldningen pa siderne fra 26° til 44°
kunne reducere det samlede varmetab med 20% pa grund af et mindre overfladeareal.
Derudover havde et kvadratisk damvarmelager 9% mindre varmetab sammenlignet med
et rektanguleert lager.

Desuden blev pavirkningen af grundvand undersagt ved at simulere varmestremmene i
den omkringliggende jord. Undersggelsen viste at grundvand kan gge varmetabet til jor-
den med op til 60%. Derudover blev forggelsen af grundvandstemperaturen undersggt,
da den er underlagt regulering i mange lande. Resultaterne viste, at hvis grundvands-
magasinet var placeret dybere end 25 m, kunne grundvandstemperaturen holdes under
20 °C for et seesonvarmelager. Dette var dog ikke muligt for et kort-tids varmelager.

@Jkonomien af damvarmelagre blev undersggt ved at analysere et casestudie med ud-
gangspunkt i byen Viborg. Casestudiet var baseret pa luft-til-vand varmepumper og el-
kedler, da disse teknologier bliver mere og mere udbredte og Viborg har ambitioner om
at udfase naturgas. Ved at integrere et damvarmelager kunne varmeomkostningerne re-
duceres med 10%, med en tilbagebetalingstid af lageret pa 5.1 ar. Derudover kunne var-
meomkostningen yderlige saenkes med 4%, hvis opladningstemperaturen af lageret blev
reduceret fra 90 °C til 80 °C.

Til sidst blev effekten af termisk energilagring (iseer damvarmelagre) undersggt pa lan-
deniveau med fokus pa Danmark. Det blev fundet, at varmelagring muliggjorde starre
installation af vedvarende energiteknologier (35% hgajere solcelleeffekt og 10% hgjere
vindeffekt) sammenlignet med scenarier uden varmelagring. Samtidig tillod varmelagring
at udnytte overskudsstrgm, hvilket farte til 53% mindre spildenergi og en 2.4 €/ MWh lavere
gennemsnitlig varmepris. Endelig blev det vist, at CO2-neutralitet i det danske energisy-
stem kun kan opnas inden 2050 ved at udnytte varmelagringssystemer.
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1 Introduction

The increase in availability and accessibility of energy has transformed the course of hu-
man civilization over the last few centuries (Ritchie et al., 2022). In modern-day society,
access to adequate and reliable energy resources is crucial for economic prosperity and
for maintaining a high quality of life. In most countries, a high gross domestic product
(GDP) per capita is matched by high energy consumption per capita. With the increase
in population and living standards, global energy consumption continues to rise. In fact,
energy demand has tripled in the past 50 years and might triple again within the next 30
years (Texas Education Agency, 2023).

The world’s energy consumption can be divided into three main sectors, namely thermal,
transport, and power. As seen in Figure 1.1, the thermal sector constitutes slightly more
than half of the total energy consumption. However, the power sector is usually in the
spotlight in discussions regarding climate change and energy savings despite its rela-
tively small share of the overall consumption and high renewable energy fraction. What is
alarming concerning the thermal sector is the large consumption combined with a low per-
centage of renewable energy (approximately 11% as of 2019). It is thus clear that there
is a large need for thermal technologies that can increase the utilization of renewable

energy.

11.2% 3.7% {28.0%

Renewable Renewable Renewable
energy energy energy

Figure 1.1: Global final energy consumption by sector and the fraction of re-
newable energy for 2019 (Adapted from REN21, 2022).

1.1 District heating

An efficient way to cover the heat demand in residential and commercial buildings is
through district heating (DH). District heating refers to a system where heat is generated at
a central location and distributed to the consumers through a network of insulated pipes.
Such systems are used mainly in countries with cold climates and high space heating
demand, e.g., Eastern and Northern Europe and China. However, there is a large vari-
ation in the use of DH among countries. For example, 65% of the total heat demand in
Denmark is covered by DH, whereas only 4% in Norway (W.E District, 2023).

The origin of DH can be traced back to the Roman Empire, where hot water was used
to heat baths and greenhouses. The first generation of modern-day DH was introduced
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in the USA in 1880, using steam as the heat carrier (Lund et al., 2014). The main draw-
back of using steam as a transfer fluid was the high heat losses; thus, later generations
of DH featured lower supply temperatures and increased efficiencies (see Figure 1.2).
Additionally, higher efficiencies were achieved due to the usage of combined heat and
power (CHP) plants in the DH systems. Typical CHP plants use a combustion or steam
turbine that generates electricity and utilize the waste heat of this process for DH. That
way, the losses of the CHP plant can be minimized, and efficiencies higher than 80%
can be achieved (United States Environmental Protection Agency, 2023). In parallel, us-
ing lower supply temperatures has also made it possible to use lower-temperature heat
sources, e.g., heat pumps.

1G: STEAM 2G: INSITU 3G: PREFABRICATED 4G: 4th GENERATION
Stean systerm, steam pipes Pressurised hot-water system Pre-insulated pipes Low energy dernands
in conrete ducts Heavy equipment Industrialised cornpact Smart energy (optimum
Large "build on site” stations substations (alse with insulation) interaction of energy
Temperature < 2009C Metering and monitoring sources, distribution
level — and consumption)
Z-way DH

]

<100°C

Energy efficiency / temperature level

50-60°C (70°C)

Energy
efficiency Future
energy
Seasonal saurce

heat storage

Large scale solar 8 Biomiass

conversion

I
’\';.\/' Z-way
= — District
= Heatin:
Geothermal 9
PV, Wave l
Wind surplus ' CHP
Electricity —l biomass
Heat a Heat ' _E Centralised
storage storage district
8 cooling plant
I %al-—
Centralised
ﬂ_ Inclustry surplus _n heat pump
H
il |-

Large scale solar §

Biornass
CHP Biormass

Indlustry surplus

Heat
storage

CHP waste

Steam CHP coal CHP coal
storage CHPall CHP all
! Also
Coal d Coal @ Gas, Waste CHPwaste low energy
Waste Y Waste Oil, Coal incineration buildings

Local District Heating District Heating District Heating District Heating

Development (District Heating generation) /
Period of Fest available technology

1 1 1
1G/1880-1930 2G /1930-1980 3G /1980-2020 4G /2020-2050

Figure 1.2: Evolution of district heating (adapted from Lund et al. (2014)).

Starting in 1980, solar district heating was introduced in Sweden, where solar thermal
collectors were used for generating heat (Perez-Mora et al., 2018). The integration of
solar heat is typically facilitated using thermal energy storage (TES) systems in order to
cover the mismatch between solar heat production and heat demand. Additionally, TES
systems can be used for peak shaving, arbitrage, and covering demand in case of plant
outages. Usually, short-term TES systems have a storage duration of 1-3 days, enabling
a solar thermal fraction of up to 20% (Tschopp et al., 2020). In order to increase the solar
thermal fraction of DH systems, large-scale, seasonal TES systems have been installed,
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allowing for heat produced in summer to be stored and used during the fall and winter.
This way, solar thermal fractions of 30%-60% have been achieved (Sveinbjérnsson et al.,
2017). A visual representation of the seasonal TES operation is shown in Figure 1.3.

HEAT
DEMAND

A 30 - 60% SOLAR FRACTION
WITH SEASONAL HEAT STORAGE

5 - 20% SOLAR FRACTION SEASONAL
WITH SHORT TERM HEAT STORAGE HEAT STORAGE

OTHER HEAT SOURCES ‘ U _

SUN MEETS 100% OF
SUMMER HEAT LOAD

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 1.3: The role of seasonal heat storage (International Energy Agency
(IEA), 2021).

In general, TES systems can decouple the production from the demand, which is essential
for DH systems that utilize non-dispatchable heat sources. For example, systems with
high shares of intermittent renewable energy (e.g., wind and solar) or industrial surplus
heat. In short, TES systems increase the flexibility of the DH system to meet the demand
profile by utilizing potentially any available heat source.

1.2 Overview of thermal energy storage technologies

Thermal energy storage (TES) systems store surplus thermal energy (heat or cold) for
later use (Cabeza, 2012). The most common classification of TES systems is based on
the physical phenomenon used for storing thermal energy. From this perspective, TES
systems can be categorized as sensible, latent, or thermochemical (Guelpa & Verda,
2019).

Sensible TES is the most mature storage technology, where energy is stored by changing
the temperature of a storage medium (e.g., water, oil, or rocks). The amount of stored en-
ergy depends on the temperature change and the mass and heat capacity of the storage
medium (Cabeza, 2012). Sensible TES systems are described in more detail in Sec-
tion 1.2.1 since they were the main focus of this thesis.

Latent TES store energy using phase-change materials (e.g., hydrocarbons or salt hy-
drates) and utilize the latent heat of the phase change. For example, a solid can be
melted isothermally by adding heat, and the heat can then be released when the liquid
solidifies (Clifford & Ambrosini, 2020).

Thermochemical TES is based on the principle that chemical reactions absorb or release
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heat. Thus, heat is converted into chemical bonds using a reactive medium (charge
phase), and heat is released when the reaction is reversed (discharge phase). Thermo-
chemical TES systems store energy using a high-energy chemical process (Kumi, 2023).

1.2.1 Sensible thermal energy storage

So far, sensible TES systems are the only technology to have been used on a large scale
in connection to DH systems. The four main types of sensible thermal energy storage
systems are tanks (TTES), aquifers (ATES), boreholes (BTES), and pit thermal energy
storages (PTES) (see Figure 1.4) (Pauschinger et al., 2018). While TTES and PTES typ-
ically use water as the storage medium, BTES systems use the soil itself (Reuss, 2020),
and ATES use natural underground aquifers as the storage medium (Gao et al., 2019).

Tank thermal energy storage Aquifer thermal energy storage
(TTES) (ATES)

il
Borehole thermal energy storage Pit thermal energy storage
(BTES) (PTES)

L& dedaladidy 0

 F e | e ]

Figure 1.4: Most common types of large-scale sensible TES (Pauschinger et
al., 2018).

1.2.1.1 Tank thermal energy storage (TTES)

Tank thermal energy storage systems (TTES) are the most common and mature sensible
TES technology and have been used extensively in connection with DH systems. TTES
are usually made of steel or concrete and use an insulation layer to minimize heat losses
(Dahash et al., 2019). TTES systems are usually placed above ground; however, there
are cases where large-volume TTES are placed partially or entirely underground (e.g.,
as in Narula et al. (2020)). The main drawback of TTES systems is that they have a
higher specific cost than other heat storage technologies. However, there are no specific
requirements for ground conditions for their installations, and they can also store higher
temperatures compared to other TES (>100 °C when pressurized).

1.2.1.2 Aquifer thermal energy storage (ATES)

Aquifer thermal energy storage (ATES) requires the presence of an aquifer, which is an un-
derground layer of permeable rock or saturated sediment (gravel, sand, or silt) containing
groundwater. ATES systems consist of at least two wells located in one (or more) aquifer
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layers. In the summer, the ATES can be used for cooling by extracting cold groundwater
from the cold well while injecting heated warmer water into the hot well. In the winter,
the process is reversed. This way, ATES systems are capable of delivering both heating
and cooling. The global extent of aquifers is both limited and site-specific; nevertheless,
they are commonly situated in proximity to populated areas and river deltas (e.g., like
the Netherlands) (Schmidt et al., 2018). ATES systems require suitable hydrogeological
conditions such as a low groundwater flow and high layer permeability, as well as spe-
cific geochemical conditions to prevent clogging and corrosion of wells (Fleuchaus et al.,
2018).

1.2.1.3 Borehole thermal energy storage (BTES)
Boreholes store heat utilizing the thermal capacity of soil and/or rocks (Sibbitt et al., 2012).

Multiple vertical boreholes are usually connected (in series and parallel) for efficient heat
storage, and water is used as the heat carrier (Rad & Fung, 2016). In principle, there are
no limitations regarding the location where a BTES system can be installed. However,
it is preferred that the ground is easily drillable, with a high heat capacity, and that there
is low natural groundwater flow (or no groundwater) (Suarez et al., 2019). Typically, an
insulation layer is placed on top of the boreholes; otherwise, there is no insulation between
the boreholes and the soil.

1.2.1.4 Pit thermal energy storage systems (PTES)
APTES is, in principle, a large underground water reservoir. First, a pit is excavated in the

ground that is later lined with a watertight liner (M. V. Jensen & Nielsen, 2020). In order
to minimize the cost of soil handling and transportation, the excavated soil is used to form
embankments around the pit. After the liner installation, the storage is filled with treated
water and covered with an insulated floating lid. The PTES is connected to the DH grid
through insulated pipes and a heat exchanger. In order to establish thermal stratification
in the storage, diffusers are installed at the inlets/outlets of the PTES. All existing PTES
systems utilize three diffusers. During charge operation, hot water is added to the PTES
through the top diffuser, while cold water exits the PTES through the bottom diffuser.
Similarly, during discharge operation, hot water exits the PTES through the top diffuser,
while cold water is added to the PTES through the bottom diffuser. The use of the middle
diffuser depends on the PTES temperature and its operation (e.g., if the PTES is used as
a heat source for a heat pump). Figure 1.5 shows different stages of PTES construction
along with a schematic of a PTES.

Since PTES is an underground storage technology, its performance and construction cost
depend on the geological conditions at the site. High groundwater levels and poor soil
conditions can increase construction costs. It is thus important that PTES systems are
built in areas with suitable ground conditions. Considering that a relatively large space
is required for the PTES construction, it can prove challenging to find suitable ground
conditions close to urban areas (Kallesge & Vangkilde-Pedersen, 2019). For that reason,
there have been cases where PTES systems have been constructed inside or very close
to a groundwater layer. Nevertheless, the effect of the soil domain characteristics on the

Investigations of pit thermal energy storages in district heating systems 7



Embankment

Figure 1.5: PTES design and construction (photo credit: PlanEnergi).

PTES performance has not been investigated.

Last, PTES remains a relatively new technology with only a few existing systems. Con-
sequently, there is still a large uncertainty about the impact of design decisions and the
potential impact of integrating PTES in DH grids. For this reason, PTES has been chosen
to be the focus of this thesis, and a review of the PTES development is provided in the
following section.

1.3 Review of PTES systems

The present study focused on pit thermal energy storage (PTES) systems. PTES have
been successfully demonstrated as seasonal heat storage in combination with large so-
lar collector fields (Soerensen & From, 2011). Compared to other storage technologies,
the main advantage of PTES systems is their low construction cost and high storage ef-
ficiency. Additionally, a big advantage of PTES systems is their high charge/discharge
and storage capacity since they use water as a storage medium and heat transfer fluid.

It should be noted that, in this study, the term PTES was used to describe only water-
based systems. PTES that use a mix of gravel and water as a storage medium (e.g., the
PTES in Chemnitz, Germany) were not investigated.

1.3.0.1 History of PTES
The PTES technology was first demonstrated on a small scale (640 m?) at Studsvik, Swe-

den, in 1978, followed by a larger system (10 000 m?) in Lambohov, Sweden. Both these
systems were experimental and featured a non-floating lid construction, which is only suit-
able for small-scale systems. Due to their small size and insulation issues, these PTES
had high heat losses and very low efficiency; thus, their operation stopped after a few
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years, and the technology was abandoned in Sweden (Heller, 1994).

Vojens
¥ (200 000 m?)
EE Dronninglund Toftlund
% (60 000 m3) (70 000 m?)
a DTU  Ottrupgard Marstal 1~ Marstal 2 Gram Hgje Taastrup
(500m3) (1500 m3) (10000 m?) (75000 m?) (122 000 m?) (70 000 m?3)
1978 1980 1982 1995 1996 2003 2012 2013 2015 2017 2018 2023 >
[
oQ I \
- &' Studsvik, Lambohov, Jilich, Langkazi,
o g Sweden  Sweden Germany Tibet
x (640 m?) (10 000 m?3) (2 500 m3) (15 000 m3)

Figure 1.6: Timeline of constructed PTES systems.

The first PTES with a floating lid (500 m?) was conceptualized and demonstrated under
laboratory conditions at the Technical University of Denmark (DTU) in 1982 (Korsgaard,
1979), followed by a pilot system in Ottrupgard, Denmark, in 1995. However, the first
commercial PTES was built in Jilich (Germany) in 1996 with a volume of 2 500 m? and
connected to a 1 200 m? solar collector field.

The first commercial PTES in Denmark was built in Marstal in 2003, with a storage ca-
pacity of 10 000 m?3 as part of the SUNSTORE-2 project. SUNSTORE-2 aimed to cover
30% of the yearly heat demand of the town using the storage and charge it using heat
generated from a solar collector field. Marstal-1 successfully demonstrated the possibility
of using large-scale PTES for seasonal heat storage. However, numerous issues were
discovered during operation, particularly with the lid and the liner; thus, the storage is no
longer in operation. Additionally, it was realized that the storage capacity was rather small
to be used for seasonal heat storage.

Subsequently, a second PTES was constructed in Marstal in 2012, having a volume of
75000 m3. The storage was constructed as part of the SUNSTORE-4 project and featured
an improved lid design and a heat pump that could supply heat to the DH grid using the
PTES as a heat source. That way, the PTES capacity was increased since it could be
discharged to temperatures lower than the supply temperature of the DH grid.

Four more PTES systems were constructed in Denmark in the following years, having
improved liners (i.e., Dronninglund as part of the SUNSTORE-4 project) or different lid
technologies (i.e., Vojens, Gram, and Toftlund) compared to the PTES in Marstal. Until
2017, the PTES technology was limited to Europe; however, in 2018, the first PTES was
constructed outside of Europe in Langkazi, Tibet. Last, the first PTES used as a short-
term TES system was built in 2023 in Denmark. A timeline with the constructed PTES is
presented in Figure 1.6.

It should be noted that the number of PTES systems continues to increase, with a new
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system expected to start operation in late 2023 in Meldorf, Germany (50 000 m3). Addi-
tionally, detailed plans have been made for two storages in Odense, Denmark (700 000
+ 300 000 m?).

1.3.0.2 Existing PTES systems
The efficiency of the existing PTES varies greatly, ranging from approximately 60% to

more than 90%. Specifically, Gram has been reported having an efficiency of 60% (PlanEn-
ergi, 2020), Marstal 66% (Schmidt, 2019), Toftlund 70% (Rambgll, 2020), and Dron-
ninglund greater than 90% (Winterscheid & Schmidt, 2017). The difference in efficiencies
is mainly due to the poor performance and durability of older lid constructions (Sifnaios
et al., 2023a).

However, it should be noted that the performance of most existing PTES is usually docu-
mented only for the first 1-3 years of operation. Thus, there is no long-term monitoring and
evaluation of the performance of the existing PTES systems. Additionally, apart from the
difference in the components (e.g., the lid), there has never been a detailed comparison
of the characteristics and performance of existing PTES systems in an effort to identify
the reasons for their efficiency differences (e.g., the effect of diffuser designs, surrounding
soil conditions, or presence of groundwater). In general, data can be obtained only for
the PTES in Dronninglund and Marstal since they were part of former Danish research
projects.

Dronninglund
PTES: 60 000 m3

FPC:37 573 m?
Gram

PTES: 122 000 m3
FPC: 44 802 m?

& Hoje Taastrup
¥ PTES: 70 000 m3

Toftlund

PTES: 122 000 m3

FPC: 27 000 m?

Vojens { & Marstal
PTES: 200 000 m3 § ///// PTES: 75 000 m3

FPC:70042m? (& , \/// FPC: 15 000 m?
Image: Rambgl| N5 \ ¥

Figure 1.7: Existing PTES systems in Denmark as of 2023. The PTES storage volume and flat-
plate solar collector (FPC) area are listed next to each storage.

‘ ‘*‘

A map of the existing PTES systems in Denmark is shown in Figure 1.7. Apart from the
PTES in Haje Taastrup, all the existing systems were developed for seasonal heat storage
and charged using heat from a solar collector field. Additionally, most of the storages are
also connected to a heat pump. The heat pump is able to use the storage as a heat
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source whenever the storage temperature is too low to be supplied directly to the district
heating grid. In general, heat pump operation starts in late autumn and is able to cool
the storage down to 10 - 25 °C. The heat pump operation has two main benefits for the
system: (1) it increases the utilization of stored heat from the PTES, and (2) it benefits
the solar collector field operation since lower inlet temperatures lead to higher collector
efficiency. The only seasonal PTES system in Denmark without a heat pump is Vojens.
Details on the characteristics of the existing PTES systems are summarized in Table 1.1.

Nevertheless, PTES can also be used as short-term heat storage systems for large DH
grids. The PTES in Hgje Taastrup started operating in 2023 and is the first PTES used for
short-term heat storage. Unlike seasonal PTES, the Hgje Taastrup PTES is not charged
by a solar collector field but is charged directly from the Copenhagen DH grid. That way,
it is possible for the PTES to store energy produced using a wide range of heat sources
(e.g., heat from waste incineration, biomass CHP plants, and heat pumps operating using
renewable electricity), increasing the DH system’s flexibility.

1.3.0.3 Economy of PTES

In general, the primary motivation behind the development of the PTES technology was
to achieve a low-cost storage solution. For example, the investment cost of existing water
PTES ranges from 20 — 50 €/m? while the investment cost of conventional storage tanks
is between 150 — 320 €/m? (Kallesge & Vangkilde-Pedersen, 2019).
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Figure 1.8: Specific investment cost of PTES for various sizes (Sveinbjérnsson et
al., 2020).

The specific investment cost of PTES per volume is shown in Figure 1.8. It may be ob-
served that the specific investment cost decreases strongly with increasing storage size
(economy of scale). The main reason is the non-linear relationship between surface area
and volume; specifically, as the storage size increases, the relative increase in surface
area and material usage decreases. Additionally, several costs do not strongly depend on
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storage size, for example, planning, pumps, and diffusers. From Figure 1.8, it can also be
noted that the lid is the most expensive part of the PTES, corresponding to approximately
1/2 to 1/3 of the total cost (depending on the PTES size).

However, although it is clear that PTES systems have a lower cost than TTES, their im-
pact on the cost of heat has not been investigated. Especially when PTES systems are
used for short-term storage operations, they can benefit DH grids that depend on the
electricity market by shifting heat production to periods when the electricity price is low.
Nevertheless, this potential financial benefit has not been quantified in the literature.
1.3.0.4 PTES design and characteristics

In principle, PTES can be designed having any shape as long as soil stability is ensured.
Nevertheless, the most common PTES shapes are the reversed truncated pyramid (Dron-
ninglund, Gram, and Toftlund) and reversed truncated obelisk (Marstal). However, there
are also irregularly shaped PTES, e.g., Vojens and Hgje Taastrup. Most of the existing
PTES have a side-wall slope of 1:2 since this ratio ensures soil stability for clay-based
soils without using any retaining walls (M. V. Jensen & Nielsen, 2020).

However, it should be noted that the shape and slope of the PTES sides are usually
chosen based on the shape of the available plot of land and the soil stability. It is not yet
clear, though, if the choice of the PTES shape has an impact on its performance.

Liner materials

The liner is an essential part of the PTES since it prevents water from leaking into the
ground. Additionally, a liner is installed between the water surface and the floating insu-
lation lid to prevent water from entering the lid. So far, the following materials have been
identified as being applicable for PTES: polymer (i.e., polypropylene (PP) and polyethy-
lene (PE)), elastomer, and metal (e.g., stainless steel) (M. V. Jensen & Nielsen, 2020).

Only polymer liners have been used in commercial PTES systems, mainly due to their
low material price and installation cost. The main drawback of polymer liners is that
they degrade when exposed to high temperatures. Additionally, polymer liners are not
water-tight; thus, some water diffuses into the ground and lid construction. Most existing
storages have used a PE liner, which is durable up to 90°C and features low water perme-
ability. However, a PP liner was developed for the most recent storage in Haje Taastrup,
which has a higher temperature resistance (up to 95°C) than PE liners. Nevertheless, it
should be noted that the PP liner has approximately four times higher water permeability.

Elastomer liners have higher temperature resistance compared to polymer liners. Still,
they have a higher installation price (they cannot be welded like polymer liners), and they
have a higher water permeability compared to polymer liners. For these reasons, they
have not been used in large-scale PTES installations.

Metal liners are very temperature resistant, have a long lifetime, and are water-tight. How-
ever, the material and installation cost is very high. Additionally, corrosion can be a prob-
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lem when metal liners are in contact with the soil (since treated water is used, there is no
problem when in contact with the PTES water).

Overall, the PTES lifetime is very much dependent on the lifetime of the liner. It is thus
important to select a liner material that provides a good trade-off between price, thermal
resistance, lifetime, and water permeability.

Lid constructions

So far, in all the existing PTES, only the lid has been insulated, whereas the sides and
bottom have had no insulation. The three main drivers for this decision were that (1) it
was difficult and expensive to find an insulation material that would not collapse under the
weight of the water, (2) the soil offers natural insulation, and (3) most of the heat losses
occur through the top of the PTES.

Vacuum vent
Clamp
Extruder weld
1.5 my E Ge
Extrude elding
Hypernet CN/E

Insulation 3 layers Nomalen 80 mm
Fixatiol on steel anchors

Hyperne
2'mm HDPE Geomembrane

Figure 1.9: PTES lid based on Nomalén (left) and based on LECA (right) (PlanEnergi, 2015b).

For this reason, the floating insulating lid is the only component that minimizes heat losses
to the ambient air and is the most expensive component of the PTES. Flexible insulation
materials are usually used in lid constructions for the lid to be able to bend due to the
water’s thermal expansion.

Table 1.2: Lid areas and insulation materials for the PTES in Den-
mark. The lid area was estimated using drone photos. Multiple insu-
lation types are provided for some storages due to the replacement or
modifications of the original lid solutions.

Location Lid area (m?) Lid operation Insulation type

2012 - 2018 Nomalén
Marstal 10 900

2019 - Nomalén + XPS

2014 - 2020 N Ié
Dronninglund 8 300 omaien

2021 - Nomalén + XPS
Hgje Taastrup 11 000 2023 - Nomalén + XPS
Vojens 22 500 2015 - LECA

2015 - 2021 LECA
Gram 14 500 015-20 c

2022 - LECA + XPS
Toftlund 11 500 2017 - LECA
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In general, two different insulation materials have been used, namely Nomalén (NMC
Termonova, 2011) and Light Expanded Clay Aggregate (LECA). Nomalén insulation is
sold as mats made of cross-linked polyethylene foam with a closed-cell structure, while
LECA is small, expanded clay pebbles. Table 1.2 presents the lid insulation materials and
the corresponding areas for the PTES systems in Denmark.

The performance of both insulation technologies degrades with exposure to moisture and
high temperatures for long periods of time. However, since polymer liners are not water-
tight, some water vapor inevitably enters the lid construction. For this reason, natural
(or mechanical) ventilation systems are usually installed in the lids in order to dry out the
insulation material, as seen in Figure 1.9.

Furthermore, since the lid is a large, flat surface, rainwater can easily accumulate, which
has to be removed to maintain the structural integrity of the lid. To remove the rainwater,
some lid designs feature weight pipes that are placed on the lid surface to guide it to a
single (or multiple) location from where it can be removed using a pump.

AL A TR

Pebbles

= Extruded polystyrene (XPS)

<—— Nomalén

— High-temperature resistant Nomalén

Liner, geonet, and geotextile

Figure 1.10: The new version of Nomalén lid used in Dronninglund,
Marstal, and Hgje Taastrup, constructed by the company Aalborg CSP.

The first version of a Nomalén-based lid was installed in Marstal in 2012 and in Dron-
ninglund in 2014. Unfortunately, in both storages, this lid construction was irreparably
damaged after approximately six years of operation (i.e., in 2018 in Marstal and at the
end of 2020 in Dronninglund). For both PTES systems, the reason was that water had
entered the lid, causing the bottom lid liner to tear. To overcome the challenges of pre-
vious lid designs, the company Aalborg CSP developed a new modular Nomalén lid (a
cross-sectional view of the lid can be seen in Figure 1.10). The modular lid has been
installed in the PTES in Marstal and Dronninglund and the newly constructed PTES in
Hgje Taastrup. This lid solution uses different types of insulation with varying insulating
properties and resistance to high temperatures. A high-temperature resistant version of
Nomalén is placed close to the storage water surface, on top of which a regular extruded
polystyrene insulation (XPS) is placed. Additionally, for more efficient rainwater handling,
the lid is divided into multiple modules. A slope is created towards the center of each
module using varying levels of pebbles where a pump is located to remove the rainwater.
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1.4 Research questions

Pit thermal energy storage systems have proven to be a cheap and efficient storage tech-
nology for district heating. As the technology is maturing, more district heating companies
are expressing interest in the technology; hence, the number of PTES installations is ex-
pected to increase in the near future. However, the available knowledge on PTES derives
primarily from short-term performance monitoring and a small number of scientific studies.
Specifically, the effect of storage geometry, soil conditions, and storage operation remains
largely uninvestigated, although they have a potentially great impact on performance. To
this end, the following research questions were developed to cover this knowledge gap,
which forms the basis of the present PhD study.

Performance:

1. How can the performance of PTES systems be assessed?
2. How does the geometry of a PTES affect its performance?

3. How does PTES operation affect the soil domain and vice versa?
Integration:

4. What is the impact of PTES on DH grids on a city scale?

5. What is the impact of PTES on a country scale?

1.5 Thesis outline
The remainder of this thesis is structured as follows:

Chapter 2 gives an overview of the methods used in this PhD study. Specifically, Sec-
tion 2.1 presents a description of the investigated case studies along with the correspond-
ing measurement equipment used at each system. Section 2.2, introduces the key perfor-
mance indicators (KPIs) that were used to investigate stratification, efficiency, and econ-
omy of PTES. Section 2.3, provides a brief overview of the software used for simulating
PTES systems. Last, Section 2.4, describes the drone thermal imaging method used to
perform thermal inspections on PTES lids.

Chapter 3 presents the results obtained and answers the research questions introduced
in Section 1.4. In Section 3.1, papers |, Il, lll, and IV were used for answering research
question 1, paper V was used for question 2, and paper VI for question 3. In Section 3.2,
paper VIl was used for answering research question 4, and paper VIl was used for an-
swering question 5.

Chapter 4 provides the conclusions for each research question, as well as recommenda-
tions for future work.
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2 Methods

This chapter presents the case studies and methods used for conducting the present
study. First, the case studies are presented in Section 2.1, followed by the key perfor-
mance indicators (KPIs) used to assess and compare the performance of PTES systems
in Section 2.2. Next, in Section 2.3, the software used in the simulations of this study (AN-
SYS, TRNSYS, and Balmorel) are introduced. Last, Section 2.4 gives details on thermal
imaging, a technique used to detect leakages in PTES.

2.1 Investigated systems

Data from two PTES systems were used in this study for performance comparison and
validation of simulation models. The systems in Marstal and Dronninglund were chosen as
they were both part of previous research projects; hence, measurements were available
from the plant operators.

2.1.1 Measurement data

It should be mentioned that obtaining system performance data from DH plants is a very
time-consuming process. One of the reasons for this is that measurement data is usu-
ally spread across hundreds of individual files, which often contain erroneous data due
to power outages, sensor malfunctions, etc. Thus, it is necessary first to write custom
parsing scripts and quality control the data. However, the quality control process is user-
dependent and poorly documented in most studies. For this reason, a quality control
procedure and dataset were published for the PTES in Dronninglund (Sifnaios et al.,
2023a), with the aim of creating a high-quality and transparent reference dataset. The
quality control procedure was done in several Python scripts, which have been published
on GitHub. It should be noted that the same quality control procedure was used for the
dataset from the PTES in Marstal.

2.1.2 Marstal

The PTES in Marstal was constructed in 2012, having a volume of 75 000 m? and a
storage capacity of approximately 6 000 MWh (PlanEnergi, 2013). The shape of the PTES
was an inverse truncated obelisk (i.e., rectangular lid and bottom surfaces). The storage
operated as a seasonal heat storage, charged by a solar collector field of 15 000 m? flat-
plate collectors (FPC), and supplied heat to approximately 1600 consumers. The PTES
was charged by the solar collector field during the spring and summer periods and was
discharged during autumn and winter.

Three double-plated diffusers located at the top, middle, and bottom of the storage (see
Figure 2.1) were used to charge and discharge the PTES. The diameter of the diffuser
plates was 3 m, and the vertical spacing between the plates was 0.85 m. During operation,
the average volume flow rate was 63 m?/hr (PlanEnergi, 2013).
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The PTES in Marstal had a 3-layered Nomalén lid (24 cm total thickness) and used high-
density polyethylene (HDPE) liners. The lid had a slope toward its center, where a pump
was located to remove rainwater from its surface. An aerial photo of the lid in 2013 is
presented in Figure 2.1. In 2015, the lid insulation started to degrade due to contact with
warm storage water, which led to increasing heat loss. Eventually, in 2018, the lid was re-
placed with the new modular Nomalén lid design from Aalborg CSP (see Section 1.3.0.4).
Unfortunately, data from its operation were not available at the time of this study. Thus,
measurement data from 2014 — 2017 were used.

Figure 2.1: Aerial photo from 2013 (left) and diffuser installation in the PTES in Marstal (right)
(PlanEnergi, 2013).

The DH grid in Marstal had an average supply temperature of 73 °C and a return temper-
ature of approximately 40 °C (PlanEnergi, 2013). If the discharged water from the PTES
was higher than 73 °C, it was supplied directly to the DH grid. However, if its temperature
was between 70 °C and 73 °C, it was mixed with warmer water from a biomass boiler in
order to reach 73 °C. Alternatively, if the discharged water had a temperature lower than
70 °C, it was supplied to the heat source side of a heat pump that supplied heat to the DH
grid. The operation of the heat pump cooled down the storage to approximately 15-20 °C.
A schematic of the main components of the Marstal DH plant is presented in Figure 2.2.
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Figure 2.2: Simplified schematic of the PTES, solar collector field, biomass boiler, and
ORC in the Marstal district heating system (Adapted from Schmidt, 2019).

2.1.3 Dronninglund
The PTES in Dronninglund was constructed in 2014 with a volume of 60 000 m? and an
approximate storage capacity of 5 500 MWh (PlanEnergi, 2015b). The shape of the PTES
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was an inverted truncated pyramid (i.e., square lid and bottom surfaces) and was based
on an improved design of the PTES in Marstal. Similarly to Marstal, the Dronninglund
storage also featured a 3-layered 24 cm Nomalén lid; however, an HDPE liner with a
longer lifetime at high temperatures was used.

Despite the improvements, like the PTES in Marstal, the HDPE liner enclosing the lid
insulation experienced multiple piercings at the end of 2020, leading to the replacement of
the original lid with the new modular Nomalén lid from Aalborg CSP (see Section 1.3.0.4).
However, data from the operation of the PTES with the new lid were not available during
the period of the PhD study; thus, data from 2015 - 2019 were used.

Figure 2.3: Aerial photo from 2015 (left) and diffuser installation (right) from the Dron-
ninglund PTES (PlanEnergi, 2015b).

Similarly to Marstal, the PTES in Dronninglund was charged using three diffusers (at the
top, middle, and bottom of the storage), as shown in Figure 2.3. However, the diffuser size
was slightly smaller in Dronninglund, with a plate diameter of 2.5 m, a vertical spacing of
0.58 m, and an average flow rate of 80 m?/hr during operation (PlanEnergi, 2015b).
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Figure 2.4: Simplified schematic of the collector field, PTES, and main components
located at the Sgndervangsvej DH plant, in Dronninglund (Adapted from PlanEnergi,
2015b).

The main difference between the PTES in Dronninglund and Marstal was their operation.
While Marstal was only used as seasonal heat storage, the PTES in Dronninglund was
used both as seasonal and short-term heat storage (mixed operation). Thus, the storage
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was also used to even out the daily variation of the heat generation from the solar thermal
collector field. Due to the mixed operation, the yearly charged and discharged energy of
the PTES in Dronninglund was much higher than in Marstal.

The PTES in Dronninglund was charged by a 35 573 m? flat-plate solar collector field and
supplied heat to 1350 consumers. The DH grid had an average supply temperature of
75 °C and an average return temperature of 42 °C (PlanEnergi, 2015b). If the discharged
water temperature exceeded 75 °C, the PTES supplied heat directly to the DH grid. How-
ever, if it was lower than 75 °C, the system was used as a heat source for a heat pump.
The heat pump usually operated from November to February and cooled down the PTES
to approximately 10 °C. A schematic of the heating system in Dronninglund is presented
in Figure 2.4.

2.1.4 Measurement equipment

This chapter presents the measurement equipment installed in the Marstal and Dron-
ninglund PTES. It should be noted that more sensors than the ones mentioned in this
chapter were installed; however, only the sensors used in this study are presented. For
additional information on the topic, the reader is referred to Sifnaios et al. (2023a) and
Sifnaios et al. (2022c).

Water
<= - - temperature
sensors

Ground
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Figure 2.5: Measurement sensor locations in the Marstal PTES. The water tem-
perature strings are attached at location A, and the soil temperature is measured at
locations B, D, F, and G. Each small red dot corresponds to a temperature sensor
(Sifnaios et al., 2023b).

2.1.4.1 Water temperature

The water temperature in each storage was measured using Class A PT100 temperature
sensors, with an estimated uncertainty of £0.15 K. These sensors were mounted on two
strings hanging from the center of the lid. Each temperature string had 16 sensors placed
at 1 m intervals, with the two strings offset by 0.5 m. Thus, the water temperature was
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measured every 0.5 m. The same equipment was used to measure the water temper-
ature in Marstal and Dronninglund. A schematic of the sensor locations can be seen in
Figure 2.5 for Marstal and in Figure 2.6 for Dronninglund.
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Figure 2.6: Measurement sensor locations in the Dronninglund PTES
(Sifnaios et al., 2023a).

2.1.4.2 Inlet/outlet flow rates and temperatures
In Marstal, an ultrasonic flowmeter was installed in each diffuser pipe for measuring the

volume flow rate to and from the storage. The estimated uncertainty of these sensors was
2%. In Dronninglund, the flow was measured using electromagnetic flowmeters with an
uncertainty of 0.4%. However, in Dronninglund, the flow magnitude and direction were
only measured for the middle diffuser. For the top and bottom diffusers, the reported
flow rates and directions were calculated by the SCADA control system. Regrettably, the
provided flow rates for Dronninglund had a significant mass-flow mismatch (i.e., a large
imbalance between the entering and exiting flows). Therefore, a method for estimating
the flow rates was developed, which is described in detail in Sifnaios et al. (2023a).

The temperatures in the inlet and outlet pipes were measured in both systems using im-
mersed Class A PT100 sensors with an uncertainty of £0.15 K.

2.1.4.3 Soil temperature

The soil temperature around the PTES was measured both in Marstal and Dronninglund.
In Marstal, since it was the first large-scale PTES constructed, more sensors were in-
stalled for measuring the soil temperature. Thus, four temperature strings were installed
near the edges of the storage embankment. Two of them had 11 temperature sensors,
and two of them had three (see Figure 2.5).

In Dronninglund, four temperature sensors were installed in the ground (position D in
Figure 2.6), approximately 1 m distance from the water edge and in the middle of the
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embankment. The depths of the sensors were 10, 15, 20, and 25 m beneath the top of
the embankment.

Itis known that in both storages, the ground temperature sensors were PT100. However,
their class is unknown; thus, their uncertainty was estimated to be +0.5 K.

2.2 Key Performance Indicators (KPIs)

A key performance indicator (KPI) is a measurable result that can determine whether an
objective is met. KPIs can be used to evaluate different aspects of a project but also
compare it to other projects.

A number of KPIs exist in the literature for evaluating the economy and performance of
individual TES but also TES as part of an energy system. The present study focuses on
the thermal stratification and efficiency of PTES systems and on the economy of PTES
as part of a DH system. The indicators used in each of these categories are presented in
the following chapters.

2.2.1 Stratification

The working principle of a PTES is based on thermal stratification, i.e., a vertical temper-
ature gradient of the water, which is maintained due to the dependence of buoyancy on
temperature. Three main drivers decrease stratification: (1) mixing induced by the inlet
flow, (2) heat diffusion caused by natural convection, and (3) thermal conduction (Sif-
naios et al., 2022c). A storage with low heat losses can still perform poorly if stratification
is not maintained; thus, it is of interest to be able to assess the level of stratification, e.g.,
to evaluate diffuser designs.

Several indicators have been used in the literature for assessing thermal stratification
in TES systems. In this study, the two most common stratification indicators (i.e., the
MIX number and the stratification coefficient) have been used to compare the level of
stratification in the Marstal and Dronninglund PTES. Since both indicators were found to
have drawbacks, a new stratification indicator was suggested, called exergy destruction,
which was used to compare thermal stratification in the two storage systems (see Sifnaios
et al. (2022b)).

As a first step when determining the stratification, each PTES was divided into a number
of discrete horizontal layers corresponding to the position of the temperature sensors. In
both Marstal and Dronninglund, water temperature sensors were installed every 0.5 m,
and the PTES depth was 16 m. Thus, each storage was divided into 32 layers for which
uniform temperature was assumed.

2.2.1.1 MIX number
The MIX number compares the investigated storage system’s temperature profile with

two idealized reference profiles, namely, a fully mixed and a fully stratified TES (Andersen
et al., 2007). This way, a value between zero and one is obtained, with zero indicating a
perfectly stratified TES and one indicating a fully mixed TES. It should be noted that when
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calculating the idealized reference profiles, the corresponding energy content should be
equal to the actual storage system. Equation 2.1, presents the expression for calculating
the MIX number based on the moment of energy.

stratified Mactual

MIX = E Z

Mstratified Mfully mixed
E o E

(2.1)

The moment of energy for each storage layer is calculated by multiplying the energy con-
tent of each layer with the layer’s distance from the bottom of the PTES. To find the mo-
ment of energy of a scenario (e.g., for the fully stratified), the moment of energy of each
layer was summed, as shown in Equation 2.2.

N
Mg = Zpi Vi Cpi- (Ty — They) - 2i (2.2)
i—1

where N is the total number of layers, p; is the water density, V; is the water volume, C), ;
is the specific heat, and T; is the water temperature of layer i. The distance from the
centroid of layer i to the bottom of the PTES is denoted as z;, and T, is the reference
temperature, i.e., the temperature at which the storage system is considered empty.

2.2.1.2 Stratification coefficient

The stratification coefficient St was introduced by Wu and Bannerot (1987), where the de-
gree of stratification is assessed based on the deviation of the storage temperature profile
relative to the mean temperature. However, it should be noted that this indicator ranges
from O to infinity, making it challenging to interpret. Generally, a higher stratification co-
efficient indicates a higher degree of thermal stratification. The mathematical expression
for calculating the stratification coefficient is presented in Equation 2.3, where T; is the
temperature, and m; is the water mass of layer ¢, T,,, is the weighted average storage
temperature, and my.; is the total mass of the storage’s water.

X i (Th = Tang)?
St = ; — (2.3)
2.2.1.3 Exergy destruction

Exergy is a measure of the maximum useful work a system can produce until it reaches
an equilibrium state with its environment (Dincer & Rosen, 2002). In other words, exergy
is a measure of the quality of energy of a system. Exergy can be calculated using Equa-
tion 2.4, where AH is the change in enthalpy, AS is the change in entropy, and Ty is the
dead state temperature. The dead state of a system is when it is at temperature, pres-
sure, elevation, velocity, and chemical equilibrium with its surroundings (Rosen & Dincer,
2004).
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AEz = AH — Ty - AS (2.4)

The exergy balance equation in a TES is given by Equation 2.5, indicating that the net
exergy added to a TES (exergy charged minus discharged) is equal to the sum of the net
change of exergy stored in the TES, exergy lost due to heat losses, and exergy destroyed
due to reduction in stratification (i.e., mixing induced by the inlet flow, convection, and by
downward thermal conduction).

This means that the last term of this equation (exergy destruction) can be used to assess
the level of stratification in a TES as suggested by Sifnaios et al. (2022b). A high value
would indicate poor thermal stratification, whereas a low value indicates good thermal
stratification. One of the main benefits of exergy destruction is that it can be used to
compare TES systems with different heat losses without having biased results since the
exergy lost directly due to heat losses is accounted for.

AEmnet = AEwstare + AElxloss + A-E«Tdestr (25)

Since the amount of exergy destroyed depends on the volume of the system, a normalized
expression with the storage volume was used (see Equation 2.6) in order to be able to
compare TES of different sizes.

AEmdestr

T destr (2.6)
YLV

AExdestr,norm =

2.2.2 Efficiency

In general terms, efficiency can be defined as the ratio between the useful output and the
input to the system. Using this convention, two efficiency indicators were calculated in
this study, namely energy and exergy efficiency, as presented in the following sections.

2.2.2.1 Energy efficiency
The energy balance expression in PTES is given by Equation 2.7, where E,,; is the energy

discharged from the PTES, E;, is the charged energy, and E),,; is the heat loss. AFE;,; is
the change in the internal energy of the storage system, i.e., the difference between the
internal energy at the end and start of the period under consideration.

Eout = Em - Eloss - AEmt (27)

In general, two different expressions have been used so far for calculating the energy
efficiency of PTES, which are presented in Equations 2.8 and 2.9. The main difference
between these equations is in how the internal energy change of the PTES is accounted
for.
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E;

Although these efficiency expressions have been extensively used in the literature and
engineering studies, they can produce misleading results when comparing seasonal stor-
age systems (e.g., Marstal) with storage systems used for both seasonal and short-term
storage (e.g., Dronninglund). The main reason is that the total charged and discharged
energy in a PTES used for seasonal and short-term operations is much higher compared
to a PTES used only for seasonal operation. However, the heat loss of a seasonal stor-
age is not proportionally higher. Thus, Equation 2.10 presents an expression for seasonal
efficiency that attributes the heat losses only to the seasonally stored energy, regardless
of the PTES operation. The seasonal energy stored can be calculated as the difference
between the maximum and minimum energy content of the PTES during one year. Thus,
the seasonal efficiency calculates the efficiency of the PTES as if it were solely used for
seasonal heat storage.

Eseasonal (2 10)
Eseasonal + Eloss

Ne.s =

2.2.2.2 Exergy efficiency
Following the general convention for efficiency indicators, exergy efficiency can be calcu-

lated using Equation 2.11, where Fx;, is the exergy input to the system, and Ez,,; is the
exergy output of the system. The main difference between energy and exergy efficiency
in TES systems is that exergy is influenced by the level of stratification, as mixing reduces
exergy.

_ Ezout
nx Eay

2.11)

2.2.3 Economy

A number of indicators can be used for assessing the economy of an energy system. One
of the most commonly used is the levelized cost of energy (LCOE). For energy systems
that generate heat, this is often denoted as the levelized cost of heat (LCOH). In the
present study, since the focus was on district heating, the LCOH was used for evaluating
the systems’ economy.

The LCOH quantifies the cost of providing one unit of heat over the system lifetime, consid-
ering the investment cost of the equipment, installation costs, operation and maintenance
costs, etc. (International Energy Agency (IEA), 2022). A typical expression was used for
calculating the LCOH, as described in (Yang et al., 2021). The used expression is pre-
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sented in Equation 2.12, where Ij is the investment cost, OM is the annual operation and
maintenance cost, r is the discount rate, QQy is the annual heat generation, ¢ is the year,
and T is the lifetime of the system in years.

I+ OM;-(1+7)7

LCOH = =
Zt:1 Qu-(1+mr)t

(2.12)

It should be noted that a 4% discount rate was used in the calculations, as recommended
by the Danish Energy Agency (Danish Energy Agency, 2018). Additionally, the operation
and maintenance (OM) cost was taken as 1% of the total investment cost plus the fuel
cost of the generation units (IEA Task 54, 2018).

Since the main focus of this investigation was the effect of adding a PTES system in
an existing DH grid, the payback period (PPd) was also calculated as an economic KPI.
This indicator can be used when comparing a reference system (e.g., a DH grid with no
heat storage) with an investigated system (e.g., a DH grid with a PTES). The PPd is the
time needed for the savings of the investigated system to compensate for the additional
investment compared to the reference system. The expression for calculating the payback
period is presented in Equation 2.13 as suggested by Zenhausern (2020).

PPd

Iy — IO,Tef = Z(OMref,t - OMt) (213)
t=1

2.3 Software

To investigate the effect of various parameters on PTES performance and potential eco-
nomic benefit, several simulations were carried out using different software. The software
used in the present study are introduced below. The order of the introduced software is
based on the level of detail used in the software’s simulations. For example, ANSYS
Fluent was used to simulate heat losses from the PTES in detail, whereas TRNSYS was
used to simulate the integration of PTES in a local DH grid, and Balmorel was used to
study the effect of including PTES in energy systems at a country level.

2.3.1 ANSYS Fluent

ANSYS Fluent is a software for computational fluid dynamics (CFD) simulations. It pro-
vides a wide range of pre-processing tools to the user in order to create the simulated
geometry and the mesh for the computational domain. A number of meshing techniques
are available, including structured and unstructured grids, enabling the user to create a
mesh that is tailored to the desired application. Fluent utilizes the finite volume method
(FVM) to discretize the computational domain into small control volumes and solves the
governing equations of fluid flow and heat transfer phenomena between each of these
volumes (ANSYS, 2022).

ANSYS Fluent was used to investigate the heat transfer in the soil domain surrounding
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a PTES (no fluid was simulated). Specifically, the impact of the PTES geometry on its
performance (research question 2) and the interaction between the PTES and its sur-
roundings, such as groundwater (research question 3) was studied.

Water-soil interface:
Prescribed temperature . 425m
Top surface:
_ Convection wall
/

200 m

“\_ Sides and bottom:
Adiabatic wall

Figure 2.7: The simulated soil domain and boundary conditions (left) and a cross-cut of the created
mesh (right) (Sifnaios et al., 2023b).

2.3.1.1 Simulation domain and boundary conditions

A simulation model in ANSYS Fluent was created to investigate the heat losses from the
PTES toward the ground. Unlike the heat losses through the lid that can be reasonably
assumed as one-dimensional and non-transient, accounting for the heat losses toward
the ground is more complex due to the heat capacity of the soil and complex geometry.
Thus, a 3D model must be used to accurately model the transient nature of the heat losses
toward the ground. Consequently, a 3D model of the soil domain around the PTES was
developed in ANSYS Fluent (see Figure 2.7). The boundary conditions of the soil domain
were:

» Adiabatic walls for the sides and bottom of the soil domain. In reality, there is some
small heat gain from the Earth’s core, but it was assumed negligible.

» Convection wall for the top surface of the soil domain exposed to the ambient. The
ambient air temperature was applied on the surface using a convection coefficient
of 30 W/(m?K), corresponding to a wind speed of 5 m/s (Laloui & Rotta Loria, 2020).

* A prescribed temperature wall for the water domain where the water temperature
(varying with height) was applied as a boundary condition on the water-soil interface.
The water temperature was described by 16 vertical uniform-temperature layers,
each 1 m tall. By not modeling the PTES water movement, the computational time
was dramatically reduced since only heat transfer was modeled (instead of a fluid
dynamics simulation).

The soil domain was initialized with a uniform temperature of 8 °C. Heat gains due to solar
radiation were assumed negligible. To obtain realistic ground temperatures at the start of
the storage operation, a one-year preheating period was simulated, where the PTES was
exposed to the ambient temperature (roughly corresponding to the construction period).

Due to the simple shape of the domain, the created mesh consisted only of hexahedral
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Figure 2.8: Investigated PTES geometries (Sifnaios et al., 2022a).

elements with a higher density (and smaller size) close to the water-soil boundary. In
order to choose an appropriate mesh density and timestep duration, a mesh and timestep
independence test was performed. Last, the created model was validated by comparison
against measured ground temperature data from the Marstal PTES from 2013 to 2016.

Various PTES designs were investigated, having different slopes for the storage sides
and aspect ratios, as seen in Figure 2.8. The aspect ratio is defined as the ratio of the
long storage edge to the short edge. For example, a rectangular PTES has an aspect
ratio greater than one, while a square PTES has an aspect ratio of one. All the investi-
gated designs had the same height and volume in order to be directly comparable. More
information on the specific designs can be found in (Sifnaios et al., 2022a).

2.3.1.2 PTES water and ambient temperature

To investigate the effect of seasonal and short-term PTES operations in the surrounding
soil, theoretical temperature profiles were used in the boundary condition, as seen in
Figure 2.9. The seasonal PTES operation performed one charge/discharge cycle per
year, with a temperature range of 90-15 °C (similar to the PTES in Marstal). On the
other hand, the short-term PTES operated one charge/discharge cycle every two weeks
(thus, 26 cycles per year), with a temperature range of 90—45 °C (similar to the PTES in
Hgje Taastrup). It should be noted that the water temperature close to the lid was always
assumed to be 90 °C, regardless of the operation.

For the simulations, the ambient temperature was taken from Denmark’s Design Ref-
erence Year (DRY) (Nielsen, 2019). Since the typical lifetime of PTES is 25 years, the
simulation duration was set to 25 years. Thus, the water and ambient temperature profiles
presented in Figure 2.9 were repeated 25 consecutive times.
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Figure 2.9: Mean storage and ambient temperature for the sea-
sonal and short-term PTES operations. The same conditions
were repeated for each year of the simulation. (Sifnaios et al.,
2023b).

2.3.1.3 Groundwater properties
To investigate the interaction between the PTES and groundwater, a groundwater layer

was added to the domain. The groundwater layer was modeled as a porous medium
in Fluent, using Darcy’s law to describe the flow, having an initial temperature of 8 °C.
The properties of groundwater are presented in Table 2.1. For more information on the
modeling of groundwater and the soil properties, the reader is referred to Sifnaios et al.
(2023Db).

Table 2.1: Groundwater properties
(Sifnaios et al., 2023b).
Parameter Value Unit
Hydraulic conductivity 3.6-107> m/s
Effective porosity 0.25 -
Hydraulic gradient 1/300 -

Groundwater velocity 4.8-10~7 mi/s

2.3.2 TRNSYS

TRNSYS, which stands for "Transient Systems Simulation Tool,” is a graphically-based
software designed for simulating and analyzing the performance of transient energy sys-
tems (Klein, 2017). It is primarily used for thermal and electrical energy systems in con-
nection with building energy analysis and renewable energy research.

The software is based on a modular approach, where the user can connect components
from a component library and create a complete energy system model. The components

Investigations of pit thermal energy storages in district heating systems 29



are based on mathematical equations written in the Fortran programming language. TRN-
SYS models are particularly useful for performing feasibility studies for energy systems,
evaluating control strategies, component dimensioning, and performance optimization.

TRNSYS was used to investigate the economic impact of a PTES integrated into a local
DH grid that relied on electricity-based production units to cover its heat demand (research
question 4). The specific case study is described below.

2.3.2.1 Investigated case study

The data used for the DH grid were operation data from the Danish city of Viborg for 2021.
Viborg is a city of 41 000 people, with an annual heat demand of 342 GWh and a peak
load of 107 MW. The supply temperature in the summer was approximately constant at
65 °C, while in the winter, it reached up to 80 °C, depending on the ambient temperature.
The return temperature was approximately 45 °C in the summer and 40 °C in the winter.

Until 2022, Viborg'’s district heating operator relied on a traditional natural gas combined
heat and power (CHP) plant and peak boiler units to cover the heat demand. However, a
plan was launched in 2023 to eliminate the usage of natural gas by introducing electricity-
based production units (i.e., heat pumps and electric boilers). The ultimate objective is
to completely phase out the utilization of natural gas technologies by the year 2025. For
more information on the DH in Viborg, the reader is referred to Sifnaios (2023). In general,
there is a large increase in the number of electricity-based production units, particularly
heat pumps, for DH production. As a reference, in 2017, there were 35 heat pump sys-
tems for DH in Denmark, while in 2022, there were 522 systems (PlanEnergi, n.d.). This
increasing trend makes this study particularly relevant for future DH grids.

2.3.2.2 Modeled energy system

PTES have been traditionally used as seasonal heat storage, having a solar collector
field as a heat source. However, since the Viborg DH grid will rely on electricity-based
production units, it will become more dependent on the electricity market. Thus, it was
decided to investigate the possible economic benefit of adding a short-term operating
PTES to the DH grid with an aim to shift heat production to periods when the electricity
price is low. This potential financial benefit has yet to be investigated in the literature.

To investigate the impact of a short-term operating PTES in the Viborg DH grid, a TRN-
SYS model was created. The main model components were a heat pump, an electric
boiler, and a PTES (see Figure 2.10). This system was compared to a reference system,
consisting of only a heat pump and an electric boiler. In order to ensure that the volatility of
the heat demand and electricity prices was captured in the simulation, a 1-hour timestep
was used.

For simulating the PTES, the TRNSYS components 1535/1301 were used. However,
these components had not been validated in the past. Thus, it was decided to use the
design of the PTES in Dronninglund for the simulated PTES and to validate its operation
using data from the PTES in Dronninglund. Thus, the PTES was simulated as an inverse
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Figure 2.10: Model of the DH network and PTES in TRNSYS (Sifnaios, 2023).

truncated pyramid, with a height of 16 m and a volume of 60 000 m?.

Regarding the heat pump, an air-to-water heat pump was selected. The reason for choos-
ing an air-to-water heat pump was that it is universally applicable despite having a lower
seasonal COP than other technologies (e.g., groundwater heat pumps). For example,
an air-to-water heat pump does not require special permits for its installation and does
not depend on the presence of specific heat sources (e.g., groundwater). For more in-
formation on the selected heat pump and its performance map, the reader is referred to
Sifnaios (2023).

2.3.2.3 Control strategy

In order to determine the heat pump and electric boiler production for each timestep,
as well as the PTES charge and discharge, a control strategy was developed. A linear
programming optimization was developed based on the heat load and electricity price,
with an optimization horizon of two weeks. The aim of the control strategy was to minimize
the operation cost while always meeting the heat demand.

The linear programming equations solved are presented below. Equations 2.14 — 2.17
define the boundaries of the problem variables. Equation 2.18 specifies the system energy
balance, and Equation 2.19 defines the storage constraints. Last, Equation 2.20 specifies
the objective function to be minimized (i.e., the operation cost).

0<Qup(t) < QuPmas (2.14)

0 < Q@Boiter (t) < QBoiter,maz (2.15)
QPTES,discharge;maz < QPTES(t) < QPTES charge,max (2.16)
0 < Eprges(t) < Epresmaz (2.17)

Qup(t) + QBoiter (t) + QPrEs(t) = Qioad(t) (2.18)
Qprres(t) = Epres(t) —ne - Epres(t —1) (2.19)
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T
Minimize Obj = ZElpm-ce(t) :
t=1

< Qup(t)
COP(1)

+ QBoiler(t)> (2.20)
where Qp(t) is the heat generated by the heat pump, Qg (t) is the heat generated
by the boiler, Qprrs(t) is the heat charged (negative) or discharged (positive) from the
PTES, Epres(t) is the energy content of the PTES, El,,..(t) is the electricity price,
COP(t) is the heat pump’s coefficient of performance, Q;,.4(t) is the heat load, ¢ is the
timestep, and T is the forecast horizon in hours.

It should be noted that the PTES was not allowed to discharge if the temperature of the top
layer was below the desired DH forward temperature. Thus, Eprgg is the usable energy
content of the PTES, meaning the energy content above the DH forward temperature.

2.3.3 Balmorel

Balmorel (Wiese et al., 2018) is a high-level energy system model that calculates the
least-cost solution for an energy system. In practice, it satisfies the energy demand while
minimizing the investment and operation costs. Balmorel models the main energy sectors
(i.e., power, heat, gas, and transport) and their interactions, allowing for complex energy
system analyses. In this study, Balmorel was used to investigate the impact of PTES in
future 100% renewable energy systems at a country level (research question 5).
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Figure 2.11: Schematic of energy sector modeling in Balmorel (Adapted from Min-
ster et al., 2020).

In the investigated scenarios, the demand of the power sector is covered using electricity,
while the demand of the transport sector is covered using liquid fuels or electricity. The
demand of the heating sector can be covered using district heating, electricity, or fuels.
In order to increase the flexibility of the energy system, the model can invest in storage
(electricity, heat, and hydrogen) and transmission capacity or control the energy produc-
tion and demand. A schematic of the energy sector modeling in Balmorel is presented in
Figure 2.11.
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2.3.3.1 Modeled energy system

The modeled energy system consisted of Denmark and its neighboring countries (Norway,
Sweden, and Germany). However, since Denmark alone consists of 400 DH grids (Danish
Energy Agency, 2017), an aggregation of the heat demand was performed to reduce the
computation time. Thus, the DH areas in each region of Denmark (DK1 and DK2) were
divided into three categories, i.e., DH-large, DH-medium, and DH-small. This meant that
all large DH areas of one region were modeled as one DH grid, having a demand equal
to the sum of the individual areas. The division of each country into regions is presented
in Figure 2.12 A, and the division of each region of Denmark into areas is presented in
Figure 2.12 B. Although the study focused on Denmark, the neighboring countries were
included to account for electricity trading between the countries, which has a major impact
on electricity prices.

[ T

[ DK1 M DH large Il DH small

[ DK2 DH medium

Figure 2.12: (A) Map of countries and regions (colored), and (B) aggregation of
district heating areas in Denmark in Balmorel (Sifnaios et al., 2023c).

Similarly, since four different years were investigated (2020, 2030, 2040, 2050), time ag-
gregation was performed, simulating only a number of representative weeks of each year.
This way, each modeled week was repeated until the next modeled week arrived, thus
accounting for an entire year. Detailed information on the spatial and temporal aggrega-
tion, as well as for the heat and electricity demand for each investigated year and country,
can be found in Sifnaios et al. (2023c).

Balmorel utilizes two types of heat storage based on storage duration, namely short-term
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and seasonal. Short-term has a storage duration of up to one week (usually using TTES),
and seasonal has a storage duration longer than a week and up to one year (usually using
PTES).

It should be noted that since Balmorel is performing country-level simulations, some sim-
plifications are used in order to reduce the computation time. For example, unlike TRN-
SYS, Balmorel calculates only energy flows and does not account for the operation tem-
perature of the investigated systems. Thus, regarding PTES, thermal stratification is not
considered, and efficiency is calculated using a fixed coefficient (and does not depend on
storage duration).

2.3.3.2 Techno-economic assumptions

The data used for simulating the PTES and TTES systems in Balmorel are presented in
Table 2.2. Different PTES sizes were allowed to be installed in the various scales of DH
grids in order to account for economy-of-scale effects. For example, only the large PTES
could be installed in the DH-large areas, etc.

The investment cost of PTES and TTES were taken from data for existing systems. Apart
from the capital cost, the PTES investment cost also included the land cost due to the
large areas required for their construction. In general, the characteristics of the genera-
tion and storage technologies included in the simulations were based on data from the
Danish Energy Agency’s Technology Catalogs (Danish Energy Agency, 2023). It should
be mentioned that PTES could be used for both seasonal and short-term operation; thus,
the PTES efficiency (80%) was taken as an average between 70%, which is expected for
PTES seasonal storage without a heat pump (Danish Energy Agency, 2018), and 90%,
which is expected for PTES used for short-term storage. For more details on the settings
of the simulations, the reader is referred to Sifnaios et al. (2023c).

Table 2.2: Data used for PTES and TTES simulation in Balmorel. The investment cost for PTES
is assumed to decrease in the future as the technology matures, and there is a linear decrease
from 2020 to 2050 (Sifnaios et al., 2023c).

Investment - (Dis)Charge e o

oo Smeim] S Ccomtn EUEESS copaciyrae el
y €/MWh] o [MW] y

PTES 250 000 2020 0.35 80 40 20
(large) 2050 0.28 25
PTES 100 000 2020 0.49 80 40 20
(medium) 2050 0.40 05
PTES 50 000 2020 0.64 80 40 20
(small) 2050 0.52 25
TTES 3000 - 2.90 98 40 40
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2.3.3.3 Investigated scenarios
Balmorel was initially used to elucidate the effect of TES systems on a country scale; thus,

a scenario without TES systems was compared to a scenario where TES systems could
be used. Afterward, the investigation was focused on PTES and the benefit of their usage
over the TTES alternative. The simulated scenarios are presented below:

* No TES: A No TES scenario was created in which Balmorel was not allowed to
install thermal energy storage systems.

» TES: The TES scenario allowed investments in both TTES and PTES heat storage
systems.

* PTES: In the PTES scenario, Balmorel was allowed to invest only in PTES systems
as a heat storage technology (for both short-term and seasonal storage).

» TTES: In the TTES scenario, Balmorel was allowed to invest only in TTES systems
as a heat storage technology (for both short-term and seasonal storage).

2.4 Thermal images

The performance of a PTES is directly related to the performance of the lid since it is the
only insulated part of this technology. However, lid inspections are difficult and require
manual work since the insulation is enclosed by the liner. Thus, it was decided to in-
vestigate and compare the different lid technologies using thermal cameras mounted on
drones.

field in Vojens (left) and close-up photo (right) (Drones Made Easy, n.d.).

Thermal cameras create images capturing the infrared (IR) radiation (750 to 1350 nm)
emitted by objects. Therefore, thermal cameras do not directly detect temperature but
instead rely on the principle that every object emits infrared radiation. In order to increase
the accuracy of a thermal image, the emissivity of the object of interest should also be
considered since it affects the wavelength of the emitted infrared radiation. The emissivity
of an object can be affected by its surface material and finish (e.g., polished or painted)
and by moisture on the surface. Water has a high emissivity; thus, there is a tendency to
overestimate the temperature of wet surfaces.
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The drone used for the inspection was a DJI Matrice 200 equipped with a DJI Zenmuse
XT2 dual camera, able to capture thermal infra-red (IR) and regular (RGB) photos simul-
taneously. It is essential to have both photos of the investigated surface to easily identify
different features. For example, in the case of pit storage inspection, a thermal image ab-
normality might be caused by debris, which can be detected in the RGB image and should
not be further investigated. In order to have a high-quality thermal image for each PTES,
a large number of images (250 - 700) were stitched together to form a large composite
map called an orthomosaic. Photos of the used drone are seen in Figure 2.13. For more
information on drone thermal imaging, the reader is referred to Sifnaios et al. (2021).
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3 Results

Following the same convention as for the research questions, the results section was
divided into two main parts: the performance of PTES (Section 3.1) and their integration
into DH systems (Section 3.2).

3.1 PTES system performance

The first section of the results presents different approaches for assessing PTES per-
formance. First, PTES performance is evaluated using KPls, followed by inspections of
PTES lid performance using thermal cameras (research question 1). Second, the effect
of PTES geometry on PTES performance is analyzed (research question 2). Last, the
impact of the surrounding soil domain on PTES performance is investigated (research
question 3).

3.1.1 Comparison of PTES systems using KPIs

The performance of the PTES in Marstal and Dronninglund (described in Section 2.1)
was evaluated in terms of thermal stratification and storage efficiency. The methods and
equations used for this analysis are presented in Sections 2.2.1 and 2.2.2. A number of
indicators were assessed in order to gain an understanding of the pros and cons of each
indicator and determine best practices for assessing PTES performance.

3.1.1.1 Stratification indicators

The PTES water temperatures, MIX number, stratification coefficient, exergy destruction,
diffuser energy supply, and normalized weekly flow rate for the Marstal PTES are shown
in Figure 3.1.

Regarding the storage temperatures, the temperature of each layer is illustrated using
a different color (green for the top and blue for the lowest layer). A thin, black curve is
also used to indicate the temperature of the top, middle, and bottom layers. This figure
shows that the annual maximum temperature of the Marstal PTES decreased over the
investigated period. The main reason for this was the degradation of the lid insulation
that led to the interruption of the PTES operation in 2018.

It should be noted that each sub-figure has a different temporal resolution in Figure 3.1.
For example, the temperature, MIX number, and stratification coefficient are presented
for each day, while the exergy destruction and diffuser energy supply were calculated
for each month, and the volume flow rate for each week. The main reason was the low
spatial resolution of the temperature in the storage that prevented an accurate calculation
of exergy destruction and heat losses at a higher temporal resolution. Regarding the flow
rate, the daily flows were too variable.

In Figure 3.1, the charge periods of the PTES are shown with a pink background. The
periods when the PTES discharged directly to the DH grid are shown in grey, while the
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periods when it was used as a heat source by a heat pump are illustrated using a dotted
pattern. It may be observed that the periods that the PTES was used as a heat source
by a heat pump were getting longer with time, directly resulting from the low storage
temperatures.

Regarding stratification, in Marstal, the MIX number had an average value of 0.74 for the
entire investigated period, indicating a low degree of stratification in the PTES. Addition-
ally, the stratification coefficient had an average value of 64 K2; however, this value is only
useful for assessing stratification when used to compare two different storage systems or
different storage operations. It may be observed that the MIX number negatively cor-
relates with the stratification coefficient (i.e., when one increases, the other decreases).
Both indicators agree that the maximum degree of stratification is achieved approximately
at the middle of the charge/discharge periods, while there is a low degree of stratification
(i.e., uniform temperature) at the end of the charge/discharge periods. In general, both
indicators tend to calculate a higher degree of stratification when there is a large tem-
perature difference between the top and bottom of the storage. However, this does not
necessarily mean a high degree of stratification in the PTES.

Unlike the MIX number and stratification coefficient, exergy destruction indicates that the
highest degree of mixing in a PTES occurred during the charging periods. This is mainly
due to mixing induced by the inlet flow and secondary due to heat losses from the top of the
storage during charging. Heat losses can affect the stratification in the storage system by
cooling down the water layer under the lid, creating thermal inversion that induces mixing.
Additionally, when there is no uniform temperature in the PTES, temperature equalization
is caused by heat conduction and diffusion. These phenomena are captured by exergy
destruction since its lowest values are documented when the PTES approaches a uni-
form temperature (i.e., when fully charged or discharged). It should be noted that some of
the spikes in exergy destruction can be correlated with periods of high energy supply/ex-
tract from the diffusers, indicating mixing occurring during the diffuser operation. Last,
there was generally no direct correlation between the volume flow rate passing through
the PTES and the stratification indicators. The mean annual values of the stratification
indicators for the PTES systems in Marstal and Dronninglund are presented in Table 3.1.

The main differences in the design and operation between the PTES in Marstal and Dron-
ninglund were the following:
» Dronninglund was used for mixed storage operation (short and long-term
storage), while Marstal was used only as a seasonal heat storage.

* Dronninglund featured an improved lid design, leading to lower heat losses
than Marstal.

* The mean low temperature in the Dronninglund PTES was 10 °C, while in Marstal,
it was around 20 °C; thus, the heat gains from the ground in the winter were much
greater in Dronninglund.
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Figure 3.1: Storage temperature and stratification indicators for PTES in Marstal. The gap for
exergy destruction in spring 2014 is due to missing flow rates from the dataset, probably due to
data logging errors (Sifnaios et al., 2022c).

The effect of the lower heat losses is observed in Figure 3.2 where the Dronninglund
storage temperature reached higher levels than Marstal. It should be noted that the short-
term storage cycles created the spiky profile in the top layers of the Dronninglund PTES,
unlike Marstal, which was caused by heat losses.

The mean MIX number value for the investigated period in the Dronninglund PTES was
46% lower than the one in Marstal, indicating a well-stratified storage. Similarly, the strat-
ification coefficient demonstrated a higher degree of stratification for Dronninglund com-
pared to Marstal since the maximum value was 3.2 times higher. However, it should be
noted that due to the short-term cycles, there were many more spikes in the stratification
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Table 3.1: Mean annual values for MIX number and stratification coefficient and the sum of the
annual values for exergy destruction for the PTES in Marstal and Dronninglund (Sifnaios et al.,
2022c).

Marstal Dronninglund
MIX Stratification = Exergy de- MIX Stratification = Exergy de-

number coefficient struction number coefficient struction

[-] [K*] [MJ/m?] [-] [K*] [MJ/m?]
2014 0.75 60 38 - - -
2015 0.75 71 33 0.33 174 36
2016 0.73 75 42 0.34 187 39
2017 0.76 49 32 0.35 154 34
2018 - - - 0.32 115 31
2019 - - - 0.34 139 32
Overall 0.74 64 36 0.34 154 34

coefficient during the charge periods, indicating a higher degree of mixing during charge
than in Marstal.

This can also be confirmed by the exergy destruction, where the maximum values oc-
curred during the PTES charge periods. Although exergy destruction during the PTES
charging is higher in Dronninglund than in Marstal, the discharging values are much lower.
This led to Dronninglund having 6% lower mean annual exergy destruction than Marstal.

Overall, all stratification indicators agree that Dronninglund had a higher degree of strati-
fication than Marstal. However, since the MIX number and stratification coefficient favor
systems with low heat losses, exergy destruction is recommended as a non-biased indi-
cator for assessing stratification.

3.1.1.2 Efficiency indicators
The calculated energy and exergy efficiencies for the PTES in Marstal and Dronninglund

are presented in Table 3.2. It may be observed that very high efficiencies were achieved
in Dronninglund, primarily due to the low heat losses and the utilization of low-temperature
heat by the heat pump, which increased the amount of energy that could be discharged.

Regarding energy efficiency, using the efficiency expressions ng ; and ng » gave different
results for Marstal. The reason is that if the internal energy change is negative (meaning
the energy content of the storage is lower at the end of the year than at the start), then
ne,1 indicates higher efficiency than ng .. The opposite occurs if the energy change is
positive.

However, this difference is not spotted for Dronninglund since, due to the short-term stor-
age cycles, the charged and discharged energy is much higher than the internal energy
charge of the storage. Thus, ng,; and ng 2 give the same results for Dronninglund.

In general, this investigation elucidated that the two energy expressions cannot be used
interchangeably. However, it is firmly believed that the expression ng ; should be used
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Figure 3.2: Storage temperature and stratification indicators for the Dronninglund PTES (Sifnaios
et al., 2022c).

since it is considered more appropriate to subtract the internal energy change from the
charged energy. This way, less energy has to be charged due to existing energy from the
previous cycle.

The seasonal efficiency (ng,s) calculates the efficiency of the storage system as if it had
been used only for seasonal storage. Thus, for Marstal, which is used only for seasonal
storage, the obtained energy and seasonal efficiency results are very close. On the con-
trary, the seasonal efficiency is much lower than the energy for Dronninglund since it is
used as a short and seasonal PTES. Consequently, this indicator can be used to compare
the equivalent efficiency of two PTES having different operations.

It should be noted that the energy efficiency expressions investigated in this study account
only for heat losses. However, the exergy efficiency also accounts for the amount of
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Table 3.2: PTES efficiencies (%) for Marstal and Dronninglund (Sifnaios et al., 2022c).

Marstal Dronninglund

ne1 NE,2 NE,s nx ne NE,2 NE,s nx
2014 79 82 78 53 - - - -
2015 68 66 59 58 88 88 74 73
2016 66 63 64 52 90 90 78 69
2017 41 34 47 27 96 96 90 73
2018 - - - - 93 93 83 79
2019 - - - - 93 93 84 73
Total 63 62 61 48 92 92 81 73

mixing in the storage. Thus, the calculated exergy efficiency was always lower than the
energy efficiency expressions and is useful to consider in conjunction with the energy
efficiencies.

Overall, all the efficiency indicators elucidated that the PTES in Dronninglund had higher
efficiency than Marstal. This was due to the higher heat losses and the lower degree of
thermal stratification in the Marstal PTES.

3.1.2 Comparison of PTES systems using drones

The use of KPlIs is a way of evaluating and comparing the PTES performance based on
operation data, although it can be difficult to know the exact cause of poor performance.
Since the PTES performance is directly related to the lid performance, lid inspections can
provide a way to determine if poor performance is caused by increased heat losses from
the PTES lid. It should be noted that it is very difficult to compare thermal images of
different PTES systems, but they can be used to identify leakages in the lids of individual
systems.

As shown in Table 1.2, the main insulation types used in PTES are Nomalén and LECA.
The following sections present thermal images of the lid constructions of different PTES
systems; first, the PTES using Nomalén followed by the PTES using LECA. It should be
noted that there are large differences in the surface temperatures of the PTES systems.
This is mainly due to the different ambient and sky temperatures during filming; thus,
temperatures between plots should not be compared.

3.1.2.1 PTES using Nomalén

Figure 3.3 presents an RGB and thermal image of the first generation Nomalén lid that was
installed in Dronninglund. It can easily be observed that there is a large number of water
puddles on the lid’s surface that appear as having high temperatures in the thermal image
(yellow color). However, as mentioned in Section 2.4, this is due to the high emissivity of
water and not necessarily because they are warmer than their surroundings.

Although the water puddles can not be compared with the surrounding areas, they can
be compared with each other. By such a comparison, it was identified that the puddle
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31°C

Figure 3.3: RGB (left) and thermal (right) image of the PTES in Dronninglund in 2020 (Sifnaios
et al., 2021).

in the top left corner was warmer than the rest. Upon informing the plant manager, he
confirmed that there was a leakage of warm storage water into the lid in that area. Such
findings are very important since small repairs can improve the PTES performance and
extend the insulation’s lifetime.

Figure 3.4 presents the thermal and RGB images of the new generation of the Nomalén
lid in Marstal (see Section 1.3.0.4). This modular lid consisted of 12 square sub-sections.
Each of the sub-sections had a surface slope toward its center, where a rainwater drainage
system was located. In general, no major issues were identified during the inspection of
this lid.

15°C

Figure 3.4: RGB (left) and thermal (right) image of the PTES in Marstal in 2021 (Sifnaios et al.,
2021).

3.1.2.2 PTES using LECA
In Figure 3.5, the PTES in Gram is shown. It may be observed that the thermal signature

looks vastly different compared to Figures 3.3 and 3.4, which is because of the use of
LECA as an insulation material. The observed brain-like pattern is probably due to heat
convection within the lid, which increases the heat losses of the PTES. Last, a very warm
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water puddle was identified, indicating a leakage in the lid.
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Figure 3.5: RGB (left) and thermal (right) image of the PTES in Gram in 2020 (Sifnaios et al.,
2021).

The PTES in Vojens is presented in Figure 3.6, which looks fairly similar to the one in
Gram. Again, due to LECA insulation, brain-like patterns can be identified in the thermal
image. However, unlike Gram, this phenomenon is more intense in some areas, indicating
either the existence of a thinner LECA layer or that the LECA is wet, resulting in higher
heat losses. In any case, it is suggested that smaller clay pebbles should be used in
LECA lids in the future, or a convection membrane should be installed to minimize this
phenomenon.

Overall, these investigations proved that drone thermal imaging is an effective way of
performing thermal inspections of PTES lids and identifying leakages.

21°C

Figure 3.6: RGB (left) and thermal (right) image of the PTES in Vojens in 2020 (Sifnaios et al.,
2021).

44 Investigations of pit thermal energy storages in district heating systems



3.1.3 Effect of PTES geometry

A factor that can affect the performance of PTES but hasn’t been investigated in the liter-
ature is their geometry. Figure 3.7 presents the heat losses for each investigated PTES
geometry for three years of operation. It should be noted that the storage temperatures
from the PTES in Marstal were used in this investigation. Consequently, the heat losses
were affected by the storage operation for each year (e.g., in 2014, the mean storage
temperature was higher than in 2013).
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Figure 3.7: Annual heat loss for the investigated PTES configurations (Sifnaios et al., 2022a).

Figure 3.7 proves that the impact of the storage sides’ slope on heat loss is much larger
than that of the aspect ratio. For example, the steep slope scenario had overall 35%
lower heat losses than the gradual slope scenario and 20% lower heat losses than the
reference scenario. On the contrary, the low aspect ratio scenario (square-shaped lid and
bottom) could decrease the overall heat loss only by 9% compared to the high aspect
ratio scenario (rectangular-shaped lid and bottom). The reason for this difference is that
the steep slope scenario has a much smaller surface area, leading to lower heat losses.

Table 3.3 reports the values of the last simulation year (2015) and the corresponding
efficiency for each PTES geometry. Only the values for 2015 are shown since they are
considered more representative of a long-term operating PTES. It should be noted that the
storage energy efficiency was calculated using 7 ; (see Section 2.2.2.1), as suggested
by Sifnaios et al. (2022c). Since efficiency is directly affected by heat losses, a similar
trend was obtained. The steep slope scenario featured the highest storage efficiency
(78%), while only a 3% improvement in efficiency could be achieved by selecting a low
aspect ratio for the PTES.

The results of this investigation identified the ideal PTES geometry to have a square-
shaped lid and bottom (aspect ratio of one) with as steep as possible storage side slope.
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Table 3.3: Heat loss and efficiency for 2015 for the investigated PTES configurations (Sifnaios
et al., 2022a).

Bottom heat loss  Side heat loss Lid heat loss  Efficiency

Case [MWh] [MWh] [MWh] [%]
Reference case 63 957 1274 72
Steep slope 150 751 936 78
Gradual slope 4 1167 1626 66
High aspect ratio 17 1068 1373 70
Low aspect ratio 50 933 1261 73

However, it should be noted that in many cases, the aspect ratio of a PTES is dictated
by the shape of the available plot of land and its slope by the ground stability and soil
properties. Thus, sub-optimal geometries have been selected in many existing PTES.
Nevertheless, these results can aid in determining how much to compromise in terms of
deviating from the optimal storage configuration.

3.1.4 Effect of surrounding soil domain

PTES is an underground TES system in direct contact with the soil since the sides and
bottom surfaces are not insulated. Thus, the thermal properties of the surrounding soil
domain and the possible presence of groundwater can affect its performance. However,
it remains unknown if and how much the PTES operation is affected by the presence
of groundwater and whether the impact differs depending on the operation of the PTES
(short-term vs. seasonal).

In order to investigate the effect of the surrounding soil domain on the operation of PTES,
a simulation model was developed in ANSYS Fluent (see Section 2.3.1). Initially, a
mesh and timestep independence test was performed where a mesh of 900k cells and
a timestep of 8 h were selected. Afterward, the model was validated against measured
ground temperature data from the Marstal PTES for 2013 — 2015. The results showed a
good agreement between the simulated and measured ground temperatures. For more
information on the validation and the mesh and timestep independence studies, the reader
is referred to Sifnaios et al. (2023b).

3.1.4.1 Heat loss and ground temperature stabilization

Figure 3.8 illustrates the heat losses toward the ground for a seasonal and short-term
PTES operation for a period of 25 years. Due to the different operating temperatures
between a seasonal and a short-term PTES (see Figure 2.9), the short-term PTES has
approximately 15% higher heat losses than the seasonal PTES. However, it should be
noted that, due to the greater number of storage cycles (i.e., shorter heat storage du-
ration), the short-term PTES has lower heat losses relative to the stored energy and,
consequently, higher storage efficiency.

Over the entire operation period of the PTES, heat losses consistently decrease, with the
most significant reduction occurring in the first years of operation (assuming the same
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Figure 3.8: Yearly heat losses toward the ground for
seasonal and short-term PTES operation (Sifnaios et
al., 2023b).

yearly operation). This decrease is attributed to the temperature difference between the
charged water in the PTES and the initially cooler soil. As the PTES operates, a high heat
transfer rate occurs from the water to the soil, resulting in heat accumulation in the soil
and a subsequent increase in soil temperature. As a result, the heat loss toward the soil
is gradually reduced over time.

This can be seen in Figure 3.8, where there is a drastic decrease in heat losses in the first
years of operation for both the seasonal and the short-term PTES. Overall, the heat losses
for the last year of operation were 58% lower than the first for the seasonal PTES operation
and 64% lower for the short-term. Nevertheless, the rate of decrease becomes smaller
with time, and after a certain point, the annual heat loss decrease becomes smaller than
2%, so the heat losses could be considered stable after this point. Thus, a stable heat
loss was achieved for the seasonal PTES after the 12t" year of operation, while for the
short-term PTES, it was after the 8" year of operation.
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Figure 3.9: Ground temperature development at different depths for seasonal (left) and short-term
(right) PTES operations. The horizontal location corresponds to location B in Figure 2.5 (Sifnaios
et al., 2023b).

The stabilization of heat losses is directly related to the stabilization in ground tempera-
tures around the PTES, which can be seen in Figure 3.9. It may be observed that the soil

Investigations of pit thermal energy storages in district heating systems 47



temperature close to the surface shows yearly variations in both short-term and seasonal
PTES operations induced by the ambient temperature. However, seasonal PTES have
more intense variations due to lower discharge temperatures when used as a source for
a heat pump. Similar to heat losses, the soil temperature close to the PTES does not
stabilize even after 25 years, particularly at lower depths. This highlights the importance
of considering the entire lifetime of a PTES when evaluating its impact on surrounding soil
and groundwater temperatures.

3.1.4.2 PTES zone of influence

In many cases, the increase in the ground temperature caused by PTES operation can
have a negative effect on the surroundings (e.g., if a drinking water well is located nearby).
For this reason, a zone of influence was established that determined the dimensions of
the soil domain affected by the PTES operation. To identify the zone of influence, the soil
temperature was calculated on a horizontal and a vertical line, starting at the bottom of
the PTES and extending to the end of the soil domain (see Figure 3.10). As expected,
the soil domain reached higher temperatures for the short-term PTES. However, for both
seasonal and short-term PTES operations, the temperature of the soil domain remained
unaffected outside of a 100 m radius around the storage, regardless of the soil properties.
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Figure 3.10: Ground temperature profile at the start of July (i.e., both storage types were fully
charged) after 25 years of operation for a high and low conductivity (cond.) soil domain. The soil
temperature was calculated on a horizontal line (left) and a vertical line (right). Both lines started
at the bottom center of the PTES and extended to the end of the soil domain (Sifnaios et al.,
2023Db).

3.1.4.3 PTES and groundwater

As previously mentioned, it is possible for a PTES to be located close to (or even within) a
groundwater layer. However, the presence of groundwater is expected to have a negative
impact on the PTES performance. Thus, investigating the effect of groundwater on PTES
operation can give insights into choosing an appropriate construction location based on
geological conditions. Additionally, accurate prediction of a storage performance is of
major importance for securing financing and delivering the promised results to the DH
system.

The effect of groundwater on the soil temperature is illustrated in Figure 3.11 after 25 years
of short-term PTES operation. The calculated soil temperature contours are presented
for three scenarios: scenario (A) has no groundwater, (B) has a static groundwater layer,
and (C) has a moving groundwater layer with a velocity of 15 m/year. It should be noted
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Figure 3.11: Soil temperature contours for short-term
PTES operation where there is (A) no groundwater, (B)
a static groundwater layer, and (C) a moving groundwa-
ter layer. The semi-transparent horizontal white bar in
the bottom two subplots illustrates the groundwater layer
(Sifnaios et al., 2023b).

that the depth of the groundwater layer was 5 m below the ground surface (average depth
for Denmark (Koch et al., 2021)), resulting in the bottom half of the PTES being within the
groundwater layer.

Minor differences can be spotted in the temperature contours of scenarios (A) and (B)
since the main difference is an increased thermal conductivity of the soil domain where
the groundwater is located. However, in sub-figure (C), the temperature contours are
shifted in the direction of the moving groundwater. Apart from the contours, the presence
of groundwater affected the heat losses. In the case of static groundwater (B), there were
approximately 14% higher heat losses toward the ground and approximately 60% higher
heat losses for moving groundwater (C) compared to the case without groundwater (A).
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It should be noted that these results were obtained for a specific groundwater depth (5 m
below the ground surface), so they are not directly applicable to other depths. Thus, it was
decided to investigate the variation of heat losses with groundwater depth for a moving
groundwater layer with a 15 m/year speed.
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Figure 3.12: Average yearly heat losses toward the ground for seasonal (left) and short-term
(right) PTES operations at different groundwater depths for a moving groundwater layer (Sifnaios
et al., 2023b).

Figure 3.12 presents the results of this investigation for seasonal and short-term PTES
operations. As expected, the heat losses decreased for larger groundwater depths, being
up to approximately 30% lower compared to a groundwater layer 5 m below the surface.
Furthermore, when the depth of the groundwater layer was 25 m below the surface (or
13 m below the bottom of the PTES), the heat losses were unaffected regardless of the
PTES operation.

Although this is a very useful finding in terms of designing and planning a PTES system,
many countries have regulations on the maximum groundwater temperature (20 — 25 °C)
and the maximum permittable change in the groundwater temperature (6 K) (see Sif-
naios et al. (2023b) for more information). For this reason, the groundwater temperature
was also investigated for these depths for the seasonal and short-term PTES operations,
and the results are presented in Figure 3.13 A and B, respectively.

It may be observed that, in Figure 3.13 A, the highest temperature contours (>25 °C)
only occur close to the top of the PTES since the heat pump operation cools the lower
part down. On the contrary, for the short-term operation (Figure 3.13 B), the highest
temperature contour is around the entire PTES. Thus, to comply with the 25 °C regulation,
the groundwater layer should be below 20 m for the seasonal and below 30 m for short-
term operations. In fact, a groundwater temperature below 20 °C was achieved at a
groundwater depth of 25 m for the seasonal PTES operation, whereas it was not possible
for short-term operation.

Nevertheless, in none of the investigated scenarios was it possible to limit the change of
the groundwater temperature to +6 K. Thus, in countries where this is required, ground-
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water should not be present in the soil. Alternatively, the permissible level of groundwater
heating could be increased within a specified radius of the PTES while requiring docu-
mentation that local groundwater wells remain unaffected.

Temperature [°C] Temperature [°C]

Distance from ground surface [m]
Distance from ground surface [m]

-100 =75 -50 25 0 25 50 75 100 -100 =75 -50 -25 0 25 50 75 100
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Figure 3.13: Ground temperature contour plots for (A) seasonal and (B) short-term PTES op-
erations for different depths of moving groundwater. The semi-transparent horizontal white bar
illustrates the groundwater layer (Sifnaios et al., 2023b).

3.2 PTES system integration

The second section of the results presents the impact of PTES integration on different
scales. The first part investigates PTES as part of a local DH system (city scale), answer-
ing research question 4. The second part takes a macroscopic approach, assessing the
impact of PTES as part of the Danish energy system (country scale), answering research
question 5.

3.2.1 Impact of PTES on a city scale
PTES systems on a city scale were investigated using TRNSYS for the Danish city of Vi-
borg (see Section 2.3.2), aiming to quantify the economic impact of PTES on the DH grid.
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Initially, the TRNSYS 1535/1301 PTES components were validated using measurement
data from the PTES in Dronninglund. The validation showed that for the investigated pa-
rameters, there was a bias of less than 5% between the measured and calculated data.
Thus, the model accuracy was considered acceptable for the following study. For more
details on the results of the validation study, the reader is referred to Sifnaios (2023).

3.2.1.1 Reference system
The first step of the study was to determine a reference system that could cover the entire

heat load using a heat pump and an electric boiler (without heat storage). Figure 3.14
illustrates the possible combinations of minimum boiler and heat pump capacities for cov-
ering the heat load of the Viborg DH grid, along with the corresponding capital (CAPEX)
and operational (OPEX) expenditures. The results demonstrated the different trends of
the CAPEX and OPEX for heat pumps and electric boilers. Specifically, electric boilers
have a low CAPEX but a high OPEX, while heat pumps are the opposite; thus, OPEX
decreased for increasing heat pump capacities, but CAPEX increased.
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Figure 3.14: (A) Electric boiler vs. heat pump capacity and
(B) LCOH vs. heat pump capacity for the reference system
(Sifnaios, 2023).

An optimal combination of the two technologies can be selected to achieve the lowest
levelized cost of heat (LCOH). It should be noted that air-to-water heat pumps have lower
heat production and COP when the ambient temperature is low and the supply tempera-
ture is high, corresponding to the peak heat load periods. The periods of peak heat de-
mand determine the minimum capacities. However, these periods of very high demand
occur infrequently, and thus, it is not optimal to cover them entirely with heat pumps;
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rather, it is economical to invest in cheaper boiler capacity despite the higher operating
costs. Without storage, the lowest achievable LCOH was 44.4 €/ MWh and was achieved
for a 68 MW air-to-water heat pump capacity and 53 MW electric boiler capacity.

It should be noted that the calculated heat pump capacity is higher than what is currently
planned to be installed in Viborg since the actual DH operator intends to use a larger
variety of heat sources to cover the demand. However, Viborg’s current electric boiler
capacity is 50 MW, indicating that the calculated values are reasonable.

— HP —- Load -- PTES — Boiler

(MW]

Thermal energy

|
(3
i
1
ym—————
LT

-50 +
4000 - B
3000
2000 A

1000 -

PTES energy content
[MWh]

300 - C

200

Electricity price
[€/MWh]
S
(=)

20 21 22 23 24 25 26 27
October 2021

Figure 3.15: (A) Thermal energy produced by the heat
pump, electric boiler, and PTES for a week in October and
the corresponding heat load. (B) The energy content of the
PTES during the same period as well as (C) the electricity
price. The dotted line for the PTES energy content denotes
the maximum PTES capacity (Sifnaios, 2023).

3.2.1.2 PTES integration in the DH grid

To evaluate the impact of integrating PTES, the economy of the reference system without
storage was compared to a system with PTES. The system was simulated in TRNSYS
(see Figure 2.10), with a PTES volume of 60 000 m?, a 77 MW heat pump capacity, and a
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90 MW electric boiler capacity. It should be noted that the heat pump and boiler capacity
were increased compared to the reference system to ensure enough generation capacity
to cover the heat load and charge the PTES. The charge/discharge capacity of the PTES
in this scenario was 45 MW.

Figure 3.15 shows the operation of the DH grid for a week in October. The periods where
the PTES supplied heat to the grid are denoted as positive PTES thermal energy, while
the periods where the PTES was charged by the heat pump and the boiler were indicated
as negative. In general, the boiler was used to cover the load in cases where the heat
pump capacity was not sufficient or to charge the PTES during periods of low electricity
prices.

The LCOH of this system was 39.9 €/ MWh (10% lower than the reference system) with
a payback period (PP) of 5.1 years. However, it should be noted that this system is not
optimized in terms of heat pump and boiler capacity, charge/discharge rate, and PTES
volume. Thus, there is potential for the LCOH and PP to be even lower. Nevertheless, it
demonstrates the added value of a PTES in a DH grid with electricity-based generation.

3.2.1.3 Impact of PTES volume

The impact of PTES volume was assessed by investigating three different PTES volumes:
60 000 m?, 120 000 m?, and 200 000 m3. The results are presented in Table 3.4. It
should be noted that the CAPEX and OPEX are the capital and operation expenditures
per MWh of produced energy for each unit, and were calculated for 25 years using the
LCOH formula.

Table 3.4: CAPEX, OPEX, LCOH, and PP for the investi-
gated PTES volumes (Sifnaios, 2023).

Storage size [m?]
60 000 120000 200000

HP 6.9 6.9 6.9
CAPEX [€/MWh] Boiler 22.0 21.6 214
PTES 2.4 3.9 5.1
HP 25.7 25.7 25.7
OPEX [€/MWAh] Boiler  32.2 34.0 34.0
PTES 0.6 1.0 1.3
LCOH [€/MWh] - 39.9 40.6 40.7
PP [years] - 5.1 6.1 6.6

It can be observed that by increasing the PTES volume, the LCOH and PP increase as
well, denoting that the investigated volumes were too large for the size of the investigated
DH grid. The increase derived primarily from the increased CAPEX for the PTES. Nev-
ertheless, all the investigated PTES volumes had a lower LCOH than the reference case
and reasonable payback periods compared to their lifetime (i.e., 25 years), indicating the
positive impact of PTES on DH grids (even if oversized).
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3.2.1.4 Impact of PTES charge temperature
As mentioned before, air-to-water heat pumps have their lowest COP and heat supply for

high supply temperatures. However, itis common practice to charge the PTES at 90 °C, as
a higher charge temperature increases the available heat storage capacity. Consequently,
when air-to-water heat pumps are used to charge the PTES, they can perform poorly (i.e.,
reduced COP, resulting in consuming more electricity), especially in the winter. For this
reason, the impact of PTES charge temperature was assessed on the economy of the DH
system. The investigation results can be seen in Table 3.5.

Table 3.5: Effect of the PTES charge temperature on
LCOH and PP for a 60 000 m? PTES (Sifnaios, 2023).

PTES charge temperature [°C]

80 85 90
LCOH [€/MWAh] 38.5 39.8 39.9
PP [years] 4.2 5.0 51

The results indicate that when charging the PTES using 80 °C, despite the 20% lower
storage capacity, the LCOH was decreased by approximately 4% and the PP by 18%.
Thus, when heat pumps are the main heat generator unit in a DH grid, a lower PTES
charge temperature should be considered. Apart from the economic benefit, alower PTES
charge temperature would benefit the lifetime of the PTES liner since one of the biggest
challenges is to find polymer liners that can withstand temperatures close to 90 °C for a
long period of time.

It was not investigated charging the PTES with a temperature lower than 80 °C since this
was the highest supply temperature for the Viborg DH grid in the winter. To be able to
charge the PTES with lower temperatures, the supply temperature of the DH grid should
also be decreased. Alternatively, different charging temperatures could be used through-
out the year.

Last, it should be mentioned that the impact of PTES on a city scale is an ongoing inves-
tigation. Thus, the optimal dimensioning of the heat pump and boiler capacities will be
investigated, as well as the impact of the DH charge/discharge rates.

3.2.2 Impact of PTES on a country scale

The techno-economical impact of PTES on a country scale was investigated using Bal-
morel. As mentioned in Section 2.3.3, the first step of the investigation was to compare a
No TES scenario (where TES systems could not be installed in the energy system) with a
TES scenario (where storage technologies could be used normally). The study focused
on Denmark and its neighboring countries (Norway, Sweden, and Germany); however,
the results presented in the following sections only concern Denmark.

3.2.2.1 Comparison between the TES and No TES scenarios
The installed generation capacities for the two scenarios are presented in Figure 3.16 A.

Overall, it may be observed that TES systems enabled the installation of higher renew-
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able capacities. Specifically, over the entire simulated period, when TES systems were
utilized, 35% more PV and 10% more offshore wind capacity was installed compared to
a system without TES. The heat and electricity demand in the system without TES were
covered using a larger capacity of dispatchable technologies (e.g., boilers, CHP, and heat
pumps). Thus, larger amounts of biomass and fossil fuels were used to cover the heat and
electricity demand for energy systems without TES. Consequently, only energy systems
utilizing TES could reach zero CO, emissions by 2050.

It should be noted that a number of factors influenced the amount of installed generation
capacities. For example, a higher total capacity was installed when TES systems were
utilized since a larger share of low-capacity factor technologies was used (e.g., PV and
wind). On the contrary, in 2020, where both scenarios relied mainly on dispatchable tech-
nologies, the use of storage led to a smaller total generation capacity than the No TES

scenario.
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Figure 3.16: Comparison between the No TES and TES scenarios for Denmark regarding the (A)
installed capacities, (B) curtailment, and (C) cost of heat. The weighted mean yearly heat prices
are indicated with a green circle (Sifnaios et al., 2023c).

In periods with high energy production and low demand, renewables can be shut down
(curtailed). In general, energy generation is curtailed if it is more profitable than expand-
ing the infrastructure (e.g., electricity transmission grid, Power-to-Heat technologies, or
storage). Figure 3.16 B illustrates that, on average, the No TES scenario had 2.2 times
higher curtailment than the TES scenario, primarily deriving from the lack of heat storage
(and thus flexibility). Essentially, including TES allowed for less curtailment as the energy
produced during peak generation periods could be stored for later use.

Additionally, the use of TES in periods of high demand instead of expensive peak units
(e.g., natural gas boilers) reduced the peak heat price by 24%. Overall, the presence of
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TES systems enabled the lowering of the average price of heat by 11% compared to the
No TES scenario.

In order to visualize the role of TES in the heating sector, a Sankey diagram for the Den-
mark 2050 TES scenario is presented in Figure 3.17. It can be seen that 41% of the heat
is produced by heat pumps, while 27% is produced by excess heat and 25% by waste-
burning CHP plants. Moreover, the TES systems supplied 20% of the total demand (19%
and 1% for long-term and short-term, respectively). The installed TES capacity in this
scenario was 3 858 GWh (66 GWh of TTES and 3 792 GWh of PTES). To put this into
perspective, it corresponds to approximately 390 TTES systems, each having a volume
of 3000 m3, and 240 PTES systems, each having a volume of 250 000 m3. It should be
noted that, in Denmark, there are already more than 390 TTES systems today since every
DH grid has at least one TTES system used for short-term heat storage. However, there
are only six operational PTES, indicating a substantial potential to increase the utilization
of PTES in future energy systems.
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Figure 3.17: Sankey diagram showing the energy flows
for Denmark’s heat sector in the 2050 TES scenario. Ex-
cess heat is produced primarily from hydrogen production
(Sifnaios et al., 2023c).

3.2.2.2 Comparison between the PTES and TTES scenarios
This section aimed to elucidate the differences between using PTES or TTES as the only

heat storage technology on a country scale.

One of the main advantages of PTES over TTES is their low investment cost (PTES
systems have a specific cost of approximately 24 €/m? while TTES have 121 €/m3). Due to
this, the installed capacity for PTES was five times higher than TTES (see Figure 3.18 A).
Thus, the available heat storage capacity for the PTES scenario was much larger, enabling
the installation of 6% higher PV and 6% higher wind capacity.

The high storage capacity also affected the cost of heat as illustrated in Figure 3.18 B.
Since the PTES scenario could transfer large amounts of heat from summer to winter
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but also provided arbitrage (i.e., charging with cheap energy when there is an energy
surplus), lower heat prices were achieved. Although the peak prices were similar for the
two scenarios, the TTES scenario had a higher mean price for heat (22.1 vs. 20.6 € MWh).

It should be noted that the installed TES capacity depends not only on the heat demand
and the characteristics of the storage technologies but also on the cost of alternative op-
tions (e.g., transmission capacity). For example, the model might find it more profitable to
invest in electricity transmission over a TES technology to utilize excess electricity produc-
tion. Thus, very different results can be obtained for each TES technology. Nevertheless,
PTES systems seem more favorable than TTES regarding costs and performance, espe-
cially considering that they are not yet a mature technology and there is still a margin for
improvement.
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Figure 3.18: Comparison between the PTES and TTES scenarios for Denmark regarding the (A)
installed heat storage capacity and the (B) hourly cost of heat. The weighted mean yearly heat
prices are indicated with a green circle (Sifnaios et al., 2023c).

58

Investigations of pit thermal energy storages in district heating systems



4 Conclusions

This study aimed to investigate five research questions related to the performance, oper-
ation, and integration of water pit thermal energy storage (PTES) systems in the district
heating sector. The conclusions to the individual research questions are presented below:

Research question 1: How can the performance of PTES systems be assessed?

This study identified multiple ways of assessing the performance of PTES systems. First,
the performance can be assessed using energy and exergy efficiency indicators. Specifi-
cally, two different expressions of energy efficiency were investigated, leading to the rec-
ommendation of the one that could account for the internal energy change in the most
appropriate way. Moreover, the significance of considering exergy efficiency was eluci-
dated as it was the only efficiency indicator that accounted for heat losses and mixing in
the storage. Since there are different PTES operations (seasonal, short-term, or mixed)
that have a direct impact on efficiency, it was considered essential to determine a way
to compare their performance fairly. Thus, the seasonal efficiency was suggested, which
calculated the equivalent efficiency of a PTES as if it was used as a seasonal storage.
Apart from storage efficiency, performance was also assessed in terms of stratification.
In fact, this study suggested using exergy destruction as an indicator that can evaluate
stratification without being biased by differences in heat losses. Last, an alternative way
of assessing PTES performance was demonstrated, where drone thermal images were
successfully used for inspecting the PTES lids and identifying leakages.

Research question 2: How does the geometry of a PTES affect its performance?

Two key PTES geometry parameters were investigated, namely the slope of the storage
sides and the aspect ratio, and their effect on heat losses and storage efficiency. It was
found that, due to a smaller surface area, changing the slope of the side walls from 26°
(typical PTES side-wall slope) to 44° could reduce the total heat losses by 20%. In general,
the slope of the side walls had a bigger impact both on the heat losses and on efficiency
compared to the aspect ratio. For example, the variation in efficiency due to different side
slopes was 12%, while the efficiency only varied by 3% due to different aspect ratios.
Overall, the results of this investigation identified the ideal PTES geometry to have a
square-shaped lid and bottom (aspect ratio of one) with as steep storage side slopes as
possible.

Research question 3: How does PTES operation affect the soil domain and vice versa?

Due to the absence of insulation between the PTES water domain and the surrounding
soil, it was found that the soil thermal properties (especially if groundwater is present) have
a large impact on the heat losses of a PTES. Specifically, static groundwater increased the
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PTES heat losses toward the ground by 14% while moving groundwater increased heat
losses by 60%, compared to a case without groundwater. Furthermore, it was shown that
groundwater should generally be at least 13 m below the bottom of the PTES for the heat
losses to remain unaffected.

However, PTES operation also affected the groundwater temperature, which is subject to
regulations in some countries. For countries with a maximum limit of 25 °C, the groundwa-
ter layer should be below 20 m from the ground surface for seasonal PTES operation and
below 30 m for short-term operation. If a limit of 20 °C is desirable, the groundwater layer
should be below 25 m from the ground surface for the seasonal operation, whereas this
limit cannot be achieved for short-term operation. Overall, the soil temperature continues
to increase during the entire lifetime of the PTES, impacting the soil within a radius of
100 m around the PTES. With increasing soil temperature, the heat losses are constantly
decreasing. Nevertheless, the heat losses could be considered stable (relative change
per year less than 2%) after eight years of operation for the short-term and 12 years of
operation for the seasonal PTES operation.

Research question 4: What is the impact of PTES on DH grids on a city scale?

The economic impact of PTES on DH grids was investigated using the Danish city of
Viborg as a case study. Following the trend of installing electricity-based generation tech-
nologies (particularly heat pumps) in DH grids, there is a plan for Viborg to phase out
conventional natural gas units and switch to electricity-based alternatives. Thus, a ref-
erence system was determined that could cover the entire heat load using heat pumps
and electric boilers without any heat storage. Boilers were mainly used when the heat
pump capacity was insufficient to meet the load or when the electricity price was nega-
tive. Without storage, the lowest achievable LCOH was 44.4 €/ MWh, which was achieved
for a 68 MW air-to-water heat pump capacity and 53 MW electric boiler capacity. This sys-
tem was compared to a DH system that utilized a 60 000 m3 PTES, 77 MW air-to-water
heat pump capacity, and 90 MW electric boiler capacity. It was found that the LCOH of
the system with a PTES was 10% lower than without a PTES. Moreover, the additional
investment cost for the PTES installation was paid off over a period of 5.1 years.

In order to increase the available heat storage capacity, it is common practice for PTES
to be charged at a high temperature, e.g., 90 °C. However, air-to-water heat pumps have
their lowest COP and heat capacity when the supply temperature is high. Thus, the impact
of lowering the PTES charge temperatures was investigated. It was found that although
the available PTES capacity was 20% lower, charging the PTES at 80 °C led to an overall
4% reduction in LCOH and 18% reduction in the payback period. Thus, when heat pumps
are the main heat generator unit in a DH grid, a lower PTES charge temperature should
be considered. Overall, this investigation revealed the economic benefit of using PTES
in DH grids, elucidating their potential as short-term heat storages contrary to traditional
seasonal systems.
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Research question 5: What is the impact of PTES on a country scale?

The impact of TES, and particularly PTES, was investigated for future scenarios for Den-
mark. It was found that including TES systems enabled higher utilization of renewable
technologies (i.e., 35% higher PV capacity and 10% higher wind capacity) compared to
scenarios without heat storage. In parallel, TES systems enabled the utilization of excess
electricity (through power-to-heat technologies), leading to 53% lower curtailment and ul-
timately to 11% lower average heat price (with a 24% lower peak price). Additionally, the
utilization of TES systems enabled carbon neutrality for the energy system by 2050.

When comparing PTES and TTES, there was a much greater deployment of PTES on a
country scale (approximately five times) due to their lower cost. This reduced the energy
system costs and enabled higher utilization of renewables compared to TTES. Addition-
ally, a 1.5 €/ MWh lower average heat price was achieved for PTES compared to TTES.
In general, it was found that when large volumes of TES were available (e.g., PTES), the
use of PV and wind was increased, while for smaller TES volumes (e.g., TTES), greater
dispatchable capacities (e.g., heat pumps, boilers, and CHP) were used to cover the de-
mand.

4.1 Future work

This study investigated different aspects of water pit thermal energy storage (PTES) sys-
tems. During the study, a number of possible future investigations regarding PTES were
identified, which are presented below:

* Most existing lid designs have encountered issues with water entering the lid con-
struction (either rainwater from above or storage water from below), which reduced
the insulation performance and the lifetime of the lid. Thus, more research and
development is required to develop lid solutions with low heat losses and a long life-
time. However, since the lid performance and lifetime are directly connected to the
liner, investigations should also be focused on developing more durable liner ma-
terials. Moreover, the performance of the state-of-the-art Nomalén lid by Aalborg
CSP, which has been installed in Marstal, Dronninglund, and Hgje Taastrup, should
be monitored in order to identify potential issues and improvements.

» Since PTES have recently started being used as short-term storage, the impact of
storage operation (seasonal or short-term) on efficiency and stratification should be
investigated in the future, preferably by investigating operational data.

« Stratification was not identified as an issue in the existing PTES systems. However,
since the short-term PTES systems are expected to operate with higher flow rates
compared to the seasonal, guidelines should be developed on selecting the optimal
diffuser construction and operation.

» The number of PTES systems is expected to increase drastically in the near future;
thus, it is expected that in many situations, they will be close to or inside a ground-
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water layer. In the presence of moving groundwater, the PTES heat losses toward
the ground were increased by 60%. Thus, research is required to identify possi-
ble solutions to reduce heat losses when groundwater is present (e.g., channeling).

Additionally, the impact of the groundwater speed on the PTES heat losses should
also be investigated.

Last, all the investigations conducted in this study assumed that the maximum tem-
perature stored in PTES is 90 °C, which is typical for Denmark in 2023. However, it
is expected in the future to have lower temperatures in the district heating network.
Thus, the effect of lower storage temperatures on the performance and operation of
PTES should be investigated.
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ABSTRACT

Water pit thermal energy storage systems have been demonstrated in Denmark and have proven effective in
increasing the solar thermal fractions of district heating systems and in covering the mismatch between heat
demand and production. This study analyzed five years of measurement data for two PTES systems in Denmark,
namely Marstal and Dronninglund. Their efficiency was assessed using energy, exergy, and a seasonal efficiency
indicator. The degree of stratification was investigated using the MIX number, the stratification coefficient, and a
newly-introduced indicator, exergy destruction. Exergy destruction was shown to be a promising indicator for
assessing stratification since it can be used to compare PTES systems with different heat losses, providing a
quantitative evaluation of the amount of mixing. In addition, the seasonal efficiency was found to be suitable for
estimating the long-term efficiency of combined seasonal and short-term storage systems. The storage in
Dronninglund had 92% energy and 73% exergy efficiency, while Marstal had 63% energy and 48% exergy ef-
ficiency. All stratification and efficiency indicators showed that the storage in Dronninglund performed better
overall than the one in Marstal.

1. Introduction

Approximately 64% of residential heat consumers in Denmark use
district heating to cover their heat demand [1]. A benefit of district
heating systems is that, in principle, they can use a variety of heat
sources, both renewable and non-renewable. However, due to the
intermittent nature of renewables, e.g., wind and solar, there is often a
mismatch between heat demand and production. In order to accom-
modate a high share of renewables in district heating grids, a solution is
needed to deal with this mismatch [2]. Research has demonstrated that
an effective solution is the use of thermal energy storage (TES) in district
heating systems. According to Sveinbjornsson et al. [3], the mismatch
between heat demand and production typically limits the solar thermal
fraction of district heating systems to 20%. However, by using seasonal
TES, solar thermal fractions higher than 40% can be achieved.

Obtaining a high storage efficiency is crucial in order to obtain a high
system performance. For this reason, storage efficiency has been thor-
oughly studied in the literature, primarily in terms of energy and exergy.
Historically, energy efficiency analysis has been favored as it is based on
relatively simple concepts and is easy to implement. However, Rosen
etal. [4] demonstrated that exergy analysis provides a more realistic and

accurate assessment of TES performance than energy analysis.

Rezaie et al. [5] investigated the performance of a TES in a district
heating system in Germany and calculated an energy and exergy effi-
ciency of 60% and 19%, respectively. Lake and Rezaie [6] presented
similar results for a cold TES where the overall energy efficiency of the
storage was 75%, while the exergy efficiency was only 20%. Exergy
efficiency is lower than energy efficiency as it accounts not only for
losses but also reversibility [7]. For example, exergy can identify tem-
perature degradation in a storage system caused by ambient tempera-
ture but also due to mixing [8]. Also, exergy can account for temperature
differences in storage systems with the same energy content, resulting in
a performance indicator that is more accurate than one based only on
energy.

The main factors impacting TES performance are heat losses and
thermal stratification. Thermal stratification occurs when fluid is stored
at different temperature levels in the same tank, creating a vertical
temperature gradient. Rosen et al. [9] concluded that achieving a high
degree of stratification is essential for high TES performance since it
increases the amount of stored exergy. Additionally, Sifnaios et al. [10]
showed that a stratified tank could increase a heat pump system's co-
efficient of performance (COP) by up to 32% compared to a fully mixed
tank. The reason is that a stratified TES can have a higher exergy content
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Nomenclature

Latin letters

(o Specific heat [J/(kg-K)]
d Diameter [m]

E Energy [J]

Ex Exergy [J]

h Height [m]

H Enthalpy [J]

m Mass [kg]

Mg Moment of energy [J-m]
S Entropy [J/K]

T Temperature [K]

Y Water speed [mm/s]

v Volume [m®]

1% Volume flow rate [m3/h]
4 Distance [m]

Greek letters

nE Energy efficiency [%]

nNE, s Seasonal energy efficiency [%]
nx Exergy efficiency [%]

P Density [kg/m>]

than a fully mixed tank for the same heat input [11].

While stratification naturally occurs due to the temperature depen-
dence of the buoyancy force (i.e., the density of water generally de-
creases with an increase of temperature), several phenomena decrease
stratification. Stratification is decreased by mixing induced by the inlet
flow, by heat diffusion caused by natural convection, and by downward
thermal conduction [12]. As a consequence, thermal stratification is
affected by the inlet/outlet design, storage geometry, and operation
strategy of the TES. To decide if a TES performs adequately, it is
necessary to evaluate the degree of stratification, usually by calculating
stratification indicators.

Many stratification indicators have been investigated in the litera-
ture without determining which performs best. Castell et al. [13]
compared many dimensionless numbers for assessing thermal stratifi-
cation and concluded that the Richardson number is the most suitable
for predicting the expected stratification. However, the Richardson
number does not quantify the actual storage stratification and can only
be used for comparing two or more similar storage systems. In addition,
in a review performed by Han et al. [14], it was found that various
studies report inconsistent interpretations of the relation between the
Richardson number and mixing.

Haller et al. [15] reported a comprehensive investigation of most
available stratification indicators. The study concluded that all of the
assessed indicators had limitations in their application, e.g., some in-
dicators could not be used for scenarios including charging and dis-
charging, whereas others failed to separate the effects of heat losses from
mixing. To overcome these limitations, Sifnaios et al. [16] suggested
using the internal exergy destruction for elucidating the specific times at
which mixing occurs. Compared to other indicators, a benefit of this
method is that it does not rely on a reference storage simulation, which
can be difficult to implement in real life. It can also be applied to storage
systems regardless of their application (e.g., short term, long term, or a
combination).

In the present paper, two large-scale water pit thermal energy stor-
age (PTES) systems were assessed and compared in terms of their effi-
ciency and degree of stratification. A water PTES is a large water
reservoir used to store thermal energy for a period ranging from days to
months, depending on the application. It is constructed by excavating a
pit in the ground, which is subsequently lined with a watertight polymer

Journal of Energy Storage 52 (2022) 104947

liner [17]. The storage is then filled with water and covered with an
insulated floating lid [18]. Water PTES technology was developed in
Denmark and demonstrated with solar collector fields as the heat source
[19]. The main advantage of a water PTES is its low cost compared to
other storage technologies. For example, the investment cost of a water
PTES ranges from 20 to 40 €/m> while the investment cost of conven-
tional storage tanks is from 150 to 320 €/m° [20].

To the authors' knowledge, there has never been a study assessing the
performance and stratification of a PTES using actual measurement
data. In addition, although simple energy efficiencies have been calcu-
lated for individual storage systems, e.g., by Dahash et al. [21], a
comparison of the performance of two PTES systems in terms of energy,
exergy, and stratification indicators has never been performed.

For this reason, the efficiency and thermal stratification of two water
PTES systems were determined experimentally in this study. The two
systems were located in Denmark, in Marstal and Dronninglund. Long-
term measurements at each of the two PTES systems were carried out.
The data obtained were analyzed using a number of energy and exergy
efficiency expressions. Their suitability for evaluating PTES perfor-
mance was assessed. Lastly, an exergy destruction indicator was for the
first time applied to actual storage systems to determine its suitability
for assessing stratification.

2. Methods

The construction and operation of the water PTES systems in Marstal
and Dronninglund are briefly described below, followed by an account
of the measurements that were made and the definitions of the strati-
fication and efficiency indicators.

2.1. The storage systems investigated

2.1.1. Marstal

The water PTES system in Marstal was constructed in 2012, with a
capacity of approximately 6000 MWh. The heat storage system was
integrated with the local district heating system, which supplies heat to
approximately 1600 consumers. The pit was excavated in the shape of
an inverse truncated pyramid with a volume of 75,000 m®. This PTES
system is used for seasonal storage of heat generated by a solar collector
field consisting of 15,000 m? of flat-plate collectors.

The core of the lid construction consists of three layers of close cell
structure polyethylene (PE) foam insulation (Nomalén 28N manufac-
tured by the company NMC Termonova [23,24]) with a total thickness
of 24 cm. The layers of Nomalén were enclosed between two high-
density polyethylene (HDPE) liners. Weight pipes were used to ensure
a slope towards the center of the lid, where a pump well was located to
remove rainwater from the surface of the lid. Fig. 1 shows an aerial
photo of the PTES and the solar thermal collector field in Marstal. The
heat storage system was primarily charged during the spring and sum-
mer periods and discharged during autumn and winter.

The district heating supply temperature in Marstal was approx. 73 °C
[25], while the average return temperature was 40 °C (lower in winter
and higher in summer). When the temperature at the top of the storage
was higher than the supply temperature, heat was supplied directly to
the district heating grid. However, when the temperature at the top of
the storage was between 70 °C and 73 °C, water from the storage system
was mixed with higher temperature water from a biomass boiler in order
to reach the desired supply temperature. Whenever the storage tem-
perature dropped below 70 °C, the PTES acted as the heat source for a
heat pump that supplied heat to the district heating network. The heat
pump cooled down the storage to approximately 15-20 °C.

The storage system was charged and discharged using three double-
plated diffusers located at the top, middle, and bottom of the storage (see
Fig. 2). In the same figure, it may be seen that the pipes leading to the
diffusers were uninsulated and passed through the storage side wall. The
diameter of the diffuser plates was 3 m, and the vertical spacing between
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Fig. 2. Diffuser installation in Marstal [22].

the diffuser plates was 0.85 m. The diffusers were constructed of steel,
and the average exit velocity for the water was 2.2 mm/s, corresponding
to a Reynolds number of 5731 (for water at 90 °C). Eq. (1) was used to
calculate the average diffuser velocity for an average volume flow rate of
63 m>/h.

\%
Viiuser ddi user ® hdiﬁuser e (1)

where V is the volumetric flow rate, daiffuser is the diameter of the diffuser
plate, and hgiguser is the vertical spacing between the diffuser plates.

The lid insulation in the PTES in Marstal started to degrade in the
course of 2015 due to contact with water at high temperatures. In 2017,
multiple piercings in the HDPE liner led to water entering the lid
(rainwater from above and storage water from below), causing a large
increase in the rate of heat loss. In 2018 the heat storage operation was
interrupted during the replacement of the lid. The data used in this study
are thus from 2014 to 2017.

2.1.2. Dronninglund

The water PTES system in Dronninglund was constructed in 2014,
based on the same design as the storage in Marstal, but including some
improvements (Fig. 3). It had a volume of 60,000 m® and an

approximate storage capacity of 5500 MWh. The storage system was
charged from a 35,573 m? flat-plate solar collector field and supplied
heat to 1350 consumers. As in the storage system in Marstal, the lid was
made of three layers of Nomalén enclosed in two HDPE liners. However,
the HDPE liner used in Dronninglund had a longer lifetime at high
temperatures.

The main difference between the two storage systems was in their
operation. The storage in Dronninglund was used both as seasonal and
short-term heat storage. This means that not only was heat stored from
summer to winter, but the storage was also used to even out the diurnal
variation, i.e., heat charged during the day might be discharged in the
evening and at night. This operation strategy increased the yearly
charged and discharged energy compared to the PTES system in Marstal.

The supply temperature of the district heating network in Dronnin-
glund was 75 °C [26], while the average return temperature was 42 °C.
When the temperature at the top of the storage was higher than the
supply temperature, heat was supplied directly to the district heating
grid, but when the storage temperature was lower than 75 °C, the system
was used as a heat source for a heat pump. The heat pump was only
operated in winter and cooled down the storage to approximately 10 °C.

The Dronninglund PTES system was also charged using three dif-
fusers, placed at the top, middle, and bottom of the pit, as shown in
Fig. 4. However, the diffuser construction in Dronninglund differed
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Fig. 3. Aerial photo of the PTES in Dronninglund in 2019.

Fig. 4. Diffuser installation in Dronninglund [27].

somewhat from the one in Marstal. For example, Fig. 4 shows that the
pipes leading to the diffusers were insulated and entered the storage
from below, thus minimizing any temperature exchange with the stored
water. The diffusers were made of stainless steel and were slightly
smaller than those in Marstal, with a plate diameter of 2.5 m and vertical
spacing of 0.58 m. Consequently, the average flow rate was higher, with
an average diffuser exit velocity of 5 mm/s at 80 m®/h volume flow rate.
The corresponding Reynolds number for this exit velocity was 8887 (for
water at 90 °C).

However, as at Marstal, the HDPE liner enclosing the lid insulation
experienced multiple piercings during 2020 and 2021, and eventually,
the entire lid had to be replaced. The data from Dronninglund are thus
from 2015 to 2019. Both storage systems had a different lid construction
at the time of writing compared to those described, which are the ones
that were in place when the measurements were made.

2.1.3. Measurement equipment

The temperature in each storage was measured using two vertical
temperature sensor strings hanging from the middle of the lid. Each
temperature string had 16 temperature sensors placed at 1 m intervals.
The two strings were located next to each other and offset by 0.5 m; thus,
the vertical temperature profile was measured every 0.5 m. The tem-
perature sensors were Class A PT100, with an accuracy of +0.15 °C. The
equipment used to measure the storage temperature was the same for
Dronninglund and Marstal. The location of the water temperature sen-
sors relative to the diffusers in the PTES is presented in Fig. 5.

The volume flow rate to and from the storage in Dronninglund was
measured using electromagnetic flowmeters with an accuracy of 0.4%.
In Marstal, the flow was measured using ultrasonic flowmeters with an
estimated uncertainty of 2%. The temperatures in the inlet and outlet
pipes were measured in both systems using immersed Class A PT100
sensors, with an accuracy of +0.15 °C.

2.2. Stratification indicators

The present study derived three indicators to assess thermal strati-
fication: the MIX number, the stratification coefficient, and exergy
destruction. In order to calculate these indicators, the storage systems
were divided into discrete layers corresponding to the position of the
installed temperature sensors. The temperature sensors in both storage
systems were installed every 0.5 m from the bottom to the top of the
water pit, and since both storage systems had a depth of 16 m, each
storage was divided into 32 layers.

2.2.1. MIX number

The MIX number is a dimensionless indicator assessing storage
stratification by comparing the storage system temperature profile with
a fully mixed and a fully stratified reference storage system [28]. The
MIX number ranges between zero and one, corresponding to a perfectly
stratified and a fully mixed storage, respectively. As presented in Eq. (2),
the MIX number is calculated based on the moment of energy.

stratified actual
M — My

MIX = (2

Mstratiﬁed Mfully mixed
E - ME
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Fig. 5. Sketch of the location of the water temperature sensors (red dots) relative to the diffusers for the PTES in Dronninglund and Marstal. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

The moment of energy for each scenario is calculated as the sum of
the moment of energy of each layer. Each layer's moment of energy is
calculated by multiplying the layer's energy content with the height
from the bottom of the storage:

N
Mg :Zpi'vi.cp.i. (Ti*Tmf) L] 3
i—1

i=

where N is the number of storage layers, p; represents the water density
of layer i, V; is the water volume of the layer, C,, ; is the specific heat, and
T; is the water temperature of the ith layer. The distance from the
centroid of the layer to the bottom of the storage system is denoted as z;,
and Ty is the reference temperature, i.e., the temperature at which the
storage system is considered empty.

The moment of energy for the fully stratified and fully mixed storage
systems is calculated such that they have the same energy content as the
actual storage system.

2.2.2. Stratification coefficient

The stratification coefficient expresses the degree of thermal strati-
fication based on the deviation of the storage temperature profile rela-
tive to the mean temperature. The expression developed by Wu and
Bannerot [29] is presented below:

St — EN:mi d (Tz - Tavg)z

Miotal

@

n=1

where T; is the temperature and m; is the mass of the ith layer, T, is the
average storage temperature, and nmyyq is the total mass of the storage
system.

2.2.3. Exergy destruction
The internal exergy destruction is calculated based on the exergy
balance of the TES, using Eq. (5):

AExdestr = AExﬂuw - AExstare - AExloss (5)

Exergy destruction is the sum of the exergy destroyed due to mixing,
heat conduction, and diffusion. This means that a storage system with
high exergy destruction will experience a low level of stratification. It
should be noted that the exergy destruction calculated in Eq. (5) in-
cludes the exergy lost directly due to heat losses. This is one of the main
benefits of using exergy destruction compared to other methods, as it is
possible to compare storage systems with different heat losses without
having biased results. The exergies were calculated as:

AEx = AH —T, e AS 6)
where AH is the change in enthalpy, AS is the change in entropy and T
is the dead state temperature. The dead state of a system is a state in
which it is at temperature, pressure, elevation, velocity, and chemical
equilibrium with its surroundings [30].

In order to be able to compare storage systems of different sizes
fairly, the exergy destruction should be normalized with the storage
volume. The normalized exergy destruction is therefore calculated as:

@)

AExdesrr,nurm = N

2.3. Efficiency indicators

Many different efficiency indicators have been proposed, although
they can generally be expressed as the ratio between the useful output
and input to the system:

useful output
- # ®)
input

In this study, two efficiency indicators were calculated, namely en-
ergy and exergy efficiency, as defined in the following sub-sections.

2.3.1. Energy efficiency
The energy balance of a thermal storage system can be expressed as:

Eoit = Eip — Ejogs — AEint (9)
where E, is the energy discharged from the storage system, Ej, is the
charged energy, and Ejs;s is the energy lost due to heat losses. AEj; is the
change in the internal energy of the storage system, i.e., the difference
between the internal energy at the start and end of the period under
consideration.

Two expressions have been used to calculate energy efficiency and
are presented in Egs. (10) and (11). It should be noted that these ex-
pressions are slightly different from Eq. (8) since they also account for
the internal energy change of the storage system.

Eour Eous
= = 10
'/IE‘I Ein - AEim‘ Eaut + Elo:s ( )
Eow + AEim Ein B Eluxs
= = 11
Nea E, E, an

The main difference between the two expressions is the treatment of
the internal energy change, i.e., either subtracting it from the charged
energy or adding it to the discharged energy. Both expressions have been
used in engineering reports and are included in this study to investigate
whether they can be used interchangeably.

Nevertheless, energy efficiencies calculated in this way can be
misleading when comparing seasonal storage systems (such as Marstal)
with storage systems used for both seasonal and short-term storage (such
as Dronninglund). The main reason is that the total energy charged and
discharged in a seasonal and short-term storage system is much higher
than a storage system that is only used for seasonal storage. However,
the heat losses of a seasonal and short-term storage are not propor-
tionally higher since they depend on the storage duration. For this
reason, Jensen [31] proposed a seasonal efficiency, which attributes the
heat losses only to the seasonally stored energy:

Eseaxonal

_— 12
Eseasnnal + E[m.s- ( )

Nes =

where Egeqs0nat is the stored seasonal energy. The stored seasonal energy
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can be calculated as the difference between the minimum and maximum
energy content in the course of one year. Seasonal efficiency quantifies
the efficiency of the storage system as if it was solely used for seasonal
heat storage.

2.3.2. Exergy efficiency

Exergy is a measure of the quality of energy and indicates the work
potential of a system relative to its environment [32]. Following the
general format of efficiency indicators, Rosen et al. [4] calculated the
exergy efficiency as:

_ Exou

= Ex, 13)

Nx

where Ex;, is the exergy entering the system and Ex,y, is the exergy
exiting the system. Unlike energy efficiency, exergy efficiency also ac-
counts for the level of stratification, as mixing reduces the exergy
content.

3. Results

The first section of the results derives the stratification indicators for
the PTES systems in Marstal and Dronninglund. The second section
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calculates the energy and exergy efficiencies of the storages.

3.1. Stratification indicators

3.1.1. Marstal PTES system

The storage temperatures, stratification indicators, diffuser energy
supply, and normalized weekly flow rate for the PTES system in Marstal
are shown in Fig. 6. The storage temperature, diffuser energy supply,
and normalized volume flow rate are included in the plot to demonstrate
the storage operation and assist in understanding the stratification
indicators.

For the PTES temperature, the temperature of each storage layer is
illustrated using a different color, namely green for the top of the storage
and blue for the lowest level. Additionally, a thin black curve indicates
the temperature for the top, middle, and lowest layers. It may be seen
that the annual maximum temperature of the PTES system in Marstal
decreased over the investigated period. As previously mentioned, this
was because of the high heat losses due to the degradation of the lid
insulation after 2014 (see also Table 2).

In Fig. 6, the MIX number and the stratification coefficient are pre-
sented for each day, while the exergy destruction and diffuser energy
supply are tabulated for each month and the volume flow rate for each
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Fig. 6. Storage temperature and stratification indicators for PTES in Marstal. The gap for exergy destruction in spring 2014 is due to missing flow rates from the

dataset, probably due to data logging errors.
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week. Ideally, all of the indicators should be calculated for each day.
However, the exergy destruction and heat losses can only be calculated
with reasonable accuracy on a monthly basis due to the low spatial
resolution of the temperature in the storage. The volume flow rate was
plotted weekly since the daily flow was very variable. The charging
periods are illustrated in Fig. 6 using a pink background, while the
discharging periods are shown in grey. The heat pump discharge periods
are illustrated using a dotted pattern so as to be distinguishable from the
periods of direct discharge of the PTES. As mentioned before, the
duration of the direct discharge period varies from year to year,
depending on the storage temperature. It may be seen that for years with
low storage temperatures, e.g., in 2017, the storage system was almost
exclusively used as a source for the HP.

The maximum value of the MIX number in Marstal was 0.97, and the
minimum was 0.56. The average MIX number value for the entire period
under investigation was 0.74, indicating a high degree of mixing. It may
be seen that the MIX number generally approaches one towards the end
of each charging and discharging period when there is an almost uni-
form temperature in the PTES system.

Comparing the MIX number with the stratification coefficient, it can
be stated that they have a negative correlation, i.e., when one increases,
the other decreases. For example, at the end of each charging and dis-
charging period, the stratification coefficient approaches its lower value,
i.e., zero, indicating a uniform temperature in the PTES. However, the
variation of the values of the stratification coefficient is more pro-
nounced, providing more information about the mixing within the
storage. The stratification coefficient reached its maximum value when
there was the largest temperature difference between the top and bot-
tom of the storage. In Marstal, this value was 169 K? and occurred in the
summer of 2016. Like the MIX number, the value of the stratification
coefficient has no physical meaning, but it can be used to compare two
different storage systems or different storage operations. The maximum
value of the stratification coefficient was achieved approximately at the
middle of each charge/discharge period. The small spikes during charge
and discharge indicate mixing since a more uniform temperature de-
creases the value of the coefficient. Apart from in 2014, the stratification
coefficient indicates better stratification during charge than discharge
periods. However, these values are caused by higher temperatures at the
top of the PTES system and not necessarily by better stratification.

Also, in Fig. 6, it is evident that, in general, there is high exergy
destruction during the charging periods. The reason for this is that most
of the heat losses take place from the top of the storage during charging,
leading to the spiky temperature profile shown in Fig. 6. Heat losses can
affect the stratification in the storage system by cooling down the top
layer of water just under the lid, creating thermal inversion that induces
mixing. Besides mixing caused by heat losses, heat conduction and
diffusion in the storage system also generate mixing. These phenomena
occur when there is a non-uniform temperature profile in the storage
system. The exergy destruction indicator captures the effect of heat
conduction and diffusion since it reaches its lowest values when the
storage system approaches a uniform temperature (i.e., when fully
charged or discharged). Last, some of the spikes in exergy destruction
can be correlated with periods of high energy supply/extract from the
diffusers, indicating mixing occurring during the diffuser operation. The
mean annual exergy destruction in Marstal for the analyzed period was
36 MJ/m>/year. This number indicates the amount of mixing in the
storage and will be used for comparison with the Dronninglund storage.

Periods with high exergy destruction occurred when there were
spikes in the stratification coefficient. As previously mentioned, a rapid
decrease in the stratification coefficient indicates mixing, which is well
captured by exergy destruction. However, it should be noted that the
exergy destruction values were calculated monthly, so it is not easy to
match them with the other stratification indicators.

From Fig. 6, it is apparent that there is no direct correlation between
the normalized volume flow rate passing through the storage and the
stratification indicators. This indicates that the diffusers were
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functioning appropriately and were reducing the water velocity even
when high flows were entering the PTES.

The mean annual value for the MIX number and stratification coef-
ficient are presented in Table 1, along with the sum of exergy destruction
per year for the two PTES systems under investigation.

3.1.2. Dronninglund PTES

Table 2 shows the energy balance for the PTES system in Dronnin-
glund. It shows that more energy was being charged and discharged
annually in Dronninglund than in Marstal due to their different modes of
operation. In addition, the heat losses in the Dronninglund system were
much lower than in Marstal, primarily because of lower heat losses from
the lid, but also because of the mode of operation. For example, in
Dronninglund, the mean low temperature of the PTES system was
around 10 °C, while in Marstal it was around 20 °C, so the heat gains
from the ground in wintertime were much greater in Dronninglund.

The effect of the lower heat losses can be seen in Fig. 7, where the
temperature in the storage system is shown. Compared to Marstal, the
storage temperature in Dronninglund remained at higher levels. It
should be noted that the temperature spikes occurring in the top layers
of the storage were mainly caused by the short-term storage cycles and
not by heat losses, as they were in Marstal.

In Dronninglund, the MIX number for the period analyzed ranged
from 0.20 to 0.67 with an average of 0.34, which is 46% lower than in
Marstal. This value indicates a well-stratified storage as a value of zero
represents a perfectly stratified storage. As in Marstal, there seems to be
a negative correlation between the MIX number and the stratification
coefficient.

However, the maximum value reached in Dronninglund for the
stratification coefficient was 538 K2, which is 3.2 times higher than in
Marstal, indicating a higher degree of thermal stratification. Nonethe-
less, due to the short-term storage cycles, there were many more spikes
in the stratification coefficient during the charge periods, indicating a
higher degree of mixing during charge than in Marstal.

This phenomenon is better illustrated in terms of exergy destruction,
where the maximum values occur for the charge periods where the
short-term storage cycles occur. Although these values are higher than
those in Marstal in some cases, very little mixing took place in Dron-
ninglund during discharge. Unlike the PTES in Marstal, in Dronnin-
glund, there was no correlation between exergy destruction spikes and
the diffuser operation, except from the summer of 2018. Overall, the
mean annual exergy destruction for Dronninglund was 34 MJ/m>/year,
which is approximately 6% lower than for Marstal.

In both PTES systems, most charged/discharged energy was supplied
using the top and bottom diffusers. However, in Dronninglund, the
middle diffuser was used more than in Marstal, especially during
discharge operations. The authors are not aware of whether the opera-
tion strategy differed between the two systems or if this was a result of
the difference between their temperature profiles. In either case,
increased usage of the middle diffuser would be expected to affect the
storage stratification positively.

Higher flow rates were measured at Dronninglund than at Marstal on
average, but the higher flow rates do not seem to have affected the
stratification indicators.

Overall, all stratification indicators indicate that Marstal had a lower
degree of stratification than Dronninglund. However, the MIX number
and stratification coefficient are both affected by heat losses, favoring
systems with low heat loss. Since exergy destruction is the amount of
exergy lost only due to mixing, it is considered by the authors to be the
best indicator for comparing storage systems with different heat losses.
Additionally, its value has a physical meaning, quantifying the exergy
lost through mixing. Consequently, it is the only indicator investigated
that can present a quantitative evaluation of the amount of mixing that
takes place in a storage system.

Calculating these indicators requires a knowledge of the vertical
distribution of the storage system temperature. However, for calculating
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Table 1
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Mean annual values for MIX number and stratification coefficient and sum of the annual values for exergy destruction for the PTES in Marstal and Dronninglund.

Marstal

Dronninglund

MIX number [-] Stratification coefficient [K?]

Exergy destruction [MJ/m%]

MIX number [-] Stratification coefficient [K?] Exergy destruction [MJ/m°]

2014 0.75 60 38 - - -
2015 0.75 71 33 0.33 174 36
2016 0.73 75 42 0.34 187 39
2017 0.76 49 32 0.35 154 34
2018 - - - 0.32 115 31
2019 - - - 0.34 139 32
Overall 0.74 64 36 0.34 154 34
Table 2
Annual energy values for the storages in Marstal and Dronninglund. All quantities are in MWh.
Marstal Dronninglund
Ein Eout AEin Eloss Eseasonal Ein Eout AEine Eloss Eseasonal
2014 7654 5124 1134 1396 4875 - - - -
2015 7568 5571 —609 2606 3802 13,164 12,127 —559 1596 4551
2016 7452 5392 —695 2755 4823 12,107 10,842 13 1252 4317
2017 6975 3179 —822 4618 4021 11,442 11,555 —585 472 4225
2018 - - - - - 14,793 13,893 -159 1059 5101
2019 - - - - - 12,733 11,573 234 926 4803

the MIX number, a perfectly stratified and a fully mixed scenario have to
be simulated as a reference for the actual storage system under inves-
tigation, increasing the complexity of the calculation. In addition, the
MIX number can be affected by the choice of reference temperature for
calculating the moment of energy. For this reason, it is essential to
choose as reference temperature the one that indicates that the storage
system is considered as empty. Choosing a lower reference temperature
will cause the storage system to appear to be more mixed, while
choosing a higher reference temperature will cause it to appear to be
more stratified. Lastly, for calculating the MIX number, the moment of
energy must be calculated for each of the layers in the PTES system. This
is a more demanding task than for a tank due to the truncated pyramid
geometry of the PTES systems under consideration.

3.2. Efficiency indicators

Table 2 sets out the annual energy values for the PTES systems in
Marstal and Dronninglund. It may be seen that the energy input of each
storage system, Ej,, was similar each year. However, the discharged
energy, E,y, varied, as it was affected by the heat losses for the specific
year and the internal energy change of the storage, AE;,. The internal
energy change depends on the storage system's energy content at the
start and the end of each year, and, as shown in Table 2, it can be pos-
itive or negative.

A visualization of the monthly charged and discharged energy and
the energy content of the storage system is given in Figs. 8 and 9 for
Marstal and Dronninglund, respectively. These figures illustrate the
different operations of the two storages, e.g., the Dronninglund water pit
is also discharged during the charging periods. In addition, the charged
energy per month in Dronninglund is approximately twice that in
Marstal since the size of the solar collector field is twice as large. Last, it
may be seen that Dronninglund is discharged to a lower energy content
than Marstal.

The calculated energy and exergy efficiencies for the storage systems
in Marstal and Dronninglund are shown in Table 3. It may be seen that
the efficiencies achieved in Dronninglund are very high. The main rea-
sons for this are the lower heat losses and the utilization of low-
temperature heat by the heat pump, which increases the amount of
energy that can be discharged.

When considering energy efficiency, the results for Marstal differ
whether g, 1 or 5, 2 are used. The reason is that if the internal energy

change is negative (meaning the energy content of the storage is lower at
the end of the year than at the start), then 5 1 indicates higher efficiency
than #g, 5. The opposite occurs if the energy change is positive. For
example, in Marstal, in 2014, the internal energy change was positive,
leading to a higher #g, 5, while in 2015, where AE;,; was negative, yg, 1
was higher.

When comparing the results of using g, 1 or 5, 2 for Dronninglund
and Marstal, the two expressions give the same results for Dronninglund
but are slightly different for Marstal. The reason is that in Dronninglund,
due to the short-term storage cycles, the charged and discharged energy
is much higher than the internal energy charge of the storage, so 77z, 1 and
ng, 2 give essentially the same results. However, for Marstal, since the
charged and discharged energy are of the same order of magnitude as
the internal energy charge, selecting one energy expression over the
other leads to different PTES system efficiencies. The authors believe
that the two expressions cannot be used interchangeably and that it is
preferable to use 7, 1. The reason is that subtracting the internal energy
change from the charged energy is more appropriate since less energy
has to be charged due to existing energy from the previous cycle. This
results in the heat losses from each year being attributed to the heat
discharged during the year. In contrast, 7, » attributes the heat losses to
the energy charged during the year.

From the efficiencies in Table 3, it may be seen that the energy ef-
ficiencies 7g, 1 and 7, o give higher efficiency values compared to the
seasonal efficiency, primarily for Dronninglund. As explained in Section
2.3.1, the seasonal energy efficiency, 7, s, estimates the efficiency of the
storage system as if it had been used only for seasonal storage. This is
why the energy efficiency and seasonal efficiency for Marstal are very
close. In contrast, the seasonal efficiency is lower than the energy effi-
ciency for Dronninglund, which is used for both seasonal and short-term
storage. While the short-term storage operation increases the heat losses,
the total amount is approximately the same regardless of the length of
the storage cycle. The reason is that most heat losses occur from the lid,
and the temperature at the top of the storage system is the same whether
it is used for seasonal storage only or combined seasonal and short-term
storage. Therefore, the seasonal efficiency is a good indicator for finding
the equivalent efficiency of a PTES if it was only used for seasonal
storage.

It was found that exergy efficiency is always lower than the energy
efficiencies for all the investigated years. This is because it accounts for
both heat losses and the amount of mixing in the storage, while the
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Fig. 7. Storage temperature and stratification indicators for PTES in Dronninglund.
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Fig. 8. Monthly charged/discharged energy and energy content for the PTES in Marstal.

typical energy efficiencies account only for heat losses. As a result, it can
complement the energy efficiency expressions and provide a more
detailed indicator for the comparison of different storage systems.
However, it is apparent that it does not follow the same trend as the
energy efficiencies, as it indicates different years as having the highest

exergy efficiency. For both PTES systems, the highest exergy efficiency
values corresponded to years with the highest charged/discharged
energy.

All the efficiency indicators considered show that the PTES system in
Dronninglund had a higher efficiency than Marstal. The main reasons
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Fig. 9. Monthly charged/discharged energy and energy content for the PTES in Dronninglund.

Table 3
PTES efficiencies for Marstal and Dronninglund.
Marstal Dronninglund
NE, 1 NE, 2 E, s nx ME, 1 "E, 2 NE, s nx
(%) (%) (%) (%) (%) (%) (%) (%)
2014 79 82 78 53 - - - -
2015 68 66 59 58 88 88 74 73
2016 66 63 64 52 90 90 78 69
2017 41 34 47 27 96 96 90 73
2018 - - - - 93 93 83 79
2019 - - - - 93 93 84 73
Total 63 62 61 48 92 92 81 73

seem to be the high heat losses and the lower degree of stratification in
the Marstal PTES. The high heat losses in Marstal are most likely due to
water entering the lid (either rainwater from above or storage water
from below), which reduces the performance of the insulation. Thus, it is
crucial that the lid insulation is maintained dry since the thermal barrier
of the lid is key to limiting the heat loss of a PTES. Regarding stratifi-
cation, research should be conducted on selecting the optimal diffuser
construction and operation.

4. Conclusions

This study investigated the efficiency and stratification of two
existing large-scale water pit thermal energy storage (PTES) systems.
Both systems were located in Denmark, namely in Marstal and Dron-
ninglund. Long-term measurements at the two systems were analyzed.

The MIX number, stratification coefficient, and exergy destruction
indicators were used for assessing the stratification of the PTES.
Although all these indicators show that Marstal had a lower degree of
stratification than Dronninglund, exergy destruction was considered the
most promising indicator for assessing the amount of mixing in a stor-
age. One of the benefits of exergy destruction is that it can be used to
compare storage systems with different heat losses without necessarily
favoring the one with the lowest heat losses, but instead providing a
quantitative evaluation of the amount of mixing.

The storage efficiency was assessed using energy, exergy, and a
seasonal efficiency indicator. It was found that the two energy expres-
sions compared cannot be used interchangeably since they give different
results for seasonal storage systems, in which the internal energy change
is of the same order of magnitude as the charged and discharged energy.

The seasonal efficiency was found to be a suitable indicator for
comparing storage systems with different operations. Calculating the
equivalent efficiency of a PTES system as if it was used as seasonal
storage enables a fair comparison between a seasonal and a combined
seasonal and short-term storage.

Exergy efficiency is recommended as an indicator complementing

10

energy efficiency since it is able to account for the effects of heat losses
and mixing in the storage. In addition, the exergy efficiency can more
fairly compare storage systems with different operations.

In comparing the performance of the two PTES systems, all of the
stratification and efficiency indicators considered in this study showed
that the Dronninglund system performed better than the Marstal system.
The reason is that the PTES system in Dronninglund had lower heat
losses and better stratification.

Future work should investigate the impact of storage operations on
efficiency and stratification by assessing the performance of PTES sys-
tems with different storage configurations. At the time of writing, there
is one pit storage system that is under construction and another that is
being planned in Denmark, both of which are designed to be used as
short-term storage systems. They will both be connected directly to the
district heating grid, and neither will use a heat pump. This means that
measurements from short-term PTES systems operation will be available
in the near future.
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Abstract. Thermal stratification in water-based storages can be destroyed by
mixing, heat diffusion, and thermal conduction. For this reason, the evaluation
of stratification in water-based thermal energy storages is important for as-
sessing their performance. The most promising indicators were identified and
assessed based on their suitability for use in practical applications. The selected
stratification indicators were calculated for four simulated storage scenarios
comprising a fully stratified, a fully mixed, and two realistic storages. It was
found that most indicators had severe limitations in their application. For this
reason, a new indicator called internal exergy destruction was proposed, which
can be used in combination with the overall exergy efficiency for assessing the
performance and stratification of thermal energy storages. The main benefit of
internal exergy destruction is that it can be used to compare storages with dif-
ferent heat loss coefficients. In addition, it separates the effects of mixing from
the heat losses and is easily applied to real-life storages.

Keywords: Thermal stratification, Heat storage, Exergy analysis.

1 Introduction

Thermal energy storages (TES) are often used for bridging the time gap between heat
generation and heat demand, especially when using non-dispatchable renewable ener-
gy sources [1]. Thermal energy is stored in a TES using heating or cooling in order to
be used later. The thermal performance of a heating system utilizing a TES is strongly
influenced by stratification. Stratification occurs when a temperature gradient in the
TES separates fluid at different temperatures. One study found that by creating strati-
fication in a TES with the use of a diffuser, increased the heating system's coefficient
of performance (COP) by 32% compared to having a fully mixed tank [2].

However, achieving a good thermal stratification inside a TES is challenging due
to mixing induced by the inlet flow, heat diffusion caused by natural convection in the
TES, and downward thermal conduction [3]. The TES geometry, diffuser design, and
operation strategy strongly influence the level of stratification. For this reason, it is
critical to be able to quantify the degree of stratification inside a TES.



Usually, stratification indicators are used to assess stratification in a TES. Expres-
sions have been developed that can be applied to any water-based heat storage that is
directly charged/discharged, i.e., does not use a heat exchanger, e.g., in district heat-
ing tanks, domestic hot water tanks, pit thermal energy storages, etc.

Haller et al. summarized most of the available stratification indicators [4]. The
same study employed some of these indicators to characterize a theoretical TES case
comprised of one charge, standby, and discharge period. The study pointed out that all
of the available methods have some drawbacks, e.g., some of them cannot be used for
both charge and discharge, whereas others fail to separate the effects of heat losses
from mixing. Overall, the study concluded that the available stratification indicators
had limitations in their applications. However, the investigated simulation case was
very simplified, including only mixing around the inlet and outlet of the storage and
did not include heat losses to the ambient and thermal conduction between the water
layers.

This study identifies the most promising stratification indicators for assessing the
stratification in thermal energy storages for practical applications. The indicators are
evaluated on how well they can be used to determine stratification inside a thermal
energy storage. Finally, it suggests a new indicator for assessing stratification in TES.

2 Methods

First, the stratification indicators used in this study are presented, namely the MIX
number, stratification coefficient, exergy efficiency, and overall exergy efficiency,
followed by a description of the investigated scenarios.

2.1 MIX number

The MIX number is a dimensionless indicator that quantifies the degree of mixing
inside a TES by comparing it to a fully mixed and a fully stratified reference storage
[5]. Its range is between zero and one, corresponding to a perfectly stratified and a
fully mixed tank, respectively. The MIX number is defined as the ratio of the differ-
ence in the moment of energy between a perfectly stratified storage and actual storage
to the difference in the moment of energy between a perfectly stratified storage and a
fully mixed one:

stratified actual
E - Mg

__ : 1)
stratified fully—mixed (
Mg - Mg

MIX =

The moment of energy is calculated for the two theoretical reference cases (strati-
fied and fully mixed) such that they have the same energy content as the actual stor-
age. To calculate the MIX number, the storage is divided into discrete layers (typical-
ly corresponding to the number of temperature sensors). The moment of energy for
each layer is then calculated by weighing each layer's energy content with the height
from the bottom of the storage to the centroid of the layer. The total moment of ener-
gy of the storage is then calculated as the sum of all layers, as seen in Equation (2).
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Where N is the total number of layers in the storage, p; is the water density, V; is
the water volume of the layer, Cp;is the specific heat, T; is the water temperature, and
z; is the distance from the center of the layer to the bottom of the storage. Tr.r is the
reference temperature, meaning the temperature at which the storage is considered
empty.

2.2 Stratification coefficient

The stratification coefficient expresses the degree of stratification based on the mass-
weighted square of the difference of the actual storage temperature to the mean stor-
age temperature [6]:

St = 3 m; - (Ti - Tavg)2
e=) (3)
n=1

Mtotal

Where Ti; is the temperature of each layer, m; is the mass of each layer, Tayg is the
average storage temperature, and myoa i the total mass of the storage.

2.3  Exergy efficiencies

There are several expressions suggested regarding exergy efficiency. In this study, the
two expressions presented by Haller et al. [7] and Rosen et al. [8] are used.

Haller et al. define the exergy efficiency as the internal exergy loss of an experi-
mental TES relatively to the internal exergy destruction of a fully mixed TES:

_ Afdestr,exp
Aédestr,mix (4)

Where the internal exergy destruction is found through the exergy balance of the
TES, using Equation (5):
Agint,destr = Agflow - Agsto‘re - Afl‘Leat loss (5)

The fully mixed storage is simulated with the same flow rate, inlet temperature,
and heat loss coefficient as the experimental storage. For further details, the reader is
referred to the paper by Haller et al. [7].

Conversely, Rosen et al. used a general expression for the overall exergy efficiency
of a TES, comparing the exergy recovered from the TES to the exergy input of the
TES, as defined in Equation (6).

nst,f =1

_ Eoutput
Noverant =

(6)
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It has to be noted that the two expressions are very different in their application,
i.e., the former gives information about the precise time when mixing occurs during
one storage cycle. In contrast, the latter gives an overall efficiency for one TES cycle.

24 Simulated scenarios

In order to demonstrate the performance of the investigated stratification indicators,
four idealized storage scenarios were simulated. Mixing was implemented using the
methodology recommended by Haller et al. [7].

The investigated scenarios were a fully stratified storage, a fully mixed storage,
and two realistic storages. Each case was investigated for two full charge/discharge
cycles. The scenarios have been simulated, including and excluding heat losses. The
heat loss coefficient used in the simulations was selected such that the "realistic sce-
nario 1" has an energy efficiency of 90%. It has to be noted that the effect of the stor-
age walls was neglected.

Table 1. Simulation parameters.

Parameter Value Unit
Storage volume 1 m’
Water density 980 kg/m3
Water specific heat capacity 4200 J/(kg K)
Charging temperature 90 °C
Discharging temperature 45 °C
Threshold temperature 10 °C
Number of nodes 60 -

Time step duration 1 min
Flow rate charge/discharge 980 kg/hr
Heat loss coefficient 6 W/(m? K)
Effective vertical thermal conductivity 2.5 W/(m K)
Storage height 1 m

Each storage was charged using a constant temperature of 90 °C and discharged
with a constant inlet temperature of 45 °C. The time step of the simulation was 1 mi-
nute, such that the charged/discharged flow was equal to the volume of one node.
This ensured that numerical diffusion was avoided. An overview of the simulation
parameters is presented in Table 1. Note that constant values for p; and C,,; were used
in order to simplify the simulations and focus on mixing effects. In addition, the value
of the effective thermal conductivity was set to 2.5 W/(m K) as suggested by Haller et
al. [7].

Fully stratified scenario. There is no mixing between the tank nodes and no vertical
heat conduction inside the tank in this scenario. Essentially the flow during charge
and discharge is simulated as plug flow.



Fully mixed scenario. In the fully mixed scenario, the temperature of the water enter-
ing the tank at each time step is instantaneously mixed with the temperature of the rest
of the storage.

Realistic scenarios. The realistic case mimics the actual conditions inside a storage,
hence the naming. In this scenario, as water enters the storage, the nodes' tempera-
tures close to the inlet are mixed, simulating the inlet jet-mixing phenomenon. Two
variations of the realistic scenario were simulated, corresponding to a better perform-
ing and a worse performing diffuser. For the case of the better diffuser, denoted from
now on as realistic scenario 1, the total tank volume used for imitating the inlet jet
mixing was approximately 10% of the tank's total volume. Similarly, for the case of
the worse diffuser, denoted from now on as realistic scenario 2, 20% of the entire tank
volume was used. The rest of the simulation conditions were the same for the two
realistic scenarios. After mixing, vertical heat conduction was applied between the
tank nodes based on the temperature distribution in the storage. Last, heat losses to
the ambient were calculated based on the temperature difference between the storage
nodes and the ambient temperature (for the cases where heat losses were enabled). An
illustration of the investigated storage during charging and discharging is presented in
Fig. 1.

Charging Discharging
Node 1 Node 1
Mixing oce ﬂ ode
zone . u
Node n Node n
D) Mising
Node N Node N>— zone

l i

Fig. 1. Illustration of the tank charging and discharging.

2.5 Charging and discharging conditions

The storage in each simulation starts with charging and is initialized as empty, i.e.,
having a uniform temperature of 45 °C. The storage immediately switches from
charging (operation=1) to discharging (operation=0), or vice versa, when the storage



is identified as empty or full. The criteria for the storage being full or empty were
implemented using a threshold temperature for the top and bottom node, as indicated
in Equation (7).

1, if Tbottom 2 Tcharge - Tthreshold

(7

Operatlon {0' if Ttop =< Tdischarge + Tthreshold

The temperature profile inside the tank during the two storage cycles is presented
in Fig. 2. The top figure shows the temperature profile for the realistic scenario 1
without heat losses, while the bottom figure is the same case but includes heat losses.
It can be observed that the presence of heat losses lowers the temperature in the tank,
predominantly at the top of the storage, and also slightly increases the required time to
charge the storage.
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Fig. 2. Temperature profile in the storage for the realistic scenario 1. The top figure does not
include heat losses.

3 Results

The results of the calculated stratification indicators are presented in Fig. 3 - Fig. 6.
Each indicator is applied to all the possible storage scenarios, i.e., fully mixed (with
and without heat losses), realistic 1 and 2 (with and without heat losses), and fully
stratified. The fully stratified scenario is only simulated without heat losses since if
heat losses did occur, it would no longer be a fully stratified case.

31 MIX number

As expected, the MIX number for the fully mixed storage is constantly equal to one,
regardless of heat losses. Similarly, the MIX number is always equal to zero for the
fully stratified storage. For the realistic storages, the MIX number varies throughout
the storage cycles. This is partly because the MIX number is strongly affected by the



energy content of the storage. Large spikes can be noticed at high (fully charged) and
low (fully discharged) energy contents in the MIX number because a fully charged

and discharged storage is considered not stratified.
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Fig. 3. MIX number for the investigated storages.

By comparing the two realistic storages, it is clear that a worse performing diffuser
(case 2) creates more mixing in the TES; thus, it has a higher MIX number. By adding
heat losses to the simulation, the MIX number shows the storage to be more stratified
during discharging than charging. In fact, the MIX number becomes negative for a
few time steps for Case 1, as the heat losses bring the average storage temperature
below the reference temperature. While the MIX number does provide some use in
comparing similar storages, it is difficult to draw a conclusion regarding stratification.
In addition, it is highly influenced by the heat losses and the choice of the reference
temperature.

3.2 Stratification coefficient

For the fully mixed storage, the stratification coefficient was zero since there was a
uniform temperature in the storage at all times. The stratification coefficient was pro-
portional to the energy content for the fully stratified storage and ranged from 0 to
approximately 500 K2. The values were between the two ideal cases for the realistic
cases, with a maximum of approximately 400 K? and 300 K2 for cases 1 and 2, re-
spectively. The results of this indicator are much easier to interpret than the MIX



number and were more useful in comparing the two storages. Similar to the MIX
number, the stratification coefficient shows a low level of stratification when the stor-
age is almost full or empty. However, this indicator has the benefit of not depending
on a reference temperature and, therefore, never becomes negative.
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Fig. 4. Stratification coefficient for the investigated storages.

Nonetheless, the absolute value of the stratification coefficient has no physical
meaning and, like the MIX number, is affected by heat losses. When applying heat
losses to the realistic cases, the stratification coefficient shows a smaller degree of
stratification during discharging compared to charging. This is because, when charg-
ing, the temperature at the top of the storage is constantly 90 °C, while during dis-
charge, the top temperature decreases due to heat losses, as can be seen in Fig. 2. This
leads to a lower stratification coefficient during discharge. Overall, this indicator can
be used to compare the stratification degree in two storages, but one needs to be cau-
tious when the two storages have different heat loss coefficients.

3.3  Exergy efficiencies

In Fig. 5, the exergy efficiency of the investigated storages is presented. As expected,
the fully mixed storage had an exergy efficiency of 0%, while the fully stratified had
an efficiency of 100%. Again, the realistic storages had an efficiency between the



other two, and applying heat losses reduced the exergy efficiency. The method of
Haller et al. [7] gives significantly different results compared to the MIX number and
the stratification coefficient.

However, it is difficult to apply Haller’s exergy efficiency method to real-life sce-
narios. This method can only be applied for specific, well-defined time periods in the
storage operation. For example, it requires a clear distinction between the charge and
discharge periods, which in some cases is not possible, e.g., for storages that are used
both for short and long-term storage. In addition, it can only be used if the charging
and discharging mass flow and inlet temperature are constant during the storage oper-
ation.

In general, the methods that compare a real-life storage with reference fully mixed
or fully stratified cases, i.e., the MIX number and exergy efficiency, are difficult to
use in practice.
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Fig. 5. Exergy efficiency for the investigated storages.

The overall exergy efficiency, presented in Table 2, is considered the most reliable
indicator of stratification performance. This table gives information about the per-
centage of exergy lost due to mixing and heat losses. For example, the realistic stor-
age 1 has a 10% lower efficiency due to mixing compared to the fully stratified stor-
age, but 18% lower exergy efficiency, including mixing and heat losses.
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Table 2. Overall exergy efficiency for investigated storages.

Overall exergy efficiency Value [%]
Fully mixed storage 54
Fully mixed with heat losses 51
Realistic storage 1 90
Realistic storage 1 with heat losses 82
Realistic storage 2 85
Realistic storage 2 with heat losses 77
Fully stratified storage 100

In order to get information about the precise time when mixing occurred in the
storage, it is suggested to use the internal exergy destruction as given in Equation (5).
Exergy destruction gives the amount of exergy lost in the storage due to mixing
caused by inlet jet mixing and vertical thermal conduction. Since the exergy loss due
to heat losses is subtracted from the expression, the internal exergy destruction can be
used for comparing the amount of mixing in two or more storages, even if they do not
have the same heat loss coefficient.
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Fig. 6. Internal exergy destruction for the investigated storages.
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Fig. 6 presents the internal exergy destruction for the investigated storages. It can
be observed that, apart from the fully stratified storage, the exergy destruction mainly
occurs at the start of the charge and discharge period, as this is when the thermocline
develops. In the case of the realistic storage 1, which is well stratified, the exergy
destruction only occurs at the beginning of charge and discharge and is close to zero
during most of the storage operation. However, for a less stratified tank (e.g., for the
realistic storage 2), the internal exergy destruction occurs over a longer period, as it
takes longer to build up the thermocline. In addition, the internal exergy destruction
remains essentially the same regardless of heat losses, allowing the comparison of the
level of stratification independent from the heat losses.

4 Conclusions

This paper investigated stratification for four different storage scenarios: a fully
mixed, a fully stratified, and two realistic scenarios. Four stratification indicators were
assessed from the literature: the MIX number, stratification coefficient, exergy effi-
ciency, and overall exergy efficiency.

Apart from the overall exergy efficiency, all the other investigated indicators had
significant drawbacks leading to either results that were difficult to interpret or results
applicable to specific, well-defined periods in the storage operation. It is suggested to
use the overall exergy efficiency and supplement it with the internal exergy destruc-
tion for assessing stratification in a storage. The overall exergy efficiency gives a
thermodynamically based quantification of the stratification performance of a TES.
The internal exergy destruction can then be used to illustrate the specific times at
which mixing occurs in the storage. The main benefit of these two methods is that
they do not rely on a fully mixed or fully stratified reference storage simulation,
which can be difficult or impossible to implement in real-life cases.

Applying the recommended methods to real-life storages is a topic of future work.
It is believed that they have a great potential for comparing the stratification among
storages since they can be applied to all storages regardless of their use, e.g., short
term, long term, or combination of the two.
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ABSTRACT

Water pit heat storage has been proven a cheap and efficient storage solution for solar district heating systems.
The 60,000 m® pit storage in Dronninglund represents in many ways the state-of-the-art large-scale heat storage,
demonstrating a storage efficiency higher than 90% during its operation. The storage is used for seasonal and
short-term heat storage of solar heat generated by a 37,573 m? solar collector field and supplies heat directly to
the district heating grid or is used during winter as an alternative heat source to a heat pump. This study aims to
provide an overview of the available information on the Dronninglund water pit heat storage, including a
detailed description of the design, ground conditions, and operating strategy. The used dataset (2014-2020) has
been the foundation for most investigations and simulations of pit thermal energy storages. However, due to a
lack of public documentation, various studies have used different post-processing methods and assumptions,
leading to inconsistent results. Therefore, the dataset has been manually quality-controlled, and erroneous data
have been removed with the aim of establishing a high-quality reference dataset. Moreover, an overview of the
available parameters and metadata is provided, along with example plots. To promote the usage of the quality-
controlled dataset, all the developed quality-control routines and Python scripts are made available on GitHub.

1. Introduction

In Denmark, where 64% of residential consumers use district heat-
ing, incorporating large-scale solar heating plants has become increas-
ingly popular after 2010. Due to the seasonal mismatch between solar
heat generation and heat demand, typical district heating systems are
limited to achieving a solar thermal fraction of up to 20% (Perez-Mora
etal., 2018). To cover this mismatch, seasonal heat storage systems have
been used to store the produced thermal energy in summer and use it in
winter. By incorporating a seasonal heat storage, the solar thermal
fraction of a district heating system can increase up to 50%
(Sveinbjornsson et al., 2017). Four main types of thermal energy stor-
ages have been utilized so far for seasonal thermal energy storage (TES),
namely, tanks (TTES), boreholes (BTES), aquifers (ATES), and pit ther-
mal energy storages (PTES) (Pauschinger et al., 2018).

The main driver for the PTES technology was to develop a low-cost
heat storage for solar district heating systems. PTES systems have been
demonstrated combined with large-scale collector fields providing a
promising storage solution (Soerensen and From, 2011). Due to the
simple storage design, it has been possible to achieve costs below 27 €/

* Corresponding authors.
E-mail addresses: iosif@dtu.dk (L. Sifnaios), jifa@dtu.dk (J. Fan).
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m° (Schmidt et al., 2018).

In principle, a PTES is a large water reservoir lined with a watertight
polymer liner (to prevent water from leaking to the ground) and covered
with a floating insulating lid (to reduce heat losses). At the moment of
writing, there are six operational pit storages in the world, located in
Denmark and Tibet, China. The Danish PTES systems are located in
Marstal (75,000 m>) (Jensen, 2014), Vojens (200,000 m%) (Rambgll,
2015), Toftlund (70,000 m®) (Rambgll, 2016), Gram (122,000 m®)
(PlanEnergi, 2015a), and Dronninglund (60,000 m®) (Schmidt and
Sgrensen, 2018). In Tibet, there is a PTES in Langkazi (15,000 m3)
(Aalborg CSP, 2019). Apart from these storages, there is a 70,000 m®
PTES under construction in Hgje Taastrup, Denmark, and detailed plans
have been made for two storages in Odense, Denmark.

The performance of the existing PTES varies, with Gram having an
efficiency of 60% (PlanEnergi, 2020), Marstal 66% (Schmidt, 2019),
Toftlund 70% (Rambgll, 2020), and Dronninglund greater than 90%
(Winterscheid and Schmidt, 2017). The difference in efficiencies is
mainly due to different technologies used for the PTES components
(especially the 1id) but also due to improved PTES construction. It has to
be noted that it was not possible to find information on the performance
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Fig. 1. Aerial view of the PTES and solar collector field in Dronninglund.

of the PTES systems in Vojens and Tibet.

The water pit heat storage in Dronninglund (see Fig. 1) represents, in
many ways, the state-of-the-art heat storage technology. For this reason,
the majority of investigations and simulations of PTES have used this
storage as a reference case, e.g., Dahash et al. (2020,2019), Gauthier
(2020), Ochs et al. (2020), Sorknaes (2018), Xie et al. (2021), Pan et al.
(2022), Sifnaios et al. (2022).

Nonetheless, some reports for the storage in Dronninglund are only
available in Danish. This has led some previously published articles (e.
g., Dahash et al. (2021) and Dahash et al. (2020)) to report different
ground properties and groundwater levels compared to the official
measurement reports. In addition, the published studies are generally
limited to only using one or two years of data, even though the storage
has been in operation for more than seven years.

However, since the spring of 2021, the operation data of the Dron-
ninglund PTES has been obtained from the Danish company PlanEnergi.
According to the data license agreement with the plant, data has not
been made available online.

The main objective of this article is to summarize the available
knowledge on the Dronninglund PTES and give a detailed explanation of
its design and operation. The paper also aims to make interested parties
aware of the value of a comprehensive dataset and establish a stan-
dardized post-processing procedure, to avoid erroneous measurements
being used. Additionally, the paper provides users with an overview of
available parameters, which have not been published before, and ref-
erences to existing documentation of the system, along with the avail-
able metadata. Finally, it provides code examples of how to use the data.
The developed code is publicly available on the GitHub repository
https://github.com/PitStorages/DronninglundData, along with the data
for the first year of the plant’s operation for testing the code.

The present paper provides a description of the Dronninglund PTES,
briefly introducing the storage design and construction. Afterward, in-
formation about the location and type of measurement sensors is pre-
sented, followed by a description of the data quality control procedure
and handling of missing data. Last, several example plots using the
quality-controlled dataset are presented.

2. Storage description

Dronninglund is a Danish town in Northern Jutland with approxi-
mately 1,350 district heating (DH) consumers and an annual heat de-
mand of approximately 40 GWh (12 MW peak load) (Dronninglund
Fjernvarme, 2020). The research project SUNSTORE 3 started in 2008,
intending to demonstrate seasonal heat storage coupled with a solar
thermal collector field and a heat pump. A 60,000 m® pit thermal energy
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Table 1
Project costs (PlanEnergi, 2015b).
Component Cost [€]
Solar collectors 5,856,000
Solar field, excavation, and mounting of pipes 321,000
District heating pipes 985,000
Transmission pipe, excavation, and mounting 344,000
Technique building 3,201,000
Storage heat exchangers, pumps, valves, pipes, diffusers 350,000
Storage excavation and landscaping 673,000
Storage lid and liner 1,263,000
Other costs 1,137,000
Bio Bio Gas
Storage PTES oil 0'11 engines
heat loss cooling  boiler Heat boiler ‘
Solar DH
collectors
- ~
Building Pipe heat Internal

losses

processes

Fig. 2. Schematic of the expected energy flows for the original plant (modified
from Winterscheid and Schmidt, 2017).

storage (PTES), 37,573 m? of flat-plate solar collectors, and an absorp-
tion heat pump were constructed as part of the project. The solar col-
lectors installed were Arcon 35/10 HEATSstore collectors with insulating
foil (Epp, 2014). The cost related to the storage was approximately
2.3 million € (38.3 €/m>), while the total project cost was approximately
14.1 million € (PlanEnergi, 2015b). The project costs are presented in
Table 1.

2.1. Dronninglund heating system

The priority for the solar thermal collectors was to supply heat
directly to the district heating grid. If the solar heat production was
higher than the demand, the surplus heat was used to charge the PTES.
In periods with low or no solar heat production, the storage could supply
heat directly to the district heating grid, but only if the outlet temper-
ature was above 75 °C. Net charging of the storage typically occurred
from February to August, whereas net discharging occurred from
September to January. Depending on the specific year, February,
August, and September could either have net charging or discharging
(see Fig. 14 for monthly charged/discharged energy).

If the temperature of the PTES was not sufficiently high, the storage
was used as the low-temperature heat source for a 5.2 MW absorption
heat pump (2.1 MW cooling capacity) with a COP of 1.67. The heat
pump was driven by high-temperature heat from a 5 MW bio-oil boiler.
The heat pump generally started operating around the start of November
and continued until January or February. The inlet temperature of the
heat pump’s source side was 75 °C or lower (depending on the tem-
perature at the top of the PTES), and it cooled the storage down to
approximately 10 °C. The connection of the heat pump to the storage is
illustrated in Fig. 3.

The absorption heat pump, the 5 MW bio oil boiler, and an additional
10 MW bio-oil boiler were located at the Sgndervang district heating
plant in the town, approx. 2.5 km away from the PTES. At a second
location in the town, Tidselbak Alle, there was also an 8 MW natural gas
boiler and four 1.6 MW natural gas engines. A Sankey diagram of the
expected energy flows for the original plant is illustrated in Fig. 2, and a
schematic of the plant is shown in Fig. 3.

It should be mentioned that the PTES system in Dronninglund has
been significantly modified during 2022. For example, the original lid
solution was replaced with a newer, improved design since the original
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Fig. 4. Excavation and pipe layout in Dronninglund PTES (PlanEnergi).

lid was damaged beyond feasible repair. The damage was caused due to
water entering the lid construction through a tear in the bottom lid liner.
In addition, the absorption heat pump and bio-oil boiler were replaced
by a compression heat pump. However, since the dataset is from 2014 to
2020, the information presented below refers to the original plant
configuration.

2.2. Storage design and dimensions

The PTES has the shape of a truncated pyramid with a depth of 16 m
and a volume of 60,000 m>. The bottom of the pit is a square of 26 x
26 m, and the lid surface is approximately 91 x 91 m, corresponding to a
surface area of 8,300 m2. The storage sides have a slope of 1:2 in order to
ensure soil stability.

Three pipes are entering the storage from below, as seen in Fig. 4. At
the end of each pipe, there is a diffuser for reducing the mixing caused by
the inlet jet flow, assisting in establishing a high degree of stratification
in the PTES. Each diffuser consists of two parallel discs with a diameter
of 2.5 m and vertical spacing of 0.58 m. The three diffusers are placed at
different heights from the bottom of the storage: the top diffuser at 15.3
m, the middle diffuser at 10.9 m, and the bottom diffuser at 0.4 m. These
heights are measured at the center of the diffuser opening.

2.3. Storage construction

The PTES construction started in March 2013 and was officially
completed in April 2014. Different construction stages are illustrated in
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Fig. 5. Installation of the bottom liner of the Dronninglund PTES (PlanEnergi).

Figs. 4 and 5. The solar collectors’ heat production (and thus the
charging of the storage) began in February 2014.

The excavated soil from the pit was used to form embankments
around the pit so that soil would not have to be transported off the site,
thus minimizing construction costs. The soil excavation was completed
after two months.

After the soil excavation and pipe installation, the PTES was lined
with a polymer liner to prevent the stored water from leaking into the
ground (see Fig. 5). The watertight liner was a 2.5 mm welded high-
density polyethylene (HDPE) with a guaranteed lifetime of 20 years
when exposed to temperatures lower than 90 °C. The liner installation
took one month and was completed by mid-June 2013; afterward, it
took two months to fill the storage with water.

The storage was filled with treated water from the district heating
grid to avoid corrosion of the metallic components, e.g., the pipes and
diffusers. As part of the water treatment, all salts were removed
(including chlorides) in addition to ensuring a low hardness (<0.1 °dH),
low conductivity (130 pS/cm), low iron (<0.005 mg/1), low oxygen
content (<20 pg/L), and a pH value of 9.8 + 0.2 (Klingaard and
Andersen, 2018). The water quality is analyzed at least annually, and a
sodium hydroxide solution is added at regular intervals to maintain the
pH level.

After the storage was filled with water, the lid construction started.
The original lid design was based on flexible insulation mats enclosed
within a top and bottom liner. This allowed the lid to move as the water
level changed due to the change of water density with temperature.

The lid insulation consisted of three 80 mm thick layers of Nomalén
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Fig. 6. Sketch of the Dronninglund lid cross-section (PlanEnergi, 2015b).

Table 2

Groundwater properties (GEO, 2012).
Parameter Value Unit
Hydraulic conductivity 3.6-10° m/s
Effective porosity 0.25 -
Hydraulic gradient 1/300 -
Groundwater velocity 4.8-107 m/s

Table 3
Thermal properties of soil around storage (GEO, 2010).

Bulk density Thermal conductivity Specific heat
[kg/m] [W/(m K)] capacity [J/(kg K)]
Above 1830 0.3-0.5 800
groundwater
Below 2040 1 1632
groundwater

28 N insulation mats manufactured by NMC (NMC Termonova, 2011).
Nomalén is made of a closed-cell structure polyethylene (PE) foam with
an operating temperature of up to 95 °C. The manufacturer stated that
the thermal conductivity of the insulation was 0.04 W/(m K) at 10 °C
(NMC Termonova, 2015). Analysis of the operation data showed that the
long-term average value of the insulation’s thermal conductivity was
0.047 W/(m K) since it was exposed to temperatures up to 90 °C.
Nonetheless, it has to be mentioned that the heat flux through the lid
was measured at a specific spot in the lid, thus it is not necessarily
representative of the heat flux through the entire lid and might under-
estimate the actual heat flux at times.

Concrete-filled weight pipes were placed inside and on top of the lid.
The pipe diameter was increased closer to the center of the lid, creating a
slope towards the center. Due to the sloped surface, rainwater was
collected at the center of the lid, where it was pumped off the lid’s
surface. Removal of rainwater is one of the biggest challenges with the
PTES lid designs, and inadequate handling of rainwater increases
maintenance, heat losses, and shortens the lifetime of the lid.

Additionally, vacuum vents were installed close to the lid’s edge to
ventilate the interior of the lid construction. Some of the vents were
modified in order to allow cold, dry air to be drawn into the lid, where it
would absorb heat and moisture. The warm, humid air was vented out
by the remaining vents creating natural ventilation. A cross-sectional
view of the original lid’s construction is shown in Fig. 6.

2.4. Soil and groundwater properties

During the pre-feasibility study, the Danish company GEO was hired
to carry out geological investigations, which included measurements of
the groundwater level, soil characterization, and estimation of the soil
thermal properties. The groundwater level was found to be 1-1.5 m
below the bottom of the storage and flowing north to south with an
estimated velocity of 15 m/year (GEO, 2012). The same report mentions
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Fig. 7. Calculated charged and discharged energy using the provided and the
calculated flow rates, and comparison to the measured energy quantities.

that the groundwater table is not entirely flat (there is a slope of around
1%) and stresses the fact that the depth of groundwater depends on the
period of the year, as rainfall, snowmelt, and dry periods can affect it.
Nonetheless, in temperate-cold climates (like Denmark), the seasonal
level of change for groundwater is below 10% (Nygren et al., 2020). The
groundwater properties are presented in Table 2.

Soil investigations revealed that the surrounding soil type is mainly
fine sand with a few clay layers (PlanEnergi, 2011). The thermal prop-
erties of the soil surrounding the storage were reported by GEO (2010)
and are presented in Table 3. According to the report, the soil thermal
conductivity was estimated based on theoretical values. The specific
heat capacity was not reported and thus has been estimated from the soil
type, based on the research from Hamdhan and Clarke (2010).

2.5. Storage flow rates

The PTES is charged by the solar collector field via a heat exchanger.
During the PTES charge, water can enter the storage via the top or
middle diffuser, depending on its temperature and storage operation.
Similarly, water can either be drawn from the middle or top diffuser
during discharge.

It has to be mentioned that the magnitude and direction of the
storage flows were only measured for the middle diffuser. For the top
and bottom diffusers, the flow rates and directions reported in the
dataset were calculated by the SCADA control system. However, using
the provided data for flows results in a significant mass-flow mismatch
of the storage (large imbalance between entering and exiting flows).
Therefore, the authors have developed a method for deriving the flow
magnitudes and directions based on the energy and mass-flow balance of
the storage.

There are three diffusers with each two possible flow directions (in or
out), and as a result, there are six unique combinations of flow di-
rections. One of the six combinations could be: flow into the storage
through the top and middle diffusers (positive direction) and flow out of
the storage through the bottom diffuser (negative direction). For each
possible combination of flow directions, the flow and energy balances of
the storage were calculated for each time step. The mismatch in the flow
and energy balances was then normalized using their standard
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Fig. 9. Measurement locations in and around the Dronninglund pit storage.

deviations for the entire period and added to give a joint “score” for how
well each set of directions obeys the flow and energy balance. The set of
flow directions that gave the minimum score was then selected for each
step.

The calculated flows are in better agreement with the measured charged
and discharged energy rates compared to the provided flow directions in the
dataset. The exact method for calculating the flow directions is provided in a
Python (Python Core Team, 2008) script in the dedicated GitHub repository:
https://github.com/PitStorages/DronninglundData.

The energy flows derived from the provided and calculated flow
directions are compared in Fig. 7. It can be observed that using the
provided flow rate data results in a significant mismatch between the
calculated and measured energy. Additionally, mass-flow balance is not
achieved when using the provided flow rates. However, mass-flow bal-
ance is necessary when using the data as input in simulation models.
Thus, the authors recommend using the calculated flow rate magnitudes
and directions described in this section.

The frequency distribution of the derived flow rates during charging
and discharging is presented in Fig. 8. The mean charge flow rate was
20.2 kg/s, while the mean discharge flow rate was 15.1 kg/s.

It has to be stated that the presented method, though effective,
should only be used for the Dronninglund case due to the lack of flow
measurements in all diffusers. In the future, it is recommended that the
flow magnitude and direction be measured in all diffuser pipes.

3. Measurement sensors

The locations of the sensors in the Dronninglund water pit heat
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Fig. 10. Placement of temperature sensors in the lid.

storage are presented in Fig. 9. It has to be noted that although the
storage is symmetric, the surrounding ground is very uneven, as can be
seen in the side view drawing of Fig. 9; thus, symmetry should not
necessarily be assumed for the ground when performing simulations.

3.1. Water temperature measurements

The water temperature is measured with two vertical temperature
sensor strings located approximately in the middle of the storage (po-
sition A). Each temperature string had 16 temperature sensors placed at
1 m intervals. The two strings are located next to each other and have an
offset in their measurement positions of 0.5 m.

3.2. Lid measurements

Initially, a water level sensor was mounted above the top diffuser at
position B; however, it operated only from 2015 to 2017 due to the harsh
environment. Four temperature and two humidity sensors are installed
at position C between the insulation layers, along with a heat flux sensor,
as illustrated in Fig. 10. It has to be noted that it is unknown between
which two insulation layers the heat flow sensor is placed; however, the
specific position should not affect the measurement.

3.3. Ground temperature measurements

Four temperature sensors were installed at position D to measure the
ground temperature close to the storage. The exact location of these
sensors has not been documented and is thus uncertain. However, ac-
cording to the plant operator, they are approximately placed in the
middle of the storage’s northern edge at a 1 m distance from the water
edge. The four temperature sensors are located at a depth of 10, 15, 20,
and 25 m beneath the top of the embankment.

3.4. Ambient air temperature

The ambient temperature close to the storage is measured in two
different locations in the solar collector field in the original dataset.
However, the locally measured temperatures are very high (reaching
50 °C during summer). The reason is that the ambient temperature
sensors are not properly shielded from direct solar irradiance and that
the measurements are probably affected by the emitted heat from the
solar collectors.

However, the ambient temperature is also measured by a nearby
weather station (06031 Tylstrup) operated by the Danish Meteorological
Institute (DMI). The DMI station is approximately 18 km west of the
storage, but it is considered representative for long-term studies of the
storage heat losses. An added benefit of using DMI’s station for the
ambient temperature is that the measurements are high quality from
ventilated enclosures and are freely available for download from DMI.

3.5. Description of measurement tags

Measurements are made every 10 s and saved every 10 min. The
saved values are averaged during the 10-minute periods, except for
energy values, which are integrated over the period (MWh). A list of the
sensors related to the pit storage is given in Table 4, including the tag
name, description, sensor type, unit, and uncertainty for each sensor.
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Table 4
List and description of sensors in Dronninglund storage.
Tag name Description Sensor Type Unit Uncertainty
SO.DA. Temperature of pit PT100 °C 0.15K
TT.401.1 storage bottom layer
(0.5 m)
SO.DA. Temperature of pit PT100 °C 0.15K
TT.402.1 storage at 1 m
SO.DA. Temperature of pit PT100 °C 0.15K
TT.401.2 storage at 1.5 m
SO.DA. Temperature of pit PT100 °C 0.15K
TT.402.15 storage at 15 m
SO.DA. Temperature of pit PT100 °C 0.15K
TT.401.16 storage at 15.5 m
SO.DA. Temperature of pit PT100 °C 0.15K
TT.402.16 storage top layer
(16 m)
SO.DA. Lid humidity at - % -
HT.422.1.F position C point 1
SO.DA. Lid temperature at PT100 °C 0.15K
HT.422.1.T  position C point 1
SO.DA. Lid humidity at - % -
HT.422.2.F position C point 2
SO.DA. Lid temperature at PT100 °C 0.15K
HT.422.2.T position C point 2
SO.DA. Temperature above PT100 °C 0.15K
TT.422.3 lid at position C
point 3
SO.DA. Temperature below PT100 °C 0.15K
TT.422.4 lid at position C
point 4
SO.DA. Heat flux through lid ~ Hukseflux W/ 6-20%
ET.422.5 at position C HFPO1 m?
SO.DA. Ground temperature PT100 °C 0.15K
TT.426.1 at 25 m depth
SO.DA. Ground temperature PT100 °C 0.15K
TT.426.2 at 20 m depth
SO.DA. Ground temperature PT100 °C 0.15K
TT.426.3 at 15 m depth
SO.DA. Ground temperature PT100 °C 0.15K
TT.426.4 at 10 m depth
SO.DA. Storage water level - m -
LT.421 measurement
SO.LA. Top diffuser PT100 °C 0.15K
TT.414 temperature
SO.LA. Middle diffuser PT100 °C 0.15K
TT.415 temperature
SO.LA. Bottom diffuser PT100 °C 0.15K
TT.416 temperature
SO.LA.FT.466 Flow rate from the Derived m3/ -
top diffuser hr
SO.LAFT.467  Flow rate from the Electromagnetic m®/ 0.4 %
middle diffuser hr
SO.LAFT.468  Flow rate from the Derived m®/ -
bottom diffuser hr
SO.LA. Flow direction from - - -
FT.466. the top diffuser!
RETN
SO.LA. Flow direction from - - -
FT.467. middle diffuser!
RETN
SO.LA. Flow direction from - - -
FT.468. bottom diffuser"
RETN
SO.LA. The cumulative sum PT100 + MWh  0.15-0.5 %
ENERGI. of the charged ultrasonic
TIL.LAGER. energy
T
SO.LA. The cumulative sum PT100 + MWh  0.15-0.5%
ENERGI. of the discharged ultrasonic
FRA. energy
LAGER.T
SO.LAFT.464  Flow rate to grid/ Electromagnetic m3/ 0.4 %
heat pump hr
SO.LA. Supply temperature PT100 °C 0.15K
TT.411 to grid/heat pump
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Table 4 (continued)

Tag name Description Sensor Type Unit Uncertainty
SO.LA. Return temperature PT100 °C 0.15K
TT.410 from grid/heat
pump
SO.F.TT.405 Temperature at the PT100 °C 0.15K
north side of the
collector field*
SO.F.TT.413 Temperature at the PT100 °C 0.15K
south side of the
collector field®
SO.F1.PRO. Produced solar PT100 + MWh  0.15-0.5 %
ENERGLT energy from field 1 ultrasonic
SO.F1.AFBL. Energy used for PT100 + Mwh  0.15-0.5 %
ENERGLT storage night ultrasonic
cooling field 1
SO.F1. Energy used for PT100 + MWh  0.15-0.5 %
FROST. defrosting field 1 in ultrasonic
ENERGLT the winter
SO.F2.PRO. Produced solar PT100 + MWh  0.15-0.5 %
ENERGLT energy from field 2 ultrasonic
SO.F2.AFBL. Energy used for PT100 + MWh  0.15-0.5 %
ENERGLT storage night ultrasonic
cooling field 2
SO.F2. Energy used for PT100 + MWh  0.15-0.5 %
FROST. defrosting field 2 in ultrasonic
ENERGLT the winter

!The flow directions contained in the original dataset have been found to be
erroneously and not maintain flow balance. These flow directions should not be
used, and instead be derived from the remaining variables.

2The ambient air measurements in the dataset have been found erroneous,
probably affected by insufficient shading or by heat emitted from the solar
collectors. Since these might be unreliable, data from the Danish Meteorological
Institute (DMI) could be used as an alternative.

Original data
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Fig. 11. Soil temperature measurements before and after quality control.

The tag name of each sensor follows a specific structure. The first
field is common for all sensors (SO) and represents the solar energy
system. The second field describes the subsystem, e.g., DA stands for
“damvarmelager” (pit storage) and refers to sensors in or around the
storage, LA stands for “lager” (storage) and refers to the sensors located
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Fig. 12. Measured and interpolated water temperature for the sensor at 1.5 m
from the bottom of the storage.

in the pumphouse adjacent to the storage, and F stands for “felt” (field —
short form for solar field). The third field is the measured quantity, e.g.,
TT is temperature, FT is flow, HT is humidity and temperature, ET is heat
flux, ENERGI is energy, and LT is water level.

4. Quality control and handling of missing data

The raw measurement data contains many periods with “bad data”
due to power outages, sensor failures, etc. These periods have been
filtered out using automatic filters and manual inspection. For example,
temperatures outside the range 0-100 °C were flagged as erroneous.
Afterward, unfeasible temperature spikes were manually removed. The
ground temperature data before and after the quality-control procedure
is illustrated in Fig. 11.

It has to be noted that all the ground temperature sensors were
eventually replaced in the fall of 2021. However, a different position had
to be used, approximately 3 m north of the storage’s inner edge, as the
hole in which the old sensors were installed was closed. Since the new
temperature sensors were installed further away from the storage, the
measured temperatures are inevitably lower than the previous
measurements.

A similar quality control for removing erroneous data was applied to
the water temperature measurements. However, in the case of the water
temperature sensors, since there were measurements every 0.5 m, the
following method was applied in order to reduce the gaps in the data.

Due to the slow time constant of the storage, periods of missing data

Top
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shorter than 24 h were linearly interpolated. Additionally, missing
temperatures were interpolated across the layers. For example, if the
temperature at 2.0 m was missing for one month, it was replaced by the
average of the sensors at 1.5 m and 2.5 m. This method proved very
effective in reducing the number of gaps, as it was infrequent that
adjacent temperature sensor data were missing. By interpolating among
the layers, most of the long-term gaps were filled. Lastly, we interpolated
the missing data for each sensor, filling the remaining gaps and ensuring
a complete dataset. Depending on the scope of the analysis, this final
step could also be omitted; however, some types of analyses require a
complete time series.

As an example, the temperature profile for the sensor at 1.5 m from
the storage bottom (SO.DA.TT.401.2) is shown in Fig. 12. The red curve
shows the measured temperature, the blue curve is the interpolated
temperature based on the sensors above and below, and the black curves
are the temperatures of the adjacent layers.

5. Example plots

In this section, example plots are presented to demonstrate the
dataset’s potential uses. The demonstrated plots aim to provide inspi-
ration to users and only showcase just a small fraction of the available
data and possible plots.

Fig. 13 presents the temperature profile in the storage on the first day
of each month for 2018. Such figures can be used to inspect the storage
temperature profile and the presence of a thermocline layer during
different times of the year.

The top subplot of Fig. 14 presents the temperature of the storage
layers from 2014 to 2020. The upper layers are illustrated using green
color, while the bottom layers are shown in blue. In addition, three thin,
black curves are drawn, indicating the temperature of the top, middle,
and bottom layers. Such a figure can be used to showcase the seasonally
changing temperature profile and identify the years with the highest
temperatures in the storage. For example, it is evident that in 2018, the
storage had a higher average temperature than in other years, as the
temperature of the middle layer was almost equal to the top layer during
the charge period. The main reason for this was the increased solar ra-
diation in 2018 compared to an average year.

The middle subplot of Fig. 14 presents the monthly charged and
discharged energy as well as the monthly energy content of the storage.
When combined with the top subplot, it gives a complete image of the
storage operation, e.g., it can be verified that there was more energy
charged into the storage in 2018. The middle subplot also demonstrates
that the storage was used for both long- and short-term heat storage as a
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Fig. 13. Temperature profile inside the Dronninglund storage on the 1st day of each month in 2018.
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Fig. 14. Dronninglund ambient temperature, storage temperatures, charged and discharged heat, and energy content of the PTES from 2014 to 2020.

significant amount of heat was also discharged in the summer months.

Last, the bottom subplot illustrates the mean daily temperature
around the PTEs in Dronninglund, which can be used to identify the
yearly high and low ambient temperatures.

5.1. Moving forward

This article provides a detailed description of the available infor-
mation on the Dronninglund water pit heat storage. A reference dataset
from the storage operation for the period 2014 — 2020 has been intro-
duced. The goal is for this article to be used as a reference point for
future research in the field of seasonal storage of solar thermal heat and
specifically for studies regarding the Dronninglund pit storage.
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Abstract

Water pit heat storages can be used to cover the mismatch between solar thermal generation and heat demand
and achieve high solar thermal fractions in district heating systems. The most expensive part of such storages
is the floating insulating lid, which is crucial to ensuring high efficiency by minimizing heat losses. So far, two
different insulation materials have been used in the lids, namely Nomalén and LECA, both of which are
sensitive to moisture. Therefore, it is important that leakages, which existing storages have been prone to
develop, are fixed quickly. Manual inspection is costly and inefficient due to the lids' large surface area
(>10.000 m2). This study investigates whether thermal drone imaging can identify leakages in pit storage lids
by inspecting all existing pit storages in Denmark. The investigations identified leakages in two different pit
storages and proved that drone thermal imaging is a very effective tool for leakage detection.

Keywords: drones, thermal imaging, pit thermal energy storage, heat storage, leak detection

1. Introduction

In Denmark, district heating supplies heat to more than 60% of residential consumers (Danish Energy Agency,
2017). The district heating networks utilize heat from various sources, including gas, waste incineration, coal,
oil, combined heat power (CHP) plants, and surplus heat from industry. Renewables are also used, including
solar thermal, geothermal energy, biomass, and heat pumps powered by renewable electricity (Lund et al.,
2014). Although there is an effort to increase the share of renewables, there are many situations where the heat
demand and supply do not coincide. This mismatch can happen either due to short-term weather-induced
fluctuations or seasonal variations. For example, most solar irradiation in North and Central Europe is received
between May and September, whereas two-thirds of the heat demand occurs between October and April.

As a solution to this problem, seasonal heat storages can store heat produced by solar thermal collector fields
during summer and deliver it in winter (Mangold and Deschaintre, 2015). The mismatch between consumption
and production typically limits district heating systems from achieving solar thermal fractions greater than
20%. However, using seasonal energy storages, solar thermal fractions can be increased up to 50%
(Sveinbjornsson et al., 2017).

One of the cheapest and most promising types of large-scale heat storage technologies is pit thermal energy
storages (PTES), which have been demonstrated in combination with large solar collector fields in Denmark
(Soerensen and From, 2011). In principle, a PTES is a large water reservoir that is used to store thermal energy.
The storage duration depends on the application, ranging from days to months. First, a pit is excavated in the
ground and is lined with a watertight polymer (Jensen, 2014). The excavated soil from the pit is used to form
embankments around the pit, such that soil does not have to be transported off the site to minimize construction
costs. Then, the storage is filled with treated water, which has the advantages of being inexpensive, non-toxic,
allows stratification, and has a high thermal capacity (Schmidt et al., 2018). After the pit has been filled with
water, it is covered with an insulated floating lid. One of the main advantages of the PTES technology is the
low cost compared to other storage technologies and that high charge and discharge rates can be achieved.

The floating lid is the most expensive part of the storage; hence, many investigations have been performed for
various designs and materials (Jensen, 2014). Nonetheless, liner ruptures or penetration has occurred in

© 2021. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientific Committee
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numerous situations, causing water to leak into the lid, significantly reducing insulation performance. This
leads to increased heat losses and reduces storage efficiency.

From experience, it has been proven that liner ruptures in the lids are difficult to locate due to their large surface
area (>10.000 m2). In the past, leakages have been located by manual inspection, which is costly and
inefficient. This paper presents experiences from drone thermal imaging of PTES, seeking to provide an
effective and cost-efficient alternative to traditional methods.

2. Methods

In this section, the specifications of the PTES in Denmark are first presented, along with the corresponding
insulation materials. Next, drone thermal imaging is introduced as a method for inspecting the lids of PTES
for leakages due to the large lid areas. A major benefit of drone thermal leakage inspection is speed since the
entire PTES lid area can be mapped in approximately 20 minutes. The specific setup used for the drone
mapping is discussed in Section 2.3.

2.1. Lid insulation materials

Until 2020, only two different insulation materials have been used for PTES, namely Nomalén and LECA.
Nomalén insulation is sold as mats made of cross-linked polyethylene foam (PEX) with a closed-cell structure,
while LECA (Light Expanded Clay Aggregate) are small, expanded clay pebbles. However, there have been
issues related to the usage of both technologies. Nomalén has in some cases collapsed to a fourth of its original
thickness due to exposure to moisture and high temperatures (~90 °C) for long periods. LECA, on the other
side, has a natural tendency to absorb water, and mechanical ventilation is necessary in order to dry out the
material. Both of these issues decrease the insulating properties of the insulation material and increase the heat
loss of the PTES. In Tab. 1, information about the existing PTES in Denmark is presented, along with the used
insulation types.

Tab. 1: Information about PTES in Denmark

Storage Size (m?) Es:in:aa:f:liz)lid Insulation type Reference
Dronninglund 60,000 8,300 Nomalén (PlanEnergi, 2015, 2013)
Marstal 75,000 10,900 Nomalén (PlanEnergi, 2013)
Toftlund 70,000 11,500 LECA (Rambegll, 2016)

Gram 125,000 14,500 LECA (PlanEnergi, 2016)
Vojens 200,000 22,500 LECA (Rambell, 2015)

2.2. Thermal imaging

Thermal cameras, also known as infrared or thermographic cameras, create images based on infrared (IR)
radiation emitted by objects. They detect wavelengths in the infrared spectrum, typically from 750 to 1350 nm,
whereas regular cameras detect visible light in the range of 400 to 700 nm. Therefore, thermal cameras do not
directly detect temperature but instead rely on the principle that every object emits infrared radiation. Thermal
cameras can detect radiation in the IR part of the spectrum that the human eye cannot see (OPGAL, 2018).

However, the conversion of infrared radiation to temperature can be complex. For example, in most cases, the
emissivity of an object must be estimated since it affects the wavelength of the emitted infrared radiation.
Emissivity is a surface radiative property, quantified as the ratio of emitted energy from a surface to that of an
ideal blackbody surface. The emissivity range is from 0 to 1, corresponding to a perfect mirror and an ideal
blackbody, respectively. A surface's emissivity depends primarily on the material and the surface finish, e.g.,
polished, painted, etc. Water affects emissivity, as wet or even moist surfaces have a different emissivity than
dry. The water emissivity is 0.96, which results in damp areas of an object being erroneously detected as having
a higher temperature. Surface water can also affect an object's temperature due to the evaporation of the water,
reducing the temperature of the object. For obtaining an accurate surface temperature, images should be taken
of dry surfaces, and the correct emissivity should be used, which can be adjusted in the settings of most thermal
cameras.
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2.3. Drone thermal imaging

The drone used for the inspection of PTES is a DJI Matrice 200 equipped with a DJI Zenmuse XT2 640x512
resolution thermal camera. The Zenmuse XT2 is a dual camera that captures a regular image concurrently with
the thermal image. The thermal camera has a 13 mm lens that detects radiation in the spectral band 7.5-13.5
pm. Capturing both RGB and thermal images is helpful as it makes it easy to compare the features of the
thermal image with that of a regular photo. For example, in the case of pit storage inspection, a thermal image
abnormality might be caused by debris, which can be detected in the RGB image, and should not be further
investigated.

The thermal investigation of the PTES was carried out during nighttime to avoid reflections from the sun. For
this reason, RGB images of the storage were taken before the thermal inspection while it was still daylight.
Pictures of the drone used can be seen in Fig. 1. The drone images were taken using the app DJI Pilot. Between
250-700 images were taken and stitched together for each inspection to form a large overall image called an
orthomosaic. It was found that the images had to be taken at the height of 60 m for best orthomosaic results
and a high level of detail. In order to ensure sharp images, the flight speed has to be set at a low value,
depending on the battery capacity of the drone. For the orthomosaics presented in this study, a speed of
approximately 2.3 m/s was used.

The stitching of the images was done using either DroneDeploy (commercially available) or OpenDroneMap
(open-source). Unfortunately, neither software can generate a colormap for the orthomosaics for indicating the
temperature at each spot. However, this is not of major concern, as the images are primarily used to detect
differences in the relative temperature between different lid areas.

Fig. 1: DJI Matrice 200 equipped with a Zenmuse XT2 camera flying over the solar collector field in Vojens (left) and close-up
photo (right) (Drones Made Easy, n.d.).

3. Results

This section presents the results of the investigations of the PTES using Nomalén, followed by the storages
that use LECA as insulation. The presented thermal images are accompanied by a color bar indicating the
temperature range on the storage's surface. The large differences between the temperatures of the plots are
mainly due to the different ambient and sky temperature at the time of filming; thus, temperatures between
plots should not be compared.

3.1. PTES using Nomalén

Nomalén is used as insulation material for the lid in the PTESs in Dronninglund and Marstal. Fig. 2 shows a
thermal image and daylight photo of the Dronninglund PTES lid. One of the most noticeable observations in
the thermal image is the many warm (yellow color) oval shapes on the lid. When comparing the locations and
shapes of these to the RGB image on the left, it can be seen that they are water puddles. They are detected as
warmer than the adjacent areas because the emissivity of water is higher than that of the lid surface. The water
puddles can therefore not be compared with the surrounding areas; however, the puddles' temperatures can be
compared with each other. By comparing the detected temperature of the different water puddles, it was
identified that the puddle in the top left corner was warmer than the rest. The puddle temperature in the top left
corner was 30.6 °C, while the average temperature of the rest of the puddles was 20 °C. The plant manager
was informed about this finding, and the warmer pond was manually inspected. The inspection showed that
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the liner under the lid was torn in this area, and warm water from the storage was entering the lid. Afterward,
the leak was fixed, resulting in a positive impact on the storage performance and lifetime of the insulation. By
inspecting the thermal image in Fig. 2, a rectangular grid of thermal bridges can be noticed, corresponding to
the gaps between the insulation mats underneath the top liner. The average temperature of the thermal bridges
was 18 °C.

31°C

Fig. 2: RGB (left) and thermal (right) image of the PTES in Dronninglund.

In Fig. 3, the thermal and RGB images of the Marstal PTES are presented. As of April 2020, a new lid was
installed consisting of twelve square sub-sections. Each sub-section is covered with gravel to ensure a slope
towards the center, where a rainwater drainage system is located. Consequently, it is the only inspected PTES
with no water ponds on its surface, and thus an easier assessment of the thermal image can be made. The bright
yellow dots indicate the pump wells at the center of each sub-section. Additionally, several air vents and the
three maintenance holes can be identified in the thermal image. The average temperature of the pump wells,
vents, and maintenance holes was 20 °C. No issues were identified during the inspection that took place in
October 2020. It can be observed that there was a small problem with the thermal image stitching at the top of
the thermal image, though this did not significantly alter the thermal inspection.

22°C

. 5°C
B S R e s L -

Fig. 3: RGB (left) and thermal (right) image of the PTES in Marstal (October 2020).

A second inspection of the Marstal PTES was done in October 2021, a year after the first one, to verify the
performance of the new lid technology. The results can be seen in Fig. 4. Overall, no significant differences
were spotted between the two inspections, indicating that the performance of the lid has not degraded
significantly during this period. However, a warmer area was detected at the connections of the left-most
modules (marked with a white oval in Fig. 4). This is due to the separation of insulation covering the joint
between the modules, which is thought to be caused by lid expansion. In general, the temperature of the hot
spots where the insulation was separating was between 10 — 12 °C, whereas the temperature of the rest
connections was around 8 °C. The separation of the insulation creates a thermal bridge and increases the heat
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loss of the lid.

15°C

Fig. 4: RGB (left) and thermal (right) image of the PTES in Marstal (October 2021).

3.2. PTES using LECA

LECA is used as insulation material in the lid for the PTESs in Gram, Toftlund, and Vojens. Fig. 5 illustrates
the orthomosaic for the PTES in Gram. This image looks vastly different from the PTESs in Dronninglund and
Marstal. The reason for this is the different insulation materials used within the PTES lids. The brain-like
pattern visible in Fig. 5 is thought to be due to heat convection within the lid. This phenomenon should be
minimized as much as possible, as it enhances the thermal losses from the storage. The image clearly illustrates
the presence of thermal bridges, which are most likely due to convection. The average temperature of the
thermal bridges was 22 °C. It is suggested that smaller clay pebbles should be used in the future, or a convection
membrane should be installed. Lastly, in Fig. 5, it was possible to identify a significantly warmer puddle
(33 °C) on the lid near the top diffuser, indicating a potential leak.

34°C

Fig. 5: RGB (left) and thermal (right) image of the PTES in Gram.

In Fig. 6 and Fig. 7, the RGB and thermal images of the PTESs in Toftlund and Vojens are shown, respectively.
Similar to Gram, these PTESs use LECA as lid insulation, and thus brain-like patterns due to convection can
be observed in the thermal image. However, contrary to Gram, in both PTES, there seem to be areas of the lid
where this phenomenon is more intense, indicating that either a thinner layer of LECA exists in these areas or
that LECA is wet, resulting in higher heat losses.
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Fig. 7: RGB (left) and thermal (right) image of the PTES in Vojens.

4. Conclusions

This article presents results from thermal inspection of pit thermal energy storages using drone thermal
imaging. Two different technologies for lid insulation were investigated, namely Nomalén used in
Dronninglund and Marstal, and LECA used in Gram, Toftlund, and Vojens. The results showed that although
water ponds on the lid make thermal inspection more difficult, their relative temperature to each other can be
used as an indication for leakages. In addition, the thermal images for Nomalén indicate more uniform heat
losses than LECA, where brain-like patterns are created due to convection. Lastly, in some pit storages with
LECA, areas with very intense brain-like patterns were identified, indicating possibly a thinner layer of LECA
or moisture in the insulation. Overall, the performed investigations proved that drone thermal imaging is an
effective tool for leakage detection in pit storages.
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Abstract

Pit thermal energy storage (PTES) systems have been developed as a low-cost, water-based storage technology for
district heating networks. While annual efficiencies greater than 90% have been realized, many existing storages
have suffered from high heat losses and poor stratification. Thus, research is still necessary for identifying and
optimizing the parameters that affect the operation and performance of PTES. This study investigated the effect of
design characteristics and ambient temperature on PTES heat loss and efficiency. More specifically, the influence of
aspect ratio and slope of the storage sides were investigated for three locations (Denmark, Finland, and Greece) using
the software ANSYS Fluent. It was found that the slope of the PTES sides had a larger impact on the storage
efficiency than the aspect ratio. The investigated PTES with steeper side-wall slopes had a 12% higher efficiency
than one with a gradual slope, while the PTES with a rectangular shape had a 3% lower efficiency than a square one.
Regarding different locations, a PTES in Greece would have 5% higher efficiency than one in Finland due to higher
ambient temperatures that reduce heat losses.

Keywords: Heat storage, design optimization, heat loss, heat transfer, PTES

1. Introduction

Many different heat sources can be utilized in the district heating (DH) networks, such as waste incineration, biomass,
wind, solar, geothermal energy, natural gas, oil, coal, and surplus heat from industry (Danish District Heating
Association, 2021). In Denmark, where DH covers 64% of the country's residential heat demand, there is an effort
to increase the share of renewables in the DH sector in order to be carbon neutral by 2050 (Ministry of Foreign
Affairs of Denmark, 2020). To achieve this, energy storage has to be utilized due to the intermittent nature of
renewable energy sources like solar and wind. For example, typical DH networks can achieve a solar fraction of
20%, whereas DH networks with seasonal energy storage systems can achieve solar fractions higher than 40%
(Sveinbjornsson et al., 2017).

One of the most promising storage technologies in the district heating sector is pit thermal energy storage (PTES),
which is a low-cost technology that utilizes water as the storage medium. Several PTES systems have been
demonstrated in Denmark and connected to large-scale solar collector fields (Soerensen and From, 2011). The current
state-of-the-art PTES has an efficiency greater than 90% (Winterscheid and Schmidt, 2017), demonstrating that
PTES can be a cost-effective heat storage technology with a large potential.

At the time of writing, there are five storages in operation in Denmark, namely in Dronninglund (60,000 m?) (Schmidt
and Serensen, 2018), Marstal (75,000 m®) (Jensen, 2014) , Vojens (200,000 m*) (Rambell, 2015), Toftlund
(70,000 m*) (Rambell, 2016), and Gram (122,000 m?) (PlanEnergi, 2015). Additionally, there is one PTES under
construction in Hgje Taastrup (70,000 m®) (Aalborg CSP, 2020) and one in the planning stage in Odense
(1,000,000 m?). Outside of Denmark there is only one operational PTES, which is in Lagkazi, Tibet (15,000 m?)
(Aalborg CSP, 2019).

All the existing PTES systems were constructed after 2012, and the technology has mainly been developed by making
minor changes to existing designs based on previous practical experience. For this reason, research is necessary on
topics of major importance to their operation and performance, e.g., their design.

This paper investigated the effect of two key design characteristics of PTES; the slope of the storage sides and the



aspect ratio (AR). Steeper side walls reduce the surface area of a storage, thus reducing heat losses. Similarly, an
aspect ratio equal to one is desired from a heat loss perspective as it reduces the surface area of the storage. The effect
of these parameters on heat loss and energy efficiency was investigated using a numerical simulation model in the
software ANSY'S Fluent. Last, the effect of ambient temperature on heat loss and efficiency was investigated using
the same method.

2. Methods

The heat loss from a PTES can be divided into heat loss from the water through the insulated lid and the uninsulated
side walls. The heat loss through the lid can be estimated as one-dimensional with high accuracy if the insulation
properties are known. However, the heat loss to the soil is complex as it has to be modeled in 3D, and the soil's
thermal capacity must be considered.

In order to investigate the effect of the design characteristics on the PTES performance, a model of the soil domain
around the PTES was developed in ANSYS Fluent. Fluent is a computational fluid dynamics (CFD) software that
uses the Green-Gauss Finite Volume Method (FVM) to discretize the conservation form of the partial differential
equations.

The heat loss from the water to the soil was simulated by applying the water temperature (varying with height) to the
soil boundary. This simplification is valid under the assumption that the convection coefficient between the water-
soil interface is negligible relative to the conduction in the soil. By not including the PTES water in the model, only
heat conduction in the soil had to be simulated instead of a fluid dynamics study; thus, the computation time was
dramatically reduced.

2.1 Simulated PTES designs

The annual heat loss to the ground was calculated for five different storage configurations. The geometry of the
reference case was modeled after the PTES in Marstal, and the water-soil interface was simulated using 16 vertical
layers, each having a height of 1 m and a constant temperature for each time step.

Reference Case Gradual slope

High aspect ratio (AR) Low aspect ratio (AR)

Fig. 1: Investigated PTES configurations.

The slope of the storage sides and the storage aspect ratio (AR) were investigated. The aspect ratio is the ratio of the
long edge of the storage relative to the short edge, i.e., a square storage has an aspect ratio of 1, and a rectangular
storage has an aspect ratio greater than 1. The five storage configurations are illustrated in Fig. 1, and their key
characteristics are listed in Tab. 1. All the investigated storage configurations had the same storage volume, height,
number of vertical layers, and volume per layer across PTES. Consequently, the area of the lid, side walls, and bottom
walls varied greatly for the different designs. Also, it should be noted that the layers in each storage had different



heights for them to have the same water volume.

Tab. 1: Dimensions of the investigated scenarios.

P Reference Different slope tilt Different aspect ratio )
arameter case Steep Gradual High AR Low AR Units
slope slope

Side slope 25.8 43.6 18.3 25.8 25.8 °

Lid aspect ratio 1.28 1.28 1.28 2.3 1 -

Bottom side length (a) 47.6 63.4 30.3 92 34.1 m
Bottom side width (b) 22.6 42 2 32 34.1 m
Top side length (A) 113.1 97 127.9 157.2 99.3 m
Top side width (B) 88.1 75.6 99.6 68.4 99.3 m
Sides and bottom area 11,022 9,110 13,396 11,971 10,886 m?
Lid area 9,972 7,331 12,732 10,745 9,868 m?
Storage height 16 m
Storage volume 76,929 m?

From Tab. 1, it can be observed that the different slope tilts have a larger effect on the surface area of the storage.
For example, the Steep slope case has 22% less surface area overall than the reference case, whereas the Gradual
slope case has a 24% larger surface area compared to the reference case. On the other hand, the High AR case has
an overall 8% larger area than the reference case, and the Low AR case has only a 1% smaller surface area than the
reference case. These differences in the surface area are expected to impact the heat losses and efficiency of the PTES
significantly.

2.2 Thermal properties of the ground and lid

It must be noted that the selected ground thermal properties are not necessarily exact for the PTES in Marstal. Instead,
the selected values are indicative of the general soil conditions in eastern and central Denmark, which have moraine
landforms with loamy soils rich in silt, clay, and sand (Adhikari et al., 2014). Typical values for moraine soil were
taken from (Ditlefsen et al., 2012):

e Density: 2200 kg m?
e Specific heat: 1700 J kg™ K!
e  Thermal conductivity: 2 W m™! K*!

These values were used for the entire soil domain, which was initialized having a uniform temperature of 8 °C. The
bottom of the soil domain (50 m below the bottom of the PTES) was simulated to have a fixed boundary temperature
of 8 °C. The side walls of the soil domain were modeled using adiabatic boundary conditions. The top of the soil
domain (which was in contact with the ambient air) was simulated to have a forced convection coefficient of 30 W
m2K!, indicative of an average airflow velocity of 5 m/s according to Laloui and Rotta Loria (2020).

Regarding the lid, the thermal properties used in the calculations were chosen based on values of the original
Nomalén (NMC Termonova, 2011) lid, which was initially installed in Marstal and Dronninglund. For calculating
the heat loss through the lid, the following equation was used:

Eiia 1oss = Aia * Kiia * Nuia - (Ttop layer — Tamb) (eq. 1)

where Aj;, is the surface area of the lid, k;;4 is the effective thermal conductivity of the lid structure (0.06 W m™! K-
Y, hyiq is the thickness of the lid (0.24 m), Tyop 1qyer is the temperature of the storage's top layer, and Ty, is the
ambient air temperature.

2.3 PTES and ambient temperature

The water temperatures from the Marstal PTES were used to simulate a seasonal heat storage operation from January
2013 to December 2015. The reference case (located in Denmark) was used for comparison, and with the same water-
temperature profile, the storage was simulated for two additional locations, namely Finland and Greece. Regarding
the ambient temperatures, Typical Meteorological Year (TMY) temperatures were used for Copenhagen (Denmark),
Helsinki (Finland), and Athens (Greece). The data used in the simulations are presented in Fig. 2.
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Fig. 2: PTES and ambient temperatures used in the simulations.

2.4 Efficiency calculation

The energy balance of a thermal storage system can be expressed as follows:
Eout = Ein — Ejoss — AE (eq.2)

where E,,; is the energy discharged from the storage, E;, is the charged energy, and Ej,4 is the energy lost due to
heat losses. AE is the internal energy change of the storage, i.e., the difference between the internal energy at the
start and end of the period of consideration.

Since all simulated PTES have the same volume and temperature per storage layer, they all have the same internal
energy change. Assuming that they all have the same charged energy (E;,,) and that the heat loss is calculated by the
heat transfer CFD simulation, the discharged energy (E,,;) can be calculated using Equation 2. Then the PTES
energy efficiency can be calculated using Equation 3, as explained in (Sifnaios et al., 2022).

Eout — Eout (eq. 3)
Ein — AE Eout + Eloss

Ng =

3. Results

So far, in all the constructed PTES, only the lid area has been insulated, whereas the sides and bottom have had no
insulation. This decision was made for two main reasons:

1. It was difficult and expensive to find an insulation material that could withstand the weight of the water
without collapsing.
2. It was not considered important due to most heat loss occurring through the lid's surface.

This last statement can be observed in Fig. 3, where the annual heat loss for the investigated PTES is presented. After
three years of operation, for all cases, approximately 55% of the heat loss comes from the lid, while 42% from the
sides and 3% from the bottom. However, it must be noted that the heat loss from the sides and bottom of the PTES
decreases with time as the ground temperature stabilizes and that three years of operation are insufficient for a
seasonal storage to stabilize the ground temperature.

In Fig. 3, it can be observed that the storage sides' slope considerably impacts the annual heat loss toward the ground.
The main reason is that a steeper slope leads to a smaller surface area, thus leading to lower heat losses. The Steep
slope case had 21% lower total heat loss overall and 16% lower heat loss toward the ground compared to the reference
case. On the other hand, in the Gradual slope case, where the slope of the sides was less steep than in the reference
case, the total heat loss was 22% higher, and the heat loss toward the ground was 17% higher. The Gradual slope
case had lower bottom heat losses than the Steep slope case, but overall, the Steep slope had 35% lower heat losses.



Comparing the cases with the same slope (i.e., High AR and Low AR cases), it was found that a square PTES shape
(aspect ratio=1) can decrease the lid heat loss by 9% and the loss toward the ground by also 9%.
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Fig. 3: Annual heat loss for the investigated PTES configurations.

The heat loss values for the last year of the simulation (2015) are reported in Tab. 2. The reason for showing only
the values for 2015 is that, since there was preheating of the ground during the previous two years, the values for
2015 are considered more representative of the long-term operation of the PTES. The PTES energy efficiency was
also calculated for 2015 for the different PTES configurations. It may be observed that the Steep slope had 6% higher
efficiency than the reference case, while there was a 12% difference between the Steep and Gradual slope cases.
Last, the square-shaped PTES of the Low AR case had 3% higher efficiency than the rectangular one of the High
AR case. Although it is evident that the PTES design has a big impact on its performance, it has to be noted that, in
many cases, its aspect ratio is dictated by the shape of the available plot of land. In addition, the side-wall slope is
dictated by ground stability and, thus, the soil properties.

Tab. 2: Heat loss and efficiency for 2015 for the investigated PTES configurations.

Bottom heat loss Side heat loss Lid heat loss )
Case [MWh] [MWh] [MWh] Efficiency [%]
Reference case 63 957 1274 72
Steep slope 150 751 936 78
Gradual slope 4 1167 1626 66
High AR 17 1068 1373 70
Low AR 50 933 1261 73

The annual PTES heat loss for the different simulated countries is presented in Fig. 4. As expected, the storage in
Finland had the highest heat loss as Finland had the lowest ambient temperature of the investigated countries. On the
contrary, the lowest heat loss occurred in Greece, which had the highest ambient temperature. The PTES in Finland
had, on average, 5% higher total heat losses compared to Denmark, while the one in Greece had 8% lower.
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Fig. 4: Annual heat losses for Denmark, Finland, and Greece.

Table 3 presents the heat losses and efficiency for 2015 for the reference case for the three locations. The results
show that the bottom heat loss is primarily affected by the storage temperature since all locations had the same bottom
heat loss each year. The side heat losses were also comparable for the three locations, having a variation of
approximately 9%. In contrast, the variation was much larger for the lid heat losses, namely 22%. Thus, the different
ambient temperatures primarily affect the heat loss from the lid and, to a lesser extent, the heat loss from the sides.
Last, a 5% variation in efficiency was calculated for the same storage water temperatures.

Tab. 3: Heat losses and efficiency for 2015 for Denmark, Finland, and Greece.

Country Bottom heat loss Side heat loss Lid heat loss Efficiency [%]
[MWh] [MWh] [MWh]
Denmark 63 957 1274 72
Finland 63 1007 1373 70
Greece 63 923 1095 75

4. Conclusions

This study investigated the effect of two key design characteristics of pit thermal energy storage systems (the slope
of the storage sides and the aspect ratio) and the effect of ambient temperature on storage heat loss and efficiency. A
numerical simulation model was created in ANSYS Fluent that considered the soil domain around the PTES for
investigating the heat loss from the water to the soil. Temperature data from the Marstal PTES were used to simulate
the water domain from 2013 to 2015, and the design of the Marstal storage was used as the reference case. It was
found that, due to a smaller surface area, a PTES with a steeper side slope had 21% lower total heat loss and 16%
lower heat loss toward the ground compared to the reference one. Additionally, the square PTES design (aspect
ratio=1) was shown to have a 9% lower total heat loss than the rectangular one. Furthermore, the slope of the PTES
sides had a larger impact on the storage's efficiency than the aspect ratio; the variation in efficiency due to different
side slopes was 12%, while the efficiency only varied by 3% due to different aspect ratios. Regarding different
locations, a PTES in Greece was found to have 5% higher efficiency than one in Finland due to the higher ambient
temperature that decreases the lid and side heat losses. Last, the heat losses through the bottom of a PTES were
primarily affected by the storage temperature and not the ambient temperature since all simulated locations had the
same bottom heat loss for each year.
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ARTICLE INFO ABSTRACT

Keywords: Water pit thermal energy storage (PTES) systems have proven a cheap and efficient storage solution for solar

PTES district heating systems. This is partly due to their low cost, deriving from low material usage as the ground is

Heat storage . ) used as the weight-bearing structure. Further savings are obtained by the absence of insulation toward the

Computational Fluid Dynamics . . .

CFD ground, although this makes the ground-storage thermal interaction more pronounced than other storage

Ground water technologies. However, it remains unclear how the different operation strategies affect the ground temperature
and heat losses, especially in cases where groundwater is present. A simulation model was created using ANSYS
and validated using operation data from the PTES in Marstal to investigate this. Using the validated model, it was
found that the presence of groundwater could increase heat losses up to 60%, while the heat losses were un-
affected when the groundwater table was more than 13 m below the storage bottom. The groundwater tem-
perature could be maintained below 20 °C for a seasonal PTES if the groundwater table was at a depth of 25 m.
However, maintaining this temperature for a short-term PTES operation was not feasible. Generally, the soil
temperature was unaffected outside of a 100 m radius around the storage regardless of the operation type or the

soil’s thermal properties.

1. Introduction

Thermal energy storage (TES) systems have been used in connection
with large-scale solar heating plants for district heating (DH), enabling
DH systems to achieve solar fractions of up to 50% [1]. For seasonal
storage, four main types of TES have been utilized, namely, pit thermal
energy storage (PTES), borehole (BTES), aquifer (ATES), and tank
(TTES) [2]. While TTES and PTES typically use water as a storage me-
dium, BTES systems use the soil itself [3], and ATES use natural un-
derground aquifers as the storage medium [4]. Classification of TES can
also be based on installation; ATES, BTES, and PTES are all under-
ground, while TTES are usually placed above ground. Nonetheless, in
some cases, large-volume TTES can be placed partially underground (e.
g., as in [5]).

Except for TTES, which are insulated against the ground, the other
seasonal storage technologies are in direct contact with the soil. For
example, the sides and bottom of PTES systems are uninsulated and only
lined with a watertight polymer liner to prevent water from leaking into
the ground [6]. Consequently, the soil’s thermal properties directly
affect the heat losses and performance of PTES.

* Corresponding author.
E-mail address: iosif@dtu.dk (I. Sifnaios).

https://doi.org/10.1016/j.applthermaleng.2023.121382

Heat transfer in the soil is mainly driven by thermal conduction [7],
although it should be noted that soil is a multi-phase material and can
consist of solid, gas, and liquid particles. While the presence of gas (i.e.,
air) obstructs heat conduction, its replacement with liquid (i.e., water)
increases the thermal conductivity of the soil [8]. Additionally, higher
moisture content can increase the soil’s specific and volumetric heat
capacity [9]. In general, the effective thermal properties of soil depend
on the soil type, mineralogy, particle size, packing geometry, porosity,
degree of saturation, and the state of the water (i.e., liquid or solid)
[10,11].

High soil thermal conductivity (e.g., water-saturated soils) has been
shown to increase heat losses, negatively impact efficiency, and reduce
the achievable temperature of seasonal heat storage systems [12]. Thus,
from a heat loss perspective, it is evident that placing underground TES
systems in locations with low soil thermal conductivity is beneficial.

Similarly, the presence of groundwater, especially flowing ground-
water, has been found to affect the efficiency of TES systems negatively.
For example, the efficiency of ATES can drop as low as 10% for cases
with groundwater flow rates higher than 50 m/year [13]. Depending on
the velocity of the groundwater flow, the efficiency of BTES systems can
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be reduced by up to 30% [14]. Similarly, PTES systems can have
approximately 15% higher heat loss due to groundwater [15]. Last, the
efficiency of TTES systems can be reduced by 8% due to the presence of
groundwater [16]. In general, it is acknowledged that the most favorable
geological conditions for TES systems are when there is no groundwater
[17,18] or with a low flow rate (e.g., groundwater flow rates less than 1
m/year are acceptable for BTES [19]). Nonetheless, there are cases
where TES systems are located within the groundwater table due to the
absence of local sites with favorable soil conditions or poor planning.

The TES-groundwater interaction leads to reduced TES performance
but also to an increase in the groundwater temperature. Since approxi-
mately half of the world’s population relies on groundwater for potable
water supply [20], it is paramount to ensure that the water quality is not
negatively affected by the change in groundwater temperature. Studies
have shown that temperature can considerably alter the groundwater’s
chemical composition, and an increase of 5-10 K is generally acceptable
[21]. As arule of thumb, as temperature increases, there is an increase in
the concentration of some bacteria and chemical elements (e.g., man-
ganese), which can be harmful to humans [22].

For this reason, some European countries have placed limits on the
maximum groundwater temperature, e.g., in Austria (20 °C), Denmark
(25 °C), and the Netherlands (25 °C) [23]. Additionally, a relative
change in the groundwater temperature of +6 K is given in the
geothermal installation guidelines in Austria (legally binding) and
Germany (recommended) [23] and + 3K in Switzerland (legally bind-
ing) [24].

To adhere to these regulations, Dahash et al. [16] investigated the
impact of a groundwater barrier and the addition of insulation between
the groundwater surface for PTES or the increase in the insulation
thickness for TTES. They found that, for maintaining the groundwater
temperature below 20 °C, a vertical water barrier (blocking ground-
water movement around the storage) should be placed 25 m from the
TES, combined with insulation around the TES. However, the study only
investigated seasonal storage operation. In seasonal operation, PTES
systems may act as the source for heat pumps; thus, the temperature
operation range is usually 15-90 °C, while it is 45-90 °C for short-
term operation. Due to the lack of research, it is unclear how the dif-
ferences in long-term and short-term operations affect groundwater
temperature. In addition, the study by Dahash et al. only considered a
ten-year period, while the expected lifetime is 25 for a PTES and 40 years
for a TTES. Thus, different results could be expected when simulating
the full lifetime of the storage systems.

Besides the thermal conductivity of the soil domain and the presence
of groundwater, the soil temperature can also affect the TES operation.
The temperature of the upper soil layer fluctuates during the year mainly
due to heat exchange with the ambient air, whereas an almost constant
temperature is typically achieved at depths below 10 m [25]. However,
heat losses from heat storage will gradually increase the temperature of
the surrounding soil. Dahash et al. found that the ground temperature in
the vicinity of a PTES or TTES can reach up to 50 °C during charging
periods [26]. Moreover, simulations of a seasonal BTES system using the
finite element simulation software COMSOL [27] indicated a 10 K
temperature increase in the soil around the boreholes within one year
and predicted a 16 K increase after five years [28]. In general, the
ground heat losses of a TES can be divided into a periodic variation with
an annual cycle and an initial part with a transient thermal build-up
around the storage [29]. The transient temperature built-up around
the storage is significant during the initial two to ten years of operation
(depending on the storage size), while the periodic yearly variation is
the most important long-term. Hence, it is important to investigate the
heat loss of a TES system for several years as it is not constant, even if
constant operation and ambient conditions can be assumed. However, it
is not evident from the literature how long it takes for TES heat losses to
stabilize due to the warm-up of the surrounding ground and if the length
of this period depends on the operation (i.e., seasonal vs. short-term)
and soil properties.

Applied Thermal Engineering 235 (2023) 121382

Traditionally, PTES had been used only for seasonal heat storage in
conjunction with large-scale solar heating plants. However, in 2023, a
new PTES was put into operation in Hgje Taastrup (Denmark), which is
operated as a short-term storage (two-week cycle) and is directly con-
nected to the DH grid [30]. Thus, PTES can be used for both seasonal and
short-term operations, unlike other storage technologies (e.g., ATES and
BTES).

However, the change in operation strategy significantly alters the
seasonality of the heat losses to the ground, although this has yet to be
studied in detail. For this reason, the aim of this study is to elucidate the
effect of different PTES operations on the surrounding ground and
groundwater. Additionally, the effect of seasonal and short-term oper-
ations on groundwater will be investigated.

The present study focused on PTES, a promising heat storage tech-
nology combining low construction costs with high storage efficiency.
The efficiency of the existing seasonal PTES varies from 60% to greater
than 90% [31]. However, there are no specific guidelines regarding the
optimal ground conditions for a PTES, and it is currently unclear how
large of an impact ground conditions have on PTES performance. For
example, at the Dronninglund PTES, there is a groundwater Table 1-1.5
m below the storage bottom with a flow rate of 15 m/year [32]. For
maintaining a lower construction cost than TTES, PTES systems are not
insulated toward the ground. Thus, they are expected to be influenced
by the ground conditions much more than insulated technologies (e.g.,
TTES). Nevertheless, it remains unknown if and how much the
groundwater affects the PTES performance and if the storage operation
increases the groundwater temperature.

For this reason, the present study aims to investigate the following
research questions:

- How long does it take for the ground temperature around a PTES to
stabilize under short- and long-term operation?

- How large is the temperature zone of influence for a PTES?

- At what depth does the groundwater need to be for it not to affect
PTES performance?

- How far from the PTES should groundwater be to satisfy the
groundwater temperature regulations?

To answer these questions, a simulation model of the soil sur-
rounding a PTES was developed and used to study the heat losses from
the water-ground interface and the temperature development in the soil
domain. The model was validated by comparison against measurement
data from the PTES in Marstal. The validated model was used to simulate
heat losses to the ground assuming different soil conductivities and
groundwater conditions for short-term and seasonal PTES operations.

The PTES in Marstal is described in Section 2.1, followed by the
description of the developed simulation model in Section 2.2. Section
2.3 presents the PTES water temperature profiles, and Section 2.4 the
groundwater settings used in the simulations. The validation of the
simulation model is presented in Sections 3.1 and 3.2, followed by the
investigations for heat loss stabilization in Section 3.3. The PTES
interaction with the surrounding soil is presented in Section 3.4, fol-
lowed by the interaction with groundwater in Section 3.5. Last, the
conclusions are presented in Section 4.

2. Methods
2.1. The PTES in Marstal

The PTES system in Marstal was constructed in 2012 with an
approximate storage capacity of 6,000 MWh. The storage had the shape
of an inverse truncated pyramid, with a volume of 75,000 m°. The
storage depth was 16 m, and the floating lid measured 113 by 88 m. The
PTES was charged with heat from a 15,000 m? flat-plate solar collector
field and used primarily for seasonal storage. Hence, the PTES was
mainly charged during spring and summer and discharged during
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autumn and winter.

The DH supply temperature in Marstal was approx. 73 °C, while the
average return temperature was 40 °C [33]. When the temperature in
the top layers of the PTES was sufficiently high, the storage could supply
heat directly to the grid. However, when the storage temperature was
below the supply temperature, the storage acted as a heat source for a
1.5 MWy, heat pump that supplied heat to the DH network. During
autumn and winter, the heat pump operation lowered the PTES tem-
perature to 15-20 °C. A more detailed description of the design and
operation of the Marstal PTES can be found in [31]. An aerial photo of
the solar collector field and PTES in Marstal can be seen in Fig. 1.

It should be mentioned that the Marstal PTES was used for validating
the developed model due to the extensive ground temperature
measurements.

2.1.1. Measurement locations and uncertainty

The water temperature inside the storage was measured using two
temperature sensor strings mounted in the center of the lid. Each string
had 16 temperature sensors placed at 1 m intervals. The two tempera-
ture strings were located next to each other but offset vertically by 0.5
m; thus, the vertical temperature profile was measured every 0.5 m. The
temperature sensors were Class A PT100, with an accuracy of £0.15 K.

Additionally, to monitor the change in ground temperature, four
temperature sensor strings were installed near the edges of the storage
embankment. The ground temperature sensors were PT100, but since
their class is unknown, their accuracy was estimated to be +0.5 K. The
locations of all the temperature sensors are illustrated in Fig. 2.

2.1.2. Soil domain

The soil properties and groundwater conditions were assessed before
the storage construction. Specifically, soil samples were taken from ten
boreholes at a depth of either 14 or 24 m, with a uniform spatial dis-
tribution. Both intact soil samples were taken, and field vane tests were
performed. The report of the soil investigations stated that the soil
conditions were “messy,” with alternating deposits of sand and clay and
varying groundwater levels [35]. The stratigraphy of the terrain can be
found in.

In many cases, groundwater was found at two different levels in the
same borehole. However, the groundwater levels were different at each
borehole. This indicated that there were probably isolated groundwater
pockets in the area. Consequently, the exact dimensions and depth of the
groundwater are unknown. Additionally, groundwater levels tend to
change throughout the year due to rainfall, snowmelt, and dry periods
[36].

According to the literature, the mean annual soil surface temperature
in Denmark is 8 °C, and while there is a small increase with increasing
depth, the temperature is within 8-12 °C down to a depth of 250 m [37].
No measurements were made of the soil’s thermal properties; thus, the
properties used in the simulations were taken from the literature, as

Fig. 1. Aerial photo of the Marstal PTES in 2013 [34].
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summarized in Table 1. It has to be noted that, due to the high uncer-
tainty regarding the extent of groundwater, uniform thermal properties
were assumed for the entire soil domain.

2.2. Simulation model of the PTES in Marstal

Heat losses from a PTES consist of heat losses through the insulated
lid and through the uninsulated side and bottom walls. Accounting for
the heat losses through the insulation lid is relatively straightforward as
the phenomena can reasonably be assumed as one-dimensional. The
heat losses through the lid are generally uniform, with some thermal
bridges at the connection points of the insulation blocks. The main pa-
rameters affecting the lid heat losses are the ambient temperature, the
top water layer temperature, and the effective heat loss coefficient of the
lid. On the other hand, accounting for the heat losses to the ground is
much more complex due to the non-negligible heat capacity of the soil.
Consequently, the transient nature of the heat losses to the ground has to
be considered and requires modeling in 3D. Several other parameters
also affect the ground heat losses, e.g., the temperature gradient within
the PTES, the soil’s thermal properties, and the presence of
groundwater.

For this reason, a 3D model of the soil domain around the PTES was
developed using the finite volume method (FVM) software ANSYS
Fluent. Fluent uses a numerical approach to solve the governing equa-
tions of fluid flow, offering a range of capabilities for simulating laminar
and turbulent flows, heat transfer, etc. [39]. The simulation is conducted
on a user-defined domain that is discretized using a computational
mesh. Since this investigation focused on the heat losses toward the
ground, the water and lid of the PTES were not explicitly modeled. By
not modeling the movement of the water inside the PTES, only heat
conduction in the soil had to be simulated instead of a fluid dynamics
study, drastically reducing the computation time.

The heat losses from the water to the soil were simulated by applying
the water temperature (varying with height) as a boundary condition on
the soil’s surface. This simplification was based on the following
assumptions:

- The water temperature in the PTES can reasonably be described by
16 uniform-temperature layers, each 1 m tall.

- The convection coefficient between the water-soil interface is
negligible relative to the thermal conduction in the soil.

- The water temperature profile is predominantly affected by
charging/discharging and not by heat losses to the ground.

In the simulations, the soil domain was initialized with a uniform
temperature of 8 °C. Heat exchange between the soil surface and the
ambient air was simulated by applying a convection coefficient of 30 W/
(m? K) to the exposed ground surface (corresponding to an average
airflow velocity of 5 m/s) [40]. It has to be noted that the simulation of
the soil domain did not account for solar radiation. In the first simulated
year, corresponding to the construction period, the PTES soil was only
exposed to the ambient temperature (pre-heating period) in order to
achieve a realistic ground temperature profile to develop.

The extent of the surrounding soil domain had to be large enough to
avoid the boundary conditions influencing the PTES operation. For this
reason, the soil domain was extended 150 m away from the PTES edges,
and the model had a depth of 200 m (see Fig. 3). Adiabatic boundary
conditions were used for the side and bottom of the soil domain. In re-
ality, there is some small heat gain from the Earth’s core, but it was
assumed negligible.

The created mesh consisted of hexahedral elements. The cells closer
to the water-soil boundary have a higher density and a smaller size. This
was done to ensure a high mesh density close to the heat source where
large temperature gradients are expected. A mesh and timestep inde-
pendence investigation was performed to confirm that the mesh was of
sufficient quality and that an appropriate timestep had been selected
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Fig. 2. Measurement sensor locations in the Marstal PTES. The water temperature strings are attached at location A, and the soil temperature is measured at lo-
cations B, D, F, and G. Each small red dot corresponds to a temperature sensor. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Table 1
Thermal properties of sand and clay for different water contents (up to 25% for
sand and 50% for clay) [38].

Soil type Thermal conductivity Specific heat Bulk density
[W/(m K)] capacity [J/(kg )]~ [kg/m’]

Sand (dry- 0.3-1.9 590 - 1158 1800 - 2200
moist)

Sand 2.0-3.0 956 — 1474 1900 - 2300
(saturated)

Clay (dry- 0.4-1.0 789 — 842 1800 - 2000
moist)

Clay 1.1-31 952 - 1333 2000 - 2200
(saturated)

Water-soil interface:
Prescribed temperature
425 m 450m Top surface:

Convection wall

200 m

Sides and bottom:
Adiabatic wall

Fig. 3. The simulated soil domain and boundary conditions.

(see Section 3.1). Different mesh densities and timestep durations were
selected and compared based on the calculated heat losses to the ground.

The model was validated by comparison against measured ground
temperature data from the Marstal PTES from 2013 to 2016 (see Section
3.2).

2.3. Water temperature profiles

Theoretical temperature profiles were made corresponding to sea-
sonal and short-term PTES operations. The seasonal PTES operation
performed one charge-discharge cycle per year, with a temperature
range of 90 — 15 °C (based on the actual operation of the PTES in Marstal
[31]). The short-term operation was modeled as performing one

charge-discharge cycle every two weeks (26 cycles per year), and the
temperature range of the short-term operation was between 90 and
45 °C. The operation of the short-term PTES resembled the PTES in Hgje
Taastrup, Denmark [30,41]. It should be noted that for both storage
operations, the top water layer was assumed to be constantly at 90 °C.
The ambient temperature profile was taken from Denmark’s Design
Reference Year (DRY) [42]. Fig. 4 illustrates the mean storage temper-
ature for the seasonal and short-term operations and the daily mean
ambient temperature used in the simulations. The simulation duration
was 25 years, so these profiles were repeated 25 consecutive times.

2.4. Groundwater simulation

For the initial investigations, the soil domain thermal properties
were considered uniform and without the presence of groundwater.
However, to investigate the interaction between the PTES and the
groundwater, a groundwater layer was added to the domain for the
simulations presented in Section 3.5. Realistic groundwater character-
istics were taken from the PTES in Dronninglund [32] (presented in
Table 2), as there was no pronounced groundwater layer at Marstal. This
assumption was considered acceptable since similar geological

— Secasonal storage  — Short-term storage
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Fig. 4. Mean storage and ambient temperature for the simulated storage op-
erations. The same conditions were repeated for each year of the simulation.
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Table 2

Groundwater properties [44].
Parameter Value Unit
Hydraulic conductivity 3.6-107° m/s

Effective porosity 0.25 -
Hydraulic gradient 1/300 -
Groundwater velocity 48-1077 m/s

conditions exist in Marstal and Dronninglund (i.e., the soil consists
primarily of clay and sand). The groundwater was simulated as a 10 m
layer, which is a representative value for confined aquifers [43] (and
was also used in [16]) and was assumed to have the same temperature as
the initial soil domain (i.e., 8 °C). However, it should be noted that
groundwater characteristics can be very different depending on the
investigated location.

The groundwater layer was simulated in ANSYS as a porous medium,
and the flow was described using Darcy’s law, as shown in Egs. (1) and
(2). Darcy’s equations assume that the flow is laminar, viscous, and ig-
nores convective acceleration and diffusion.

K
g= ——-Ap (1)
U

u=2=1 (2

where q is the flux discharge per unit area, Ap is the pressure gradient
vector, k is the permeability, y is the dynamic fluid viscosity, u is the
fluid velocity, and ¢ is the porosity [45].

3. Results
3.1. Mesh and timestep independence of the CFD model

First, the mesh independence study was performed, where the heat
losses for one year of operation were calculated for models with different
numbers of cells. The calculated heat losses and the corresponding
simulation time for each model are presented in Fig. 5. It can be
observed that as the number of cells increased, the calculated heat loss
for the scenarios with cells above 900 k reached an almost constant
value, thus independent of the density of the mesh. The calculated heat
loss for the scenario with 900 k cells differed only by 1% compared to
the 3600 k case, while the simulation time was reduced by 73%. For this
reason, it was decided that a mesh having 900 k cells was a good
compromise between accuracy and simulation time. The mesh

Mesh independence
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independence study was done using an 8 h timestep.

Next, the timestep independence was investigated using the mesh
with 900 k cells. Similarly to the mesh independence, the calculated heat
loss and simulation time for a simulation of one year of operation is
presented in Fig. 5. The calculated heat loss for the case with the 8 h
timestep differed by 0.7% compared to the 2 h case, while the simulation
time was reduced by 68%. For this reason, a timestep of 8 h was chosen.

3.2. Model validation

The simulation model was validated against measured ground tem-
perature data from the Marstal PTES for 2013 — 2015. As described in
Section 2.2, the year 2012 was used as a pre-heating period.

In Fig. 6, measured ground temperatures can be observed at various
depths. Depending on the level, each depth has two or four temperature
sensors (see Fig. 2 and Section 2.1.1). The variation in the measured
temperatures at the same depth demonstrates the mixed soil conditions
around the PTES. In some cases, the temperature measured from two
different sensors at the same height differed by up to 10 K, indicating the
possible presence of groundwater pockets.

Comparing the simulated and measured temperatures in Fig. 6, it
may be observed that the simulated ground temperatures follow the
same trend as the measured ones at all depths, with an RMSE ranging
from 0.22 to 1.54 K. Due to the highly uncertain ground conditions
around the Marstal PTES (and also considering the sensor uncertainty),
the difference between the simulated and measured temperatures was
considered satisfactory. The following ground thermal properties were
used in the simulation: thermal conductivity of 1.6 W/(m K), specific
heat capacity of 800 J/(kg K), and bulk density of 2000 kg/m>. These
values are in line with the literature (see Table 1).

3.3. Heat loss and ground temperature stabilization

Fig. 7 presents the yearly heat losses toward the ground for a sea-
sonal and short-term PTES operation for a period of 25 years. It can be
observed that the heat losses decrease during the entire operation period
of the PTES, with the first years having the most dramatic decrease. The
reason for the reduction of heat loss with time is that when the PTES
starts operating, the soil temperature around it is much lower than the
charged water temperature. Thus, high heat transfer occurs from the
PTES water to the soil. As the PTES continues to operate, heat accu-
mulates in the soil, and the soil temperature increases; thus, the heat loss
toward the soil decreases. More specifically, for the seasonal operation,
the heat losses for the second year were 37% lower than the first.

Timestep independence
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Fig. 5. Mesh (left) and timestep (right) independence results. The yearly heat loss is shown on the left y-axis (blue circles), and the time for one year of simulation is
shown on the right y-axis (red triangles). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Vi



Vi

I Sifnaios et al.

Applied Thermal Engineering 235 (2023) 121382

— Measured == Simulated
Depth: 0.5 m Depth: I m Depth: 1.5 m Depth: 2 m Depth: 3 m Depth: 4 m
40 4 1 Y 4 1 ¢ 1 1
)/ N
/
30 1 1 1 A\ 1
I\
204, 1 . & & 1
= A I\ ~ .
o ¥ A K W\ ,Il WY K '/"-
-~ [ & o 4 /
g 0 N . 1 : 1 %
= RMSL: 1.06 K RMSL: 1.54 K RMSL: 1.47 K RMSL: 1.41 K RMSL: 1.29 K RMSE: 1.27 K
g T T T T T T T T T T T T T T T T T T
2 Depth: 6 m Depth: 8 m Depth: 10 m Depth: 14 m Depth: 16 m Depth: 18 m
T 40 1 1 1 1 1
=
£
Q
30 A . g g -
N
20 N N A /—’ o N
7
7 w
P
10 47 9= G A [ S [E—
RMSE: 1.13 K RMSE: 1.0 K RMSE: 0.75 K RMSE: 0.8 K RMSE: 0.36 K RMSE: 0.22 K
T T T T T T T T T T T T T T T T T T
v ] > 2 o v ) > & o "z O > & o S %] > 5 o @7 <] D Gl o v &y > g o
O S M M U I i A S R M I M S

Fig. 6. Measured and simulated ground temperatures for the Marstal PTES from 2012 to 2015. Note that depending on the depth, there are two or four measured

temperature curves.
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Fig. 7. Yearly heat losses toward the ground for seasonal and short-term
PTES operation.

However, the third year was only 12% lower than the second. The heat
losses in the last year of operation were 58% lower than the first.
Although there was a decrease during the entire operation period (25
years), after the 12th year, the change in the heat losses from one year to
the next was less than 2%, so the heat losses could be considered stable
after this point.

A similar trend can be observed for the short-term PTES operation.
For example, the second year of operation had 45% lower heat losses
than the first, while the last year had 64% lower heat losses than the
first. Overall, the heat losses stabilized quicker than the seasonal oper-
ation, i.e., in the 8th year of operation. It should also be noted that the
short-term PTES had approximately 15% higher heat losses than the
seasonal one due to the higher average water temperature. However, the
relative heat losses of the short-term storage are lower than the seasonal,
and thus the short-term efficiency is higher, although the annual heat
losses are higher. This is due to the greater number of storage cycles of
the short-term PTES, i.e., 10 — 20 times as much energy is stored
annually.

The ground temperatures around the PTES for the 25 years of

operation are presented in Fig. 8. It can be observed that, for both PTES
operations, there is a yearly variation in the soil temperature close to the
surface induced by the ambient temperature variation during the year.
However, this variation is much more intense in the case of seasonal
PTES operation. The reason is that a seasonal storage is discharged to
much lower temperatures than a short-term (due to the heat pump
operation). Thus, the soil temperature around the seasonal PTES is much
lower in the winter (when it is empty) than the short-term PTES.

Fig. 8 also demonstrates that the soil temperature close to the PTES is
not stabilized even after 25 years of operation (especially in lower
depths). The increase in the soil temperature, even after 25 years of
operation for the short-term PTES, is due to the higher minimum
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Fig. 8. Ground temperature development at different depths for seasonal and

short-term PTES operations. The horizontal location corresponds to location B
in Fig. 2.
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temperatures of the short-term PTES compared to the seasonal. It is thus
important to consider the entire lifetime of a PTES when assessing its
effect on the surrounding soil and groundwater temperatures.

3.4. PTES zone of influence

In order to determine the dimensions of the soil domain that was
affected by the operation of a PTES, a zone of influence was established.
This zone was determined by calculating the soil temperature on a
horizontal and a vertical line, starting at the bottom of the PTES and
extending to the end of the soil domain (see Fig. 9).

A low and a high soil conductivity scenario were investigated to
investigate the possible effect of soil conductivity on the size of the zone
of influence. For the high conductivity scenario, a thermal conductivity
of 3 W/(m K), a specific heat capacity of 1400 J/(kg K), and a bulk
density of 2300 kg/m> was used. In contrast, for the low conductivity
scenario, a thermal conductivity of 0.3 W/(m K), a specific heat capacity
of 700 J/(kg K), and a bulk density of 1800 kg/m® was used. These
values were the extremes for each parameter from Table 1. The ground
temperatures are illustrated in Fig. 9 for both scenarios. It should be
noted that Fig. 9 shows the temperature in the soil domain at the start of
July (i.e., both storage types were fully charged) after 25 years of PTES
operation.

As expected, the ground around the short-term PTES reached higher
temperatures than the seasonal PTES. Additionally, the high-
conductivity soil domain reached higher temperatures than the low-
conductivity domain at the same depth. Nonetheless, the soil tempera-
ture was unaffected outside of a 100 m radius from the storage,
regardless of the operation type or the thermal properties of the soil.

3.5. PTES and groundwater

The effect of groundwater on the soil temperature is illustrated in
Fig. 10 after 25 years of PTES operation. In the previous sections of this
paper, it was proven that the short-term operation of a PTES results in
higher soil temperatures; thus, the results presented in Fig. 10 are only
for short-term operation for space-saving purposes.

Fig. 10 presents calculated soil temperature contour plots for three
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— Short-term - high cond.
-- Short-term - low cond.
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Fig. 9. Ground temperature profile after 25 years of operation for a high and
low conductivity (cond.) soil domain. The soil temperature was calculated on a
horizontal line and a vertical line. Both lines started at the bottom center of the
PTES and extended to the end of the soil domain.
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Fig. 10. Soil temperature contours for short-term PTES operation where there
is no groundwater (A), one static groundwater layer (B), and one moving
groundwater layer (C). The semi-transparent horizontal white bar in the bottom
two subplots illustrates the groundwater layer.

groundwater scenarios; scenario (A) has no groundwater, (B) has a static
groundwater layer, and (C) has a moving groundwater layer. The
groundwater layer modeling was done as described in Section 2.4. The
depth of the groundwater layer was 5 m below the ground surface
(average depth for Denmark [46]), resulting in the bottom half of the
PTES being within the groundwater layer.

It may be observed that the contours in (A) and (B) are very similar.
However, in case (B), the soil temperatures are somewhat higher due to
the presence of groundwater and, thus, higher thermal conductivity in
this layer. As expected, the largest difference can be spotted in sub-figure
(C), where, due to the moving groundwater, the temperature contours
are shifted in the direction of the moving groundwater.

Apart from the differences in the soil temperature profiles, ground-
water also impacted the heat losses. Table 3 presents each case’s average
yearly heat loss for the 25 years of operation for seasonal and short-term

Table 3
Yearly average heat losses toward the ground of the seasonal and short-term
PTES operation for different groundwater conditions. Values are in MWh.

Scenario Seasonal Short-term
No groundwater 715 820

Static groundwater 820 927
Moving groundwater 1118 1333
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PTES operations. It may be observed that both PTES operations are
affected similarly, having approximately 14% higher heat losses for
static groundwater (B) and approximately 60% higher heat losses for
moving groundwater (C) compared to the case without groundwater
(A).

It should be noted that the results in Table 3 are for a case where the
groundwater is located 5 m below the ground surface (thus, the lower
half of the PTES is surrounded by groundwater). Consequently, the next
step was to investigate the impact of the depth of the groundwater layer.
Since the highest heat losses occurred for the scenario with moving
groundwater (15 m/year), this case was selected for investigating
different depths. These results are presented in Fig. 11.

Fig. 11 presents the heat losses from a PTES operating in seasonal or
short-term mode with different depths of the groundwater layer. As
expected, the closer the groundwater layer is to the PTES bottom, the
higher the heat loss. Specifically, the heat losses were approximately
40% higher when the groundwater was 5 m below the ground surface
compared to when the groundwater layer was at 25 m.

It may be observed that the PTES heat losses were unaffected by the
presence of groundwater at a depth of 25 m below the ground surface (or
13 m below the bottom of the PTES). This was true for both seasonal and
short-term PTES operations.

Fig. 12 and Fig. 13 show the corresponding temperature profile for
the seasonal and short-term PTES operation, respectively. The ground-
water depth ranged from 5 m below the surface (A) to 30 m below the
surface (F). It may be observed that the temperature contours are
skewed toward the moving direction of the groundwater in both figures.
In Fig. 12, the highest temperature contours (greater than 25 °C) are
located only close to the PTES sides since the heat pump operation cools
the bottom to lower temperatures. However, in Fig. 13, the highest
temperature contour is located around all sides of the PTES. Generally,
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Fig. 11. Average yearly heat losses toward the ground for seasonal and short-
term PTES operations at different groundwater depths for a moving ground-
water layer.
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Fig. 12. Ground temperature contour plots for seasonal PTES operation for
different depths of moving groundwater. The semi-transparent horizontal white
bar illustrates the groundwater layer.

the soil temperature profile changes from the depth of the groundwater
downwards.

According to the regulations mentioned in Section 1, the ground-
water temperature should not exceed 20 — 25 °C (depending on the
country). Thus, it can be observed that the temperature of the ground-
water layer remains lower than 25 °C for depths below 20 m for the
seasonal operation and below 30 m for short-term operation. In fact, the
groundwater temperature was below 20 °C at a groundwater depth of
25 m for the seasonal operation, whereas it was not achievable for short-
term operation.

Nevertheless, under no circumstances was it possible to limit the
change of the groundwater temperature to & 6 K, which is required in
some countries. Thus, it can be concluded that, in countries where this is
required, groundwater should not be present in the selected location.
Alternatively, it may be advisable to increase the allowable heating of
groundwater within a specified radius of heat storage systems and
require documentation that local groundwater wells remain unaffected.
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Fig. 13. Ground temperature contour plots for short-term PTES operation for
different depths of moving groundwater. The semi-transparent horizontal white
bar illustrates the groundwater layer.

4. Conclusions

This study investigated the effect of groundwater on PTES heat losses
as well as the effect of PTES operation on the groundwater temperature.
A simulation model was developed using ANSYS Fluent and was vali-
dated using operation data from the Marstal PTES. The model was
modified to be able to simulate seasonal and short-term PTES operations
and account for groundwater at different depths. The main conclusions
from this study were the following:

e The soil temperature was unaffected at a 100 m radius around the
PTES regardless of its operation or the soil’s thermal properties.

e The heat losses of a short-term PTES stabilized after eight years of
operation, while the heat losses of a seasonal PTES stabilized after 12
years.

e The short-term PTES had, on average, 15% higher heat losses than
the seasonal PTES due to higher storage temperatures.
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o Static groundwater increased the PTES heat losses by 14%, and for
moving groundwater, the heat losses were increased by 60%
compared to a case without groundwater.

e PTES heat losses were unaffected by the presence of groundwater
when the groundwater table was 13 m below the bottom of the PTES.

e The groundwater layer could maintain a temperature lower than
25 °C at a depth of 20 m for seasonal PTES operation while at 30 m
for short-term operation.

e The groundwater temperature was maintained below 20 °C for the
seasonal operation at a groundwater depth of 25 m, whereas this was
not possible for the short-term operation.

These conclusions can be used primarily in the planning stage of a
PTES for choosing a construction location based on geological condi-
tions. Accurate prediction of a storage performance is of major impor-
tance for securing financing and delivering the promised results to the
DH system. Additionally, since environmental permits are required in
most countries, it is important to be able to document that the PTES
operation will not affect the groundwater or any cultivation in the
vicinity.

Future work could include investigating different groundwater flow
rates at different depths. Additionally, with the wider adoption of low-
temperature district heating, it could be relevant to investigate
different temperature operation ranges for seasonal and short-term
operation. It is expected that with low-temperature district heating,
the PTES heat losses would be lower, resulting in lower groundwater
temperature.
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1. Introduction

District heating (DH) is a system that provides thermal energy
to multiple buildings from a central energy plant [1]. Existing
DH systems supply steam or hot water using insulated
underground pipes. DH systems have been proven an efficient
heating technology for countries with a cold climate and a
high space heating demand. For example, 64% of residential
heat consumers in Denmark are supplied by DH to cover their
heating needs [2].

Since thermal energy is produced in central energy plants,
there is no need for traditional boilers in each building that
operate using electricity or fossil fuels. Due to the distributed
nature and large-scale benefits, DH systems have the
flexibility of utilizing various heat sources and can
accommodate a high share of renewables. However, to
increase the share of renewables in DH systems, thermal
energy storage (TES) is required to cover the mismatch
between heat demand and production created due to the
intermittent nature of renewables [3].

TES systems have been shown to be able to reduce primary
energy consumption by 12% by reducing the use of peak
boiler units [4] and increasing the potential for using power-
to-heat technologies and waste heat [5]. Additionally, they can
potentially reduce CO, emissions since they limit the use of
peak heat production units that usually rely on natural gas [6].

TES systems can be operated as seasonal or short-term
storage. Seasonal TES systems are usually combined with a
solar collector field, which charges the storage in the summer
in order to be discharged in winter. For example, in a small
town in Austria, solar collectors and a seasonal TES were
added to the existing DH system (based on biomass and
natural gas), which resulted in an 11% decrease in the use of
natural gas [7]. Additionally, seasonal TES can lower the DH
system's cost of heat by allowing for the utilization of cheaper
heat sources (e.g., waste heat) [8].

Regarding the DH system economy, the results obtained for
TES systems vary a lot depending on the boundaries of the
investigation. For example, it is reported in the literature that
cost savings can range from 5% (for a university campus and
a neighborhood) [4,9] to 23% (at a city level) [10].

Although it is well-known that implementing TES systems in
DH grids can be beneficial, choosing the optimal storage
dimensions can be challenging. The main reason is that there
are many differences between DH grids (e.g., heat sources,
production units, seasonal variations in production and
consumption, and fuel costs), which play a role in determining
the optimal storage size [11]. In a study investigating solar
DH systems in Switzerland, the most important identified
parameter was the storage volume relative to the solar
collector area [12]. Similar conclusions were drawn for a solar
DH system in the UK, where proper sizing of the seasonal
storage had a positive impact on the solar fraction and the
economy of the system [13]. For this reason, researchers have
suggested dynamic optimization methods for choosing the
optimal TES size [14].

Apart from the proper component sizing, the system's control
strategy greatly impacts its performance. In a case study for a
DH grid in Northern Italy, optimizing the operation of the
generation units benefited the technical (e.g., heat losses) and
the economic (e.g., fuel costs) characteristics of the system
[15]. On the contrary, a non-efficient control strategy was
found to increase the fossil fuel share of a DH system by 1.2%
[16]. Last, the importance of including forecasts of the
weather and heat demand in the control strategy has been
highlighted in the literature [17].

So far, four main types of TES have been utilized in
combination with DH systems, namely, tanks (TTES),
boreholes (BTES), aquifers (ATES), and pit thermal energy
storages (PTES) [18]. In recent years, there has been a
particular interest in PTES technology due to its low cost,
high efficiency, and high charge/discharge capacity; thus, this
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study focused on PTES. A PTES is a large water reservoir dug
into the ground, lined with a watertight polymer liner (to
prevent water from leaking to the ground), and covered with a
floating insulating lid (to reduce heat losses) [19]. The
primary advantage of PTES compared to other technologies is
their low specific investment cost (<27 €/m? [20]). In
comparison, TTES, which are used in nearly all Danish DH
systems, have a specific investment cost between 150-
320 €/m?[21].

The existing PTES systems have been demonstrated in
Denmark as seasonal heat storages in combination with large-
scale solar collector fields [22]. In a feasibility study for the
city of Graz in Austria, PTES combined with a solar thermal
field achieved solar fractions of up to 26% [23]. However,
some studies found the combination of solar collectors and
PTES unprofitable and combined a heat pump with a seasonal
PTES to achieve the lowest costs [24]. Moreover, combining
PTES with heat pumps can increase storage efficiency by 16%
[25].

In 2023, the first PTES was constructed for short-term storage
with a volume of 70 000 m? in Heje Taastrup, Denmark [26].
The control strategy is the largest difference between seasonal
and short-term PTES. Seasonal PTES are operated based on
the availability of solar irradiation (i.e., charged in
spring/summer, discharged in autumn/winter). In contrast,
short-term PTES operation is more dynamic and based on
forecasts of the available generation units' heat prices and heat
demand. Consequently, a more advanced control strategy
must be developed to achieve optimal operation of a short-
term PTES.

Short-term PTES are particularly advantageous for DH plants
that interact with the electricity market as consumers or
producers. As efforts are being made to phase out fossil fuels,
more and more DH plants are becoming electricity consumers,
whereas they traditionally were only electricity producers. For
example, the DH operator in the Danish town of Viborg has
planned to phase out traditional natural gas units. Instead,
several heat pumps and electric boilers are planned to be
installed. This makes the DH grid more dependent on the
electricity market; however, adding a short-term PTES can
decouple this and allow for economic savings, i.e., shifting
heat production to periods when the electricity price is low.
This potential financial benefit has yet to be investigated in
the literature, as PTES systems have only recently been used
for seasonal storage. In the present study, we aim to elucidate
the impact of adding PTES as short-term TES in DH grids that
mainly rely on electricity-based generation capacity.

Several different software exist for simulating the interaction
between heat demand, production units, prices, and storage.
Typically, software that simulate a high level of detail (e.g.,
storage temperatures, resolved heat losses, and stratification)
are used for single DH systems, as in [27]. The software used
for these types of simulations are usually TRNSYS [28] or
Modelica [29].

In the present study, a simulation model of a DH system was
developed in TRNSYS. The main reason for choosing
TRNSYS was the large number of PTES components
available. A list of the available TRNSYS components for
simulating PTES systems is presented below [30]:

- The XST component (TRNSYS Type 342) models the
PTES as a cylinder, using a 1-D approach for the water
domain and a 2-D approach for the soil (assuming
rotational symmetry).

- The ICEPIT component (TRNSYS Type 343) was
developed for simulating water/gravel heat storages or ice
reservoirs of cylindrical shape, using a 1-D approach for
the water domain and a 2-D approach for the soil
(assuming rotational symmetry).

- The truncated cone components (TRNSYS Types 1535 +
1301). Type 1535 models the water domain as 1-D, and
the soil domain is modeled by Type 1301 as 2-D,
assuming rotational symmetry. These components are
newer than XST and ICEPIT and enable more accurate
modeling of the water-soil interaction.

The present study investigated the impact of short-term PTES
operation on the economy of a city-scale DH system that
relies on heat pumps and electric boilers to cover the entire
heat demand. A model of the DH system was created in
TRNSYS, and Types 1535+1301 were used for modeling the
PTES. The PTES components were validated against
measurement data from the PTES in Dronninglund.
Furthermore, in order to determine the periods when the PTES
should be charged/discharged, a control strategy based on the
electricity price was developed. Consequently, a control
strategy was implemented using linear programming in
Python to optimize the short-term PTES operation, i.e.,
minimize operation cost.

The present study aimed to answer the following research
questions:

- What is the optimal combination of heat pump and
electric boiler capacity?

- Can PTES be used to lower the cost of heat of the heat
pump-based DH systems?

- How does the size of the main components influence the
LCOH (PTES, heat pump, and boiler capacity)?

- What is the impact of the PTES charge temperature?

The investigated DH grid is presented in Section 2.1, followed
by a description of the developed TRNSYS model in Section
2.2. Information on the PTES used for the validation is
presented in Section 2.3, specifications of the heat pump in
Section 2.4, and the implemented control strategy in Section
2.5. The validation procedure for the PTES component is
described in Section 2.6. This is followed by an introduction
to the key performance indicators used in the study and the
economic assumptions in Sections 2.7 and 2.8, respectively.
Last, Section 3 presents the results of the study, and Section 4
the conclusions.



2. Methods
2.1. The district heating grid

The data used for the district heating grid were actual
operation data from the city of Viborg from 2021. Viborg is a
city in central Jutland, Denmark, with a population of
41 000 people. An overview of the mean daily heat demand,
supply/return  temperatures, ambient temperature, and
electricity price is presented in Figure 1.

It may be observed that Viborg has a typical heat demand
profile, with a low demand in the summer deriving primarily
from domestic hot water use and a high demand in winter due
to space heating requirements. The annual heat demand for
2021 was 342 GWh, with a peak load of 107 MW. The supply
temperature in the summer was approximately constant at
65 °C, while in the winter, it reached up to 80 °C, depending
on the ambient temperature. The return temperature was
approximately 45 °C in the summer and 40 °C in the winter.
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Figure 1: Viborg's (A) heat demand, (B) electricity prices, and (C)
supply/return and ambient temperature for 2021. The thick lines
indicate mean daily values, while the faded lines indicate hourly
values.

The electricity prices in Figure 1B were the hourly spot prices
for western Denmark (where Viborg is located) for 2021. The

increase in electricity prices toward the end of the year was
due to a rise in natural gas prices that directly affected
electricity prices across Europe. Historical data for electricity
prices can be downloaded freely from the Northern European
electricity market Nord Pool [31].

Until 2022, the district heating operator in Viborg relied
mainly on a natural gas combined heat power (CHP) plant and
peak boiler units to cover the entire heat demand. However, in
2023, a plan to phase out the use of natural gas was initiated.
After the summer of 2023, electricity-based technologies will
primarily cover the heat demand. Specifically, they plan to
install two 7 MW air-to-water heat pumps, a 50 MW electric
boiler, a 6 MW groundwater heat pump, and a 7 MW lake
water heat pump. Eventually, natural gas technologies will be
entirely abandoned by 2025.

2.2. TRNSYS simulation model

In order to investigate the Viborg DH grid and the impact of
various heat production units, a model of the DH grid was
created in TRNSYS. TRNSYS is a component-based software
that can simulate and analyze the performance of transient
energy systems [32].

Since the plant operator plans to eliminate the use of natural
gas in the near future, only electricity-based generation units
were considered in this analysis. A system that covered the
entire heat demand using heat pumps and electric boilers was
used as a reference system.

To investigate the impact of a short-term PTES on this
system, a DH system with a heat pump, an electric boiler, and
a PTES was created in TRNSYS (see Figure 2). The
components used in the TRNSYS model are reported in Table
1.

Table 1: Components used in the TRNSY'S model.

Type

Component Description

number
PTES 1535 Inverted truncated conical
(water domain) storage tank
PTES 1301 Ground coupling for a buried
(soil domain) truncated cone storage tank
Heat pump - Custom equations
Electric boiler 659 Hot water boiler
Mixing valve 649 Mixing valve
Flow diverter 647 Diverting valve
Python LP 3157 Calling Python (CFFI)
Load 682 Heating and cooling loads

imposed on a flow stream

The investigated system was simulated using a timestep of
I hour. As seen in Figure 1, there is a large difference
between the mean daily values and the hourly values for heat
demand, electricity price, and ambient temperature. Thus,
using a high temporal resolution ensured that the volatility of
these parameters was sufficiently captured.
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Figure 2: The simulated DH system in TRNSYS.

2.3.PTES

The design of the PTES in Dronninglund was used as a
reference for the simulated PTES in this study. This storage
was chosen mainly because multiple years of data were
publicly available. A schematic of the PTES in Dronninglund,
along with photos from different construction stages, is shown
in Figure 3.

The PTES in Dronninglund was shaped like an inverted
truncated pyramid, with a height of 16 m and an approximate
volume of 60 000 m® [33]. The reader is referred to [19] for an
extensive description and operation data for the PTES in
Dronninglund.

_Embankment &

RN

Lid Inlets/outlets

Figure 3: Schematic and construction photos for the PTES in
Dronninglund [34].

An important parameter in the PTES operation is the
charge/discharge rate. Most existing systems have a
charge/discharge rate between 30 — 40 MW [35]. This value is
usually adequate for seasonal systems since they discharge
slowly over a long period of time. However, short-term PTES
need to be able to respond to quick changes in the heat
demand and store large amounts of heat when the electricity
price is low. Thus, higher values of charge/discharge rate
might be necessary, depending on the DH grid. To put this
into perspective, the short-term PTES in Heje Taastrup
(70 000 m®) has a charge/discharge rate of 30 MW, while the

planned PTES in Fyn (500000 m® will have a
charge/discharge rate of 150 MW, and the PTES in Aalborg
(1 000 000 m?) was planned to have a charge/discharge rate of
300 MW. However, it should be noted that the heat demand of
each network plays a major role in selecting these
charge/discharge rates.

2.4.Heat pump

In recent years, several district heating companies in Denmark
have installed air-to-water heat pumps to cover part of their
heat demand (e.g., Solred [36], Saltum [37], and
Dronninglund [38]). Air-sourced heat pumps are often chosen
over alternatives despite having a lower seasonal coefficient
of performance (COP) (e.g., compared to groundwater, lake
water, and seawater heat pumps). Their lower seasonal COP
occurs due to the inverse correlation of the heat source
temperature with the demand (i.e., there is a low ambient
temperature in the winter when the heat demand is highest).
However, the main benefit of air-to-water heat pumps is that
no permits are required for their installation, and they can be
installed in almost any location (since they do not depend on
the presence of a specific heat source, e.g., groundwater or
nearby lakes). Thus, in the present study, air-to-water heat
pumps were used as the main heat source for the DH grid, as
these are universally applicable. The specifications of the HP
operation were based on data supplied by the Danish Heat
Pump Handbook [39] and by a heat pump manufacturer. The
nominal heat capacity of the heat pump used in the
simulations was 7 MW, and the heat pump performance map
is presented in Figure 4.

It may be observed that the COP and the heat output of the HP
are directly affected by the ambient temperature and the
supply temperature. Performance penalty due to part-load
operation was assumed negligible due to the large heat pump
capacity, which would require several heat pumps.
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Figure 4: Heat pump performance plots. The relative heat capacity is
the heat capacity at specific conditions relative to the nominal
capacity. The nominal heat capacity of the heat pump was 7 MW.

2.5. Control strategy

A control strategy was developed in order to determine the
dispatch of the generation units and the PTES, i.e., the
generation and storage charge/discharge at each time step. A
linear programming (LP) model was developed to identify the
optimal dispatch strategy based on the system constraints and
the load and electricity price 14 days ahead.

The linear programming equations solved are presented
below. Equations (1) — (4) define the upper and lower
boundaries of the problem variables. Equation (5) specifies
the system energy balance, and Equation (6) defines the
storage constraints. Last, Equation (7) specifies the objective
function to be minimized, which is simply the operation cost.

0 < Qup(®) < Qupmax M
0 < Qsoiter(t) < Qpoitermax &
Qpres.dischargemax < Qeres(t) < Qpreschargemar O
0 < Eprgs(t) < Epresmax )
Qioaa(®) = Qup(t) + Qpoiter (£) = Qpris(t) )
Qpres(t) = Eprgs(t) = Mg * Eprps(t — 1) ©)

r
0bj = Z Elprice () fg;((?) + o ®) D

where Qpup(t) is the heat generated by the heat pump,
Qpoiter (t) is the heat generated by the boiler, Qprgs(t) is the

heat charged (positive) or discharged (negative) from the
PTES, Eprgs(t) is the energy content of the PTES, ng is the
energy efficiency of the PTES, El,,.(t) is the electricity
price, COP(t) is the heat pump's coefficient of performance,
Q1paa(t) is the heat load, ¢ is the timestep, and T is the
system's lifetime in years.

At each timestep, the charge level of the PTES and the
maximum HP output (dictated by the ambient temperature)
were passed into a Python program using TRNSYS
Type 3157. The program solved the linear problem described
above and returned the dispatch strategy for the generation
units and the PTES. This routine was carried out at each time
step.

It should be noted that the PTES was only allowed to
discharge if the outlet temperature was greater than or equal to
the supply temperature of the DH grid. Thus, the Eppgs(t) in
Equation (4) should be calculated as the usable energy content
of the storage, i.e., only layers with a temperature greater than
or equal to the supply temperature should be considered as
containing energy.

The control strategy assumed perfect knowledge of the future
heat demand and electricity prices. In practice, this is, of
course, not possible, and the uncertainty drastically increases
with the length of the optimization period. However, the
impact of using actual forecasts and introducing uncertainty is
considered out of the scope of this study.

2.6. Validation of the PTES component

The TRNSYS component 1535/1301 had not been validated
in the past, so it was decided to validate it against operation
data from the PTES in Dronninglund. The validation period
was two years, namely 2018 and 2019.

The PTES in Dronninglund was a truncated pyramid, whereas
the PTES shape for the 1535/1301 TRNSYS components was
a truncated cone; thus, some approximation had to be done in
the simulated PTES dimensions. The simulated model had the
same lid and bottom area, height, and volume. Essentially, the
only parameter that differed between the actual PTES in
Dronninglund and the simulated one was the slope of the side
walls and the area of the side walls.

The thermal properties of the soil were taken as an average
value of the reported values for the PTES in Dronninglund, as
reported in [19]. This was because the TRNSYS soil
component could only accept uniform soil thermal conditions,
and having two different soil layers was not possible. An
overview of the parameters used in the simulation is presented
in Table 2.
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Table 2: Parameters used in the PTES TRNSYS component. Table 3: Investment costs for the generation and storage
technologies.
Parameter Value Unit
Volume 60 000 m’ Type Cost [million €] Source
Height 16
e o Heat pump 0.67744 - Qup nominar + 0.18831 [43]
Lid area 8281 m? o
Bottom area 676 2 Electric boiler 0.17 * Qpoiter,max [44]
Charge/discharge rate 30 MW PTES 1744.6 - (Vprps)*®*° /10° [45]
Lid heat loss coefficient 0.196 W/m? K
Sides and bottom heat loss coefficient 90 W/m? K
. . 3. Results
Soil thermal conductivity 0.7 W/mK
Soil density 1935 kg/m? 3.1.Reference DH system
Soil specific heat 1216 J/kgK . . .
P . . £ The first step of this study was to dimension the reference
Number of nodes in the water domain 50 -

2.7.Key Performance Indicators

Economic key performance indicators (KPIs) were used to
investigate the impact of adding a PTES to a DH grid: the
levelized cost of heat (LCOH) and the payback period (PP).
LCOH corresponds to the average net present cost of
supplying 1 MWh of heat by the heating system. The PP
corresponds to the time needed for the investigated system's
annual savings to cover the investment cost increase
compared to the reference system.

Equation (8) was used to calculate the LCOH, and Equation
(9) to find the PP. Both expressions were recommended by the
International Energy Agency — Solar Heating & Cooling
Programme — Task 60 [40].

_h+ X oM@) A4t ®
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PP
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r Z ;

where I, is the investment cost, OM (t) is the yearly operation
and maintenance cost, and r is the annual discount rate.
Parameters of the reference system are denoted with the
subscript ref.

2.8.Economic assumptions

A 4% annual discount rate was used in the simulations as
recommended by the Danish Energy Agency [41]. The
operation and maintenance (OM) cost is typically assumed to
be 1-2% of the total investment cost [42] plus the fuel cost of
the generation units. In this study, the OM cost was taken as
1% of the investment cost plus the electricity consumption of
the heat pump and the boiler. The investment costs of this
study's generation and storage technologies depended on the
installed capacities. The equations used for calculating them
are presented in Table 3.

system in order to achieve the lowest LCOH. Since the
reference system consisted of a heat pump and an electric
boiler (without heat storage), these two units need to be able
to cover the entire heat demand at any given time.

Figure 6 illustrates the possible combinations of boiler and
heat pump capacities for covering the heat load of the Viborg
DH grid. This figure also demonstrates that electric boilers
have a low capital cost (CAPEX) but a high operation cost
(OPEX), while the opposite holds true for heat pumps. Thus,
the OPEX decreased for increasing heat pump capacities, but
the CAPEX increased.

Consequently, choosing a combination of the two
technologies is economically optimal, as choosing only
boilers or heat pumps led to high LCOH. It should also be
noted that in case the load should be covered using only heat
pumps, an approximately 2.5 times higher heat pump capacity
should be installed compared to boilers. This is because the
peak load periods correspond to low ambient temperatures,
where air-to-water heat pumps have their lowest heat
production and COP.

The combination that achieved the lowest LCOH was 68 MW
heat pump capacity and 53 MW electric boiler capacity. The
corresponding LCOH was 44.4 €/ MWh.
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Figure 5: (A) Electric boiler vs. heat pump capacity and (B) LCOH
vs. heat pump capacity. The operation expenditures (OPEX) and the
capital expenditures (CAPEX) are also indicated in the figure.

It should be noted that the calculated heat pump capacity is
higher than the one planned to be installed in Viborg since the
actual DH operator intends to use a larger variety of heat
sources to cover the demand. However, Viborg's current
electric boiler capacity is 50 MW, indicating that the
calculated values are realistic.

3.2.PTES component validation

The TRNSYS PTES components 1535+1301 were first
validated in order to be added to the reference DH system.
Validation was done using operation data from the PTES in
Dronninglund for 2018 and 2019. The monthly charged and
discharged energy calculated by the TRNSYS components is
compared to the measured ones in Figure 5. Overall, it can be
seen that there are very small differences between the
calculated and measured monthly energy values.

The bias deviation was calculated for the simulated and
measured parameters (i.e., charged/discharged energy, heat
loss, storage efficiency, and discharge temperature). The
storage efficiency was calculated as described by Sifnaios et
al. [33]. The results for each year and the mean bias for the
entire validation period are presented in Table 4.

In general, it can be seen that for the investigated parameters,
there was a bias of less than 5% between the measured and
calculated data. Thus, the accuracy of the results was
considered acceptable for the present study.
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Figure 6: Comparison of monthly charged and discharged energy for
the TRNSYS and the Dronninglund PTES.

Table 4: Mean bias deviation in % of the TRNSY'S simulation results
compared to measurements.

Parameter 2018 2019
Charged energy -4.7 -2.1
Discharged energy -0.4 4.5
Heat loss -3.4 2.1
Efficiency 0.6 0
Discharged temperature -0.5 0.6

3.3.PTES integration in the DH grid

This section presents the TRNSYS simulation results of
integrating a PTES in the reference DH grid. The simulated
system was the one introduced in Figure 2, having a PTES
volume of 60 000 m®, a 77 MW heat pump capacity, and a
90 MW electric boiler capacity. The reason for increasing the
heat pump and boiler capacity compared to the reference
system was to ensure enough generation capacity to cover the
load and charge the PTES. The charge/discharge capacity of
the PTES in this scenario was 45 MW.
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Figure 7: (A) Thermal energy produced by the heat pump, electric
boiler, and PTES for a week in October and the corresponding heat
load. (B) The energy content of the PTES during the same period as
well as (C) the electricity price. The dotted line for the PTES energy
content denotes the maximum PTES capacity.

Figure 7 shows the operation of the DH grid for a week in
October. It should be noted that the periods where the PTES
supplied heat to the grid are denoted as positive PTES thermal
energy. In contrast, the periods where the PTES was charged
were indicated as negative PTES thermal energy.
Additionally, the boiler was only used to charge the PTES
when electricity prices were low or to cover the load when the
heat pump capacity was insufficient.

The corresponding LCOH of this system was 39.9 €/ MWh,
which is already 10% lower than the reference system. This
system's payback period (PP) was 5.1 years. However, it
should be noted that there is potential for the LCOH and the
PP to be even lower since this system is not optimized in
terms of PTES charge/discharge capacity and volume.

3.4.Impact of PTES volume on the DH system

In order to investigate the impact of the PTES volume on the
DH system, three different PTES sizes were investigated:
60 000 m?, 120 000 m?, and 200 000 m>. The results of this
investigation are presented in Table 5.

It may be observed that the LCOH and PP increase for
increasing PTES volumes, indicating that the investigated
volumes were too large for the Viborg DH grid. The increase

derived primarily from the higher investment cost for the
PTES.

Table 5: Percentage of heat production, CAPEX, OPEX, LCOH, and
PP for the investigated PTES volumes.

Storage size [m’]

60000 120000 200000
HP 6.9 6.9 6.9
Fe?n];sv)in | Boiler 2.0 216 214
PTES 24 3.9 5.1
HP 25.7 25.7 25.7
fg;}éh] Boiler 322 34.0 34.0
PTES 0.6 1.0 13
LCOH [€/MWh] - 39.0 406 407
PP [years] - 5.1 6.1 6.6

3.5.Impact of PTES charge temperature

As previously noted, air-to-water heat pumps have their least
efficient COP and heat capacity when operating in low
ambient and high supply temperature conditions. However, it
is common practice to set the charge temperature of the PTES
to approximately 90°C, as a higher charge temperature leads
to an increased heat storage capacity. Consequently, the use of
air-to-water heat pumps for charging the PTES can lead to
suboptimal performance, marked by a reduced COP and
higher electricity consumption, particularly during winter
months. Because of this, the economic implications of varying
PTES charge temperatures were evaluated in relation to the
district heating system. The findings of this investigation are
presented in Table 6.

Table 6: Effect of the PTES charge temperature on LCOH and PP for
a 60 000 m® PTES.

PTES charge temperature [°C]

80 85 90
LCOH [€/MWHh] 38.5 39.8 39.9
PP [years] 4.2 5 5.1

The findings reveal that charging the PTES at 80°C reduced
the LCOH by 4% and the PP by 18% despite having a 20%
smaller storage capacity. Consequently, when heat pumps
serve as the primary heat generation source in a DH network,
it is advisable to consider a lower PTES charge temperature.
In addition to the financial advantages, opting for a lower
PTES charge temperature would benefit the lifetime of the
PTES since one of the biggest challenges is finding polymer
liners that can withstand temperatures close to 90°C for a long
time.

PTES charge temperatures lower than 80°C were not
investigated because this temperature represented the highest
supply temperature for the Viborg DH grid during winter. To
enable the PTES to be charged with lower temperatures, a



corresponding decrease in the supply temperature of the DH
grid would be necessary. Alternatively, varying charging
temperatures could be employed across different seasons.

4. Conclusions

This study investigated the impact of adding a short-term
PTES to the district heating (DH) grid of the Danish city
Viborg. Specifically, TRNSYS was used to model the DH
grid, and the investigated parameters were the levelized cost
of heat (LCOH) and the payback period (PP). Since
electricity-based generation units are expected to dominate
future DH grids, this study utilized a reference scenario based
on air-to-water heat pumps and electric boilers. Thus, a
reference system was determined that could cover the entire
heat load using heat pumps and electric boilers without any
heat storage and was compared to a system that included a
PTES. The main findings of this study were the following:

- Without storage, the lowest achievable LCOH was
44.4 €/ MWh for a system with a 68 MW air-to-water heat
pump capacity and 53 MW electric boiler capacity.

- Adding a PTES to the reference system decreased the
LCOH by 10%. Moreover, the additional investment cost
for the PTES installation was paid off in 5.1 years, which
is rather short compared to the PTES lifetime (i.e., 25
years).

- Lowering the PTES charge temperature from 90 to 80 °C
resulted in a 4% lower LCOH and an 18% shorter
payback period.

Overall, this investigation revealed the economic benefit of
using PTES in DH grids, elucidating their potential as short-
term heat storages, contrary to traditional seasonal storage
systems.
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ARTICLE INFO ABSTRACT

Keywords: In the last decade, pit thermal energy storage (PTES) systems have been used as a large-scale heat storage
Heat storage solution in district heating systems due to their low specific investment cost and high storage efficiency. Despite
Pit thermal energy storage (PTES) the existing knowledge on thermal energy storage (TES) technologies, their economic and environmental
Integration

impacts have not been quantified in the literature, and very few studies have studied PTES as part of the
energy system. For this reason, the energy system model Balmorel was used to quantify the impact of TES on
the energy system, particularly PTES, and compare it to the tank thermal energy storage (TTES) alternative.
The investigation was focused on Denmark and its neighboring countries. It was found that it was only the
energy systems using TES that could achieve carbon neutrality by 2050. The main reason was the added
flexibility due to the energy storage that allowed the system to have a 35% higher PV capacity, 10% higher
wind capacity, and lower levels of curtailment. Additionally, systems with TES had 2.4 €/MWh lower average
heat price (with 24% lower peak price). When comparing PTES with TTES, it was found that PTES systems
were more advantageous, achieving a 1.5 €/MWh lower average price of heat.

District heating
Sector coupling

VIl

1. Introduction . . .
lower temperature thermal storage in a low-cost medium like water,

with heat supply as the sole purpose [5]. Our study applies the latter
definition of the term TES.

The simulation of energy systems with TES is highly affected by
the selection of the system’s boundaries and the trade-off between
computational requirements and accurate system representation. Single
systems are usually simulated with a high level of detail, e.g., mod-
eling of the TES temperature, stratification, and detailed heat losses,
as in [6]. Usually, these simulations use software like TRNSYS [71],
Modelica [8], etc. On the contrary, if the energy system boundary is
at the city or country level, simplified modeling of TES needs to be
done using only techno-economic characteristics (e.g., cost, lifetime,
and efficiency, as in [9]). For these analyses, energy system models like
Balmorel, EnergyPLAN, GENESYS, PyPSA, etc., can be used [10,11].
Multiple iterations are required (and usually high computational time)
to determine the optimal system configuration. Such analyses typically
require further system simplifications; thus, temporal and spatial ag-
gregation is applied in the modeling. In temporal aggregations, models
use a selection of representative hours/periods (e.g., four weeks using
every third hour, as in [12]). In contrast, for spatial aggregation, models
use a selection of consumption/production characteristics (e.g., 30

Storage as a concept can be defined according to physical and
financial optimization. In physical terms, storage can decouple produc-
tion and consumption within a feasible timeframe. In financial terms,
arbitrage through storage allows for buying low and selling high. In the
case of heating, the physical abundance of, e.g., excess heat from an
electrolyzer may not be matched by an equivalently high heat demand
in a given hour. Here, storage can decouple heat sources and sinks,
potentially within hours, days, or even months [1]. Financially, such
decoupling can enable the utilization of the least-cost heat sources. For
instance, low-cost electricity at nighttime can be used to produce heat
with a heat pump, which can then be stored in a thermal energy storage
(TES) system and used during the day when electricity prices are high.

Large-scale TES used for heating are generally characterized as
sensible heat storage, i.e., the storage energy content is raised by
increasing the temperature of the storage material [2]. Still, large-scale
TES systems merit a further definition since the term can be applied to
at least three different technologies: High-temperature storages for elec-
tricity production through liquid salt, thermal oils, or similar, typically
based on concentrated solar power [3]; high-temperature storages for
electricity and heat production in a low-cost medium like rocks [4]; and
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Fig. 1. Comparison of the impact of utilizing PTES on a local energy system. Values denote the percentage increase of systems with PTES compared to systems without PTES
(e.g., 150% solar thermal share means that systems with PTES feature 2.5 times higher solar thermal generation compared to systems without TES). Based on the screening of
307 papers, data was reduced to six relevant studies [5,13-17] containing 16 analyses in total. The white circles denote outliers.

nodes, each representing demand and supply from a single European
country, as in [9]). Consequently, there are many ways of simulating
TES systems based on the modeling approach, boundaries of the energy
system, and assumptions.

The two main TES technologies in the Danish district heating sector
are water tank thermal energy storage (TTES) systems and water pit
thermal energy storage (PTES) systems. While TTES is a well-known
technology, PTES is a relatively new technology, with the first large-
scale system starting operation in 2012. A PTES is constructed by
excavating a pit in the ground, which is lined with a watertight polymer
liner and is then filled with water and covered with an insulated
floating lid. PTES have become popular in recent years due to their low
cost compared to other TES technologies [18]. Since PTES is not yet a
mature technology, the efficiencies of the existing pilot PTES systems
for long-term storage range from 60% to 70%, being affected by the
ground conditions, insulation lid performance, etc. [19]. However,
storage efficiencies greater than 90% have been achieved in the PTES
in Dronninglund, creating a paradigm for future PTES systems [19].

Often, TES is characterized according to the storage duration: short-
term (hours-week) and long-term (months) [20]. Short-term TES are
generally used for peak shaving, while long-term TES are used for
transferring energy across seasons. In Denmark, TTES systems are typ-
ically used for short-term storage, while PTES systems have primarily
been used for long-term storage. However, for PTES, this distinction
in terms of time may no longer be appropriate. This is due to the
possible utilization of a PTES as a very large but short-term storage
system (e.g., like the short-term PTES currently under construction in
Hgje Taastrup, Denmark [21]).

TES for heating is well-described in literature as a part of large-
scale energy system analyses (e.g., [22]), in combination with solar
heating [23] and in terms of optimizing the production of district
heating plants [24]. The usefulness of TTES has been demonstrated in
several studies of district heating (DH) systems [25] (storages resulted
in lower levelized cost of heat) and in the daily production optimization
in the many commercially operating, real-world deployments. The sec-
tor coupling relevance of both PTES and TTES has been demonstrated
by the large, modeled deployment in energy system studies of Europe
by Sneum et al. [22] (229 GWh intraseasonal heat storage by 2035
in Denmark) and Gea-Bermtdez et al. [26] (20 TWh long-term heat
storage in Northern-Central Europe by 2035). For comparison, the
deployment of Danish TES in 2017 was 50 GWh [27].

Several studies [13,28-30] have reviewed the general traits of PTES
and TTES. We extended this work with a meta-review of small and
large energy systems with and without PTES. This review shows a
slightly mixed picture (see Fig. 1). Literature directly analyzing the
impacts of PTES is limited. With a caveat for the small sample size

(see Appendix B), we see that PTES generally results in lower system
costs, although with a large spread. CO, emissions decrease by only
1%-2%, while reductions in fossil use and primary energy use are
more pronounced. Conversely, renewables shares are increased. The
increase in solar thermal is noteworthy and aligns well with the general
practice of co-locating solar thermal plants with PTES. Common for the
screened studies is that they investigate single plants, not large-scale
energy systems on a national or international level (except [14] that
investigates the German energy system).

Recently, there has been a high interest in PTES systems, and many
studies have been published. For example, numerical PTES simulations
were conducted, assessing the storage performance [31]. Additionally,
phenomena related to the operation of PTES (e.g., natural convection)
have been numerically investigated [32]. Last, various control strate-
gies regarding the seasonal operation of PTES have been numerically
investigated [33]. Nevertheless, all these studies focus on individual
plants, not their integration with the energy system.

In summary, PTES systems have been analyzed in theory, demon-
strated, and deployed in practice. Despite this, a research gap remains
as few studies on PTES’ specific impact exist. Borri et al. [34] have
reviewed the scientific literature on TES and similarly identified a lack
of economic and environmental aspects concerning TES. Finally, nei-
ther of the studies analyzed the particular impact of PTES in large-scale
energy system analyses.

Thus, the aim of this study was to answer the following research
questions:

1. What is the impact of TES in an energy system on a national and
international level?

2. What is the impact of PTES in an energy system compared to the
TTES alternative?

3. Which PTES characteristics have the largest effect on future
deployment and development?

In line with similar large-scale energy system studies on other
technological options (e.g., low specific power wind turbines [35] or
energy efficiency [36]), we explore the potential deployment and use
of PTES in the current and future energy systems. PTES, like other
technologies under development, have faced technological challenges
(e.g., lid and liner durability). To illustrate the potential of PTES, we
assume these teething troubles are solved in the analysis. And in the
same vein as the studies mentioned above, we do so not to advocate
for the technology but to explore PTES’ potential impact.

In the present study, we applied the comprehensive energy system
model, Balmorel [37], to answer the research questions. Balmorel
has been applied to assess different energy transition scenarios and
was developed to enable holistic energy system analyses. Additionally,
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Fig. 2. Schematic of energy sector modeling in Balmorel (adapted from [44]).

it has been used to conduct deep-dive analyses of specific parts of
the energy system at different geographical scales and with different
scopes. It has, for example, been applied for analyzing the decarboniza-
tion of the Northern European integrated power and district heating
system [38,39], the role of district heating in a national context [40],
and the transition of local heating systems [41]. It has also been used
for analyzing the integrated energy system with sector coupling [26]
and focusing on producing renewable transport fuels, including Power-
to-X (PtX) and sector coupling opportunities [42,43], as well as many
other studies.

An overview of the Balmorel model and the applied modeling
approach is provided in Section 2. The simulated scenarios, along with
the data assumptions, are presented in Section 3, followed by the results
of the study in Section 4, and conclusions in Section 5.

2. Method: Energy system model, balmorel
2.1. General description of balmorel

Balmorel [45] is an open-source, deterministic, partial equilibrium
model for optimizing energy systems assuming perfect markets and eco-
nomic rationality [37]. Similar to other energy system models, it builds
upon a bottom-up approach and computes the least-cost solution for
the energy system (minimizing the investment and operation costs)to
satisfy the energy demands. The mathematical formulation and results
have recently been compared against four other well-known open-
source energy system models [11,46], with conclusions emphasizing
the model’s validity.

Furthermore, Balmorel is a technology-rich energy system model
with a comprehensive representation of energy technologies and in-
frastructures. The model converts the energy sources to energy vectors,
which can then be transmitted to demands or conversion technologies
in different energy sectors. In parallel, it optimizes both investment and
operational dispatch.

2.2. Spatial and temporal dimensions

The spatial representation in Balmorel consists of countries, regions,
and areas. Each country can have multiple regions, and each region
can have multiple areas. The division of each country into regions
and areas can be facilitated using different measures, for example,
geography, market bidding zones, or the size of energy demand. The
regions are used to define a country’s electricity demand and maintain
the electricity balance, while the areas specify the characteristics inside
a region (e.g., wind and solar potential) and define heat demands. The

areas can also be used for any other categorization of the heat sector,
for example, the split between the industrial and residential sectors,
temperature levels, etc.

The temporal resolution in Balmorel consists of three levels: years,
seasons, and terms. Years are divided into seasons, and seasons are
divided into terms. In this way, the temporal resolution in Balmorel is
flexible and can be designed to capture the main features depending on
the research question and required accuracy while potentially reducing
the computation time. For example, instead of simulating all hours of
the year, it is possible to select some periods that are representative
of the entire simulation period. It is also possible to simulate all time
steps at high resolution considering all hours. Overall, the choice is a
trade-off between computation time and temporal resolution.

2.3. Energy system coupling and coverage in balmorel

Balmorel covers the main energy sectors (i.e., power, heat, gas, and
transport) and vectors (i.e., electricity, gas, and heat transfer fluids),
thereby allowing for holistic analysis of the current and future sector-
coupled energy system. Balmorel is built upon a modular structure,
which enables the user to include energy sectors in the modeling
scope and more detailed features within each sector. Fig. 2 illustrates
the representation of energy sectors and interactions between energy
vectors in the Balmorel model.

2.3.1. Coupling between the heat, power, and transport sectors

In most countries, energy sectors are already coupled to some
extent and are expected to become even more interlinked in the fu-
ture [47]. One way of facilitating the linkage across energy sectors is
by employing energy conversion technologies. Examples of conversion
technologies that couple the heating sector with the power sector
are heat pumps, boilers, and combined heat and power (CHP) plants.
Furthermore, linkages between electricity, heating, and fuel production
for the hard-to-abate transport and industrial sector are expected to
be more widespread in the future. For example, Power-to-X (PtX) fuels
could supply the heavy long-haul transport sector and also decarbonize
the industrial sector.

Electricity is supplied to cover the demand of the power sector,
while the transport sector demand is supplied either through electrifica-
tion or the production of liquid fuels, e.g., PtX. Last, the heating sector
is supplied with electricity, district heating, or fuels. This way, Balmorel
can optimize the system, including different conversion pathways and
efficient utilization of sources.

Furthermore, as the future power system is expected to be dom-
inated by high penetrations of variable renewable energy sources,
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system flexibility becomes prominent and urgently needed. The flexibil-
ity can be provided through four main options, i.e., flexible generation,
increased transmission capacity, demand side management, and storage
(electricity, heat, and hydrogen). Consequently, internal competition
across the flexibility providers appears, even with cross-sectoral bene-
fits. These cross-sectoral effects are assessed in the present study, where
Power-to-Heat technologies combined with district heating and TES
might be the least-cost opportunity to provide the needed flexibility
to the power system, compared to, e.g., batteries.

2.3.2. Heating sector

The simulation of the non-industrial heat consumption in Balmorel
is done without accounting for temperature levels. For example, while
the district heating supply temperature differs in each country, in
Balmorel, only the heating demand is considered (details for each
country are presented in Appendix C). Additionally, the utilization of
excess heat (e.g., from electrolyzers) is included in the model, and it
is assumed that it can be supplied directly to the district heating grid
(without the need for heat pumps to increase its temperature).

District heating networks transfer heat from large-scale production
technologies (e.g., boilers, CHP plants, heat pumps, electrolyzers, solar
heating, and storage technologies) to consumers. The DH demands were
included in the modeling framework, and conversion from individual
heating solutions to DH was allowed for different heating sectors,
e.g., residential, tertiary, and industry. District heating areas were
aggregated to reduce the simulations’ computation time. Aggregation
was done according to the size of the demands to account for the effects
of economies of scale of some technologies (e.g., heat storage), land
availability, costs, etc. Since the aggregation was according to demand
size and not geography (as in [42,43,48]), heat transfer was not allowed
between the DH areas. The resulting scales for the DH areas were:
small, medium, and large.

The heat demand of the industry sector was modeled based on
the temperature level required by each industry type. This way, the
industry sector was divided into high-temperature (HT), requiring tem-
peratures higher than 500 °C; medium-temperature (MT), requiring
temperatures between 100 - 500 °C; and low-temperature (LT), requir-
ing temperatures lower than 100 °C. A more detailed explanation of
the temperature split is described in [26,49].

Apart from the temperature division, the heat consumption of the
industrial consumers was further divided into whether or not they were
connected to the DH grid and, if so, which DH grid scale they belonged
to. The industry not connected to DH could be connected to the large
DH areas as long as the model found it economical to invest in heat
transmission capacity. Additionally, it was also possible for the LT
industry to supply excess heat to the DH grid if they were connected.
Similarly, the MT industry could supply excess heat to the LT industry.

Similar to the industry sector, the remaining heat load (encompass-
ing the residential and tertiary sectors) was divided into two categories
for each region: already connected to the DH network and not con-
nected. This load was implemented by assigning an inflexible demand
for domestic hot water and space heating to the population of each
country. The heat load not connected to the DH network was called
“individual users” and corresponded to a different percentage of the
total demand depending on the country (see [50]). The reader is
referred to [39] for more details on this.

Furthermore, the individual users connected to the DH grid were
divided into groups depending on which scale of DH they belonged and
were not allowed to use other technologies to cover their heat demand.
On the contrary, individual users not connected to the DH grid had to
cover their heat demand using technologies such as solar heating, heat
pumps, boilers, and small-scale heat storage. In case it was considered
profitable by the model, these users had the option to be connected to
DH-large areas.

It should be noted that this study focused only on the optimization
of the supply side. Thus, the effect of flexible demand and small-scale
storage in individual buildings was not investigated. The reader is
referred to [51,52] if more information is desired on this topic.
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2.3.3. Modeling heat storage

Balmorel only simulates energy flows; thus, aspects like thermal
stratification, efficiency based on storage duration, etc., are not ac-
counted for. These simplifications reduce the computation time, which
is essential when doing country-level simulations.

Two types of heat storage can be used, namely short-term and sea-
sonal heat storage. Short-term heat storage (intra-seasonal) is defined as
having a storage duration of less or equal to one week. In comparison,
seasonal heat storage (inter-seasonal) is defined as having a storage
duration longer than one week and up to one year. The modeling of TES
in Balmorel is facilitated using five equations that account for different
aspects of the storage operation, namely the system heat balance (1),
storage dynamics (2), storage charge and discharge limit (3)-(4), and
storage capacity (5). The mathematical formulations in Eqgs. (1)-(5) are
generalized to represent both inter- and intra-seasonal heat storages.
More information on the modeling of TES in Balmorel can be found in
Appendix D.

The heat balance (Eq. (1)) ensures that heat demand, di‘fl"i It
satisfied in all areas q, at all timesteps s,7, and for every year y. The heat
generated by the various generation technologies, p*-"““ can be stored
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See Egs. (2)-(5) given in Box I.
3. Data assumptions and scenarios
3.1. Geographical and temporal scope

The present study assesses the impact of large-scale thermal storage
in energy systems focusing on Denmark as a part of the Northern
European energy system. As elucidated in the methods section, en-
ergy systems are becoming increasingly interconnected in terms of
energy sectors and across countries. Therefore, as the Danish power
system is connected to surrounding countries, a larger geographical
scope is needed to capture system effects on the power system and,
thereby, power prices. Therefore, this study’s geographical scope in-
cludes Denmark, Norway, Sweden, and Germany, whose power systems
are connected through transmission lines. The electricity system is
divided into market bidding zones, as defined by Nord Pool power
market [53] and illustrated in Fig. 3A.

Unlike electricity distribution, heat distribution can only happen
locally, i.e., through district heating. As described in Section 2.3.2,
district heating networks can supply part of each country’s heat de-
mand. All simulated countries can have all grid scales (i.e., large,
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Fig. 3. Map of countries and regions (colored) (A), and aggregation of district heating areas in Denmark in Balmorel (B).
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Box I.

medium, small) in every region; however, this is not always the case
(e.g., Norway only has medium-sized DH areas, while Germany only
has large ones).

Specifically, Denmark has six large central district heating net-
works and around 400 small- and medium-sized district heating net-
works [54]. Five of the large DH areas are located in DK1 (Aarhus,
Aalborg, Odense, TVIS [55], Esbjerg), and the sixth is in DK2 (Greater

Copenhagen area). The DH areas are aggregated into three main cat-
egories, i.e., DH-large, DH-medium, and DH-small, for each of the
DK1 and DK2 regions. For example, all small DH areas of one region
are modeled as one area, having a demand equal to the sum of the
individual areas. Thus, the heating networks are not modeled individ-
ually. The criterion by which the DH grids were divided into the three
categories was their size/demand. With this division, it could also be
ensured that different technologies could be built in different areas
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(e.g., a large CHP plant was not allowed to be installed in a DH-small
area to consider economy-of-scale effects). More details on the division
of DH grids by size can be found in [56]. An example of the Danish DH
areas in Balmorel is illustrated in Fig. 3B.

In this study, Balmorel is computing the least-cost solution for the
energy transition toward 2050, with 10-year intermediate steps. Each
year of the simulation is represented by 8 seasons and 12 terms. Each
season corresponds to one week of the year, i.e., weeks 1, 8, 15, 22,
29, 36, 43, and 50. Furthermore, each of these weeks is represented by
12 hourly time steps selected from one day. Each timestep is repeated
until the next modeled timestep arrives, thus, simulating an entire
year. Although the temporal resolution is rather coarse, the simulation
still accounts for seasonal trends (e.g., ambient temperature, energy
demand, prices, seasonal storage charge level). It should be noted that,
despite the time aggregation, the computational time of the model was
2.5 days. Therefore, it was not considered feasible to investigate the
effect of higher temporal resolutions on the results.

3.2. Techno-economic parameters for heat storage systems

In general, Balmorel uses TTES for short-term heat storage (storage
duration of less than a week) and PTES for seasonal heat storage
(storage duration of more than a week and up to one year). Although
it is common practice to use the term seasonal storage when heat
is transferred across seasons (i.e., from summer to winter), seasonal
storage does not have a fixed storage duration in Balmorel. Therefore,
the efficiency for the PTES (80%) was taken as an average between
70%, which is expected for PTES seasonal storage without a heat
pump [57], and 90%, which is expected for PTES used for short-term
storage (Table 1). It should be noted that this is a simplistic modeling
approach since, in reality, the storage efficiency depends on the cycle
duration.

It should also be noted that the existing seasonal TES systems have
primarily utilized solar thermal as the heat source. However, PTES
can be coupled to any heating source and is thus considered flexible
in Balmorel. This is for example the recent PTES in Hgje Taastrup
(Denmark), which is charged from various heating sources including
waste incineration, biomass combustion, and heat pumps.

Regarding the charge/discharge capacity, PTES and TTES were
assumed to have the same limits since they were connected to the same
network. Similarly, since all the investigated thermal energy storage
systems were directly connected to the district heating network, the
storage capacities were calculated assuming that TES operated with
an upper temperature of 90 °C (forward temperature) and a lower
temperature of 40 °C (return temperature). These temperatures are
typical for PTES in Danish district heating networks when a heat pump
is not used to cool down the storage [58]. Nonetheless, Balmorel does
not simulate temperatures but energy flows. The temperature differ-
ence is used for calculating the specific storage cost, i.e., determining
the relationship between m?> and MWh. Thus, the effect of different
operating temperatures can be elucidated from the sensitivity analysis
graphs of the investment costs (see Section 4.3). For example, half the
temperature difference corresponds to twice the investment cost.

The economy data for TTES are based on tank installations in Danish
DH plants and were taken from Sveinbjgrnsson [27]. Fig. 4 illustrates
the specific investment cost for PTES and TTES with respect to their
storage volumes. Each dot represents the data for one heat storage
system. It may be observed that PTES and TTES are technologies of
scale since their specific cost decreases significantly with an increase
in volume. Despite the similar trend of the investment cost for the
two technologies, it must be noted that the specific cost for PTES is
much lower than TTES (the y-axes differ by a factor of 4). The main
reasons are the differences in materials and construction approaches.
The individual data points from actual systems were fitted to a power
function, which was later used to calculate the cost of storage systems
of various sizes.
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Fig. 4. Specific investment cost for PTES and TTES as a function of their size in m3.
Each dot corresponds to an actual system. The dashed curve is the corresponding trend
line.

As it may be seen in Fig. 4, most TTES systems have volumes of
500 - 5 000 m?, with an average size of approximately 3 000 m>. TTES
systems are generally considered more cost-effective than PTES for
small volumes (i.e., smaller than 10 000 m?) [57]. For this reason, for
the simulated TTES systems, a volume of 3 000 m?, which is common
in Denmark, was selected (Table 1).

Regarding the Danish PTES, the volumes of the operational stor-
age systems range from 60 000 - 200 000 m>. However, at the mo-
ment of writing, two serially connected PTES systems with volumes
of 750 000 m® and 250 000 m? are planned to be constructed in the
town of Odense, Denmark. Thus, it is evident that the sizes of the future
constructed PTES might be much larger than the existing ones.

It has to be noted that, in Balmorel, due to the aggregation of DH
areas, the installed TES capacity does not correspond to one storage sys-
tem but to many smaller ones (depending on the number of aggregated
areas). For this reason, the chosen sizes for the simulated PTES were
not selected as the largest possible, but sizes were chosen based on the
installed storage capacity during the simulation. PTES of 250 000 m?
were only allowed to be installed in large DH areas, 100 000 m? in
medium DH areas, and 50 000 m? in small DH areas (Table 1). Choosing
larger storage volumes would lead to a lower specific investment cost
that would give a financial advantage to the technology; however,
suitable land availability is often an obstacle, especially in large cities,
and consequently, large storage systems may not be practically feasible.
Thus, choosing smaller PTES sizes was an attempt to have more realistic
scenarios and representative costs for the actual systems.

The land cost was also included in the investment cost for PTES. For
the TTES, due to their smaller size and construction style, the cost of
land was not found to affect the final price significantly. The land price
used was based on data for Denmark (2015 - 2019) and was taken equal
to 1.8 €/m? [59]. Last, it should be noted that all investment costs
were discounted using a 4% annual discount rate, as recommended
by the Danish Energy Agency [57]. The techno-economic parameters
used for simulating PTES and TTES are summarized in Table 1. The
characteristics of the remaining generation and storage technologies
included in the simulations were based on data from the Danish Energy
Agency’s Technology Catalogs [60].
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Table 1
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Data used for PTES and TTES simulation in Balmorel. The investment cost for PTES is assumed to decrease in the future as the technology

matures, and there is a linear decrease from 2020 to 2050.

Type Size [m?] Investment Investment cost Efficiency [%] Charge/Discharge Lifetime
year [k€/MWh] capacity rate [MW] [years]
2020 0.35 20
PTES large 250 000 2050 0.28 80 40 25
. 2020 0.49 20
PTES medium 100 000 2050 0.40 80 40 25
2020 0.64 20
PTES small 50 000 2050 0.52 80 40 25
TTES 3 000 - 2.90 98 40 40

Table 2

Fuel prices [€/GJ] and CO, costs [€/tCO,] in Balmorel for simulated years.
Fuel [€/GJ] 2020 2030 2040 2050
Coal 2.31 2.67 2.74 2.81
Lignite 0.75 1.00 1.00 1.00
Municipality waste -3.26 -3.26 -3.26 -3.26
Natural gas 5.64 8.32 9.29 10.26
Nuclear 0.76 0.76 0.76 0.76
Wood chips 6.20 6.20 6.20 6.20
CO, costs [€/tCO,] 5.93 75.16 105.22 127.77

Table 3
Renewable potential by region.

Region Solar PV [GW] Onshore wind [GW] Offshore wind [GW]
DK1 15.6 6.1 70.2
DK2 9.4 1.9 15.2
DE4-O 119.5 32.7 16.6
DE4-N 39.8 4.8 -
DE4-S 119.5 29.1 -
DE4-W 119.5 32.1 58.8
NO1 4.7 3.5 -
NO2 4.7 2.5 18.4
NO3 4.7 1.9 34.1
NO4 4.7 5.6 30.7
NO5 4.7 0.5 7.0
SE1 14.7 8.9 10.8
SE2 14.7 11.0 10.8
SE3 14.7 11.0 10.8
SE4 14.7 4.0 10.8

3.3. Fuel and carbon emission costs and renewable potential

Fuel and carbon emission costs are presented in Table 2. The fuel
price projections are adopted from [61]. The municipality waste has a
negative fuel price to represent the value that the waste incineration
plant receives. From a modeling perspective, it also ensures that this
fuel is used for baseload production.

It may be observed that, apart from nuclear, there is an increase in
fuel prices toward 2050. The increase in fossil-fuel prices is in line with
future plans for carbon neutrality. Furthermore, the decarbonization
pathway of the entire energy system is driven by a carbon emission
cost, which is also taken from [61], to ensure a coherent transition.

The potentials of onshore wind and solar PV are often constraining
the solution space for the optimal energy system configuration. There-
fore, Table 3 presents the implemented availability potentials for wind
and solar PV in the two Danish electricity market regions. The onshore
wind and solar PV potentials are further divided into different resource
grades to account for differences in full load hours (capacity factor)
inside a region and to illustrate that the most prominent locations are
explored first.

3.4. Simulated scenarios

Various scenarios were simulated to elucidate the effect of TES on
the complete energy system. First, the No TES scenario was compared

to the TES scenario to shed light on the value of thermal storage for
the energy system. Afterward, scenarios with either PTES or TTES were
compared to reveal the benefit of installing one heat storage technology
over the other. The simulated scenarios were:

— No TES: A No TES scenario was created in which Balmorel was
not allowed to install thermal energy storage systems.

— TES: The TES scenario allowed investments in both TTES and
PTES heat storage systems.

— PTES: In the PTES scenario, Balmorel was allowed to invest only
in PTES systems as a heat storage technology (for both short-term
and seasonal storage).

— TTES: In the TTES scenario, Balmorel was allowed to invest only
in TTES systems as a heat storage technology (for both short-term
and seasonal storage).

4. Results

First, the effect of heat storage systems on the energy system is
investigated in Section 4.1. Later, a system using PTES as a heat storage
technology is compared to a system using TTES in Section 4.2. The
PTES characteristics were investigated with an aim to quantify their
effect on the utilization of this technology in Section 4.3. Last, the
influence of the electricity transmission capacity on the energy system
(in particular the TES systems) is presented in Section 4.4.

4.1. Comparison between the No TES and TES scenario

The No TES and the TES scenarios were compared to identify the
effect of heat storage systems on a country level (Section 4.1.1) and on
all the simulated countries (Section 4.1.2).

4.1.1. Effect on a country level (Denmark)

From Fig. 5A, it may be seen that the TES scenario enables wider
utilization of renewable energy sources like solar and wind. Although
both TES and No TES install the maximum capacity for onshore wind
in Denmark, the TES scenario installs over the entire simulated period
35% more PV capacity and 10% more offshore wind capacity than
the No TES scenario. On the contrary, the No TES scenario features
a larger capacity of dispatchable technologies like boilers (electric and
biomass), CHP, and heat pump units to cover the electricity and heat
demand.

It should be noted that the No TES scenario has a larger share of
technologies with high-capacity factors (e.g., CHP and heat pumps). In
contrast, the TES scenario features a larger share of low-capacity factor
technologies (e.g., PV and wind). This means that the TES scenario has
to install higher generation capacities, as a higher capacity would be
required in order to generate the same amount of energy.

Due to the mismatch between electricity production from renew-
ables and electricity demand, generation technologies can be curtailed.
Renewables can be shut down (curtailed) in high-production and low-
demand periods. Curtailment is calculated as the difference between
the unconstrained generation and the actual supplied power. Balmorel
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can curtail generation if it is more profitable than expanding the
energy infrastructure (e.g., electricity transmission grid, Power-to-Heat
technologies, storage). Due to the lack of thermal storage in the No TES
scenario (and thus flexibility), the curtailment levels are much higher
than in the TES scenario. In Fig. 5B, curtailment is compared between
the two scenarios as an absolute value (in TWh). It may be observed
that the TES scenario has, on average, 53% lower curtailment than the
No TES scenario.

The higher curtailment level of the No TES scenario can also be
depicted in the hourly cost of heat (Fig. 5C). In periods when the
electricity price reaches zero, it was observed that the heating price was
negative when there was an absence of heat storage (No TES scenario).
From late Spring to early Autumn, hours of negative heat prices were
present in the No TES scenario (mainly during daytime), while in the
summer, there were entire days of negative heat prices.

Two steps explain the negative prices: firstly, negative prices derive
from the choice of modeling method, and second, they derive from the
simulation scenario conditions (see list below). As mentioned, Balmorel
is a partial equilibrium model optimizing toward a societal optimum
across different markets — electricity and heat. Prices can be high,
low, or even negative in these markets. Negative prices arise when
non-storable supply exceeds demand (e.g., when profits from electricity
generation from a CHP plant exceed losses from heat generation).
This reflects the real world, where we also see negative prices in
the electricity and heat markets. The scenario-specific reasons for the
negative prices were a combination of the following:

1. Low heat demand in the summer period.

2. Forced operation of CHP back-pressure plants producing both
heat and electricity from burning municipality waste.

3. High renewable energy production (especially PV).

4. Insufficient heat storage capacity.

The presence of TES also affects the peak price of heat. Discharging
the storage in periods of high heat demand instead of using more costly
alternatives (e.g., natural gas boilers) ensures lower peak heat prices.
Consequently, on average, the TES scenario had a 24% lower peak price
for heat compared to the No-TES scenario. For all the simulated years,
the No TES scenario had an average price for heat 2.4 €/MWh higher
than the TES scenario.

It has to be mentioned that during the timesteps when the model
invests in new technologies, high price spikes occur for heat and/or
electricity (depending on whether the technology produces heat or
electricity). For this reason, outliers are not shown in the box plots in
Fig. 5C, and 99% of the data is presented.

The corresponding electricity cost for Denmark for the TES and
No TES scenarios are presented in Appendix E. It was found that the
weighted mean electricity price is almost the same for the TES and No
TES scenarios (on average, the No TES scenario had an approximately
1% higher mean electricity price).

In order to get a better understanding of the energy flows in the
heat sector, a Sankey diagram for the Denmark 2050 TES scenario
is presented in Fig. 6. It may be observed that heat pumps produce
most of the required heat. Moreover, the heat storage systems supplied
20% of the total demand (19% and 1% for long-term and short-term,
respectively).

It should be noted that Balmorel produces each commodity (e.g., hy-
drogen) in the country that has the lowest cost and then transports it
to neighboring countries. For this reason, in the situation where only
Denmark, Norway, Sweden, and Germany are investigated, Denmark
is chosen to produce the majority of PtG and export electricity in-
stead of just covering its own energy needs due to its good offshore
wind conditions (see Table 3). Consequently, since the excess heat is
primarily produced by hydrogen production, the high PtG production
in Denmark increases the installation of TES systems for utilizing the
excess heat. However, this would not necessarily be the case if other
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Fig. 5. Comparison between the No TES and TES scenarios for Denmark regarding
the installed capacities (A), curtailment (B), and cost of heat (C). The weighted mean
yearly heat prices are indicated with a green circle.

countries were included in the simulation (e.g., Southern European
countries with higher solar energy potential).

It should be noted that hydrogen is used in the model to cover
the energy demand in the transport and industrial sectors. However,
it could also be used for peak production through fuel cells, but this
was not considered profitable by the model for most countries.

Regarding heat storage, it should be mentioned that the actual
installed TES capacity in Denmark in 2017 was 50 GWh, mainly consist-
ing of TTES systems [27]. However, in Balmorel, in the TES scenario,
the TES capacity for Denmark in 2050 was 3 858 GWh (66 GWh of TTES
and 3 792 GWh of PTES). To put this into perspective, it corresponds to
approximately 390 TTES systems, each having a volume of 3 000 m?,
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Fig. 6. Sankey diagram showing the energy flows for Denmark’s heat sector in the
2050 TES scenario. Excess heat is produced primarily from hydrogen production.

and 240 PTES systems, each having a volume of 250 000 m?, with a
charge/discharge capacity of 40 MW.

However, the aggregation of district heating networks in Balmorel
is inflating the use of TES, so the actual optimal values are expected to
be somewhat lower. Nonetheless, it is clear that the number of installed
TES in Denmark has to increase dramatically in the near future to reach
cost-optimal carbon neutrality by 2050.

Last, for Denmark, the costs of TES (capital, operation, and mainte-
nance (O&M)) corresponded to approximately 6% of the total costs of
the energy system for the entire simulation period.

4.1.2. Effect on the entire simulated area (multiple countries)

It should be mentioned that the main reason for including Den-
mark’s neighboring countries is to obtain realistic energy trading (elec-
tricity and fuels). Since electricity and fuel trading is permitted among
neighboring countries, the model can find it more beneficial to have
higher emissions, costs, or fuel use in one specific area. Thus, by
including the entire simulation area, it was possible to have a more
holistic view of the results. Consequently, in order to assess the effect
of heat storage on the primary fuel consumption, CO, emissions, and
total annual costs, it was considered necessary to include the results for
all simulated countries.

Fig. 7A presents the primary fuel consumption for all the simulated
countries. It may be observed that the No TES scenario uses coal and
lignite in 2020 and 2030, while the TES scenario only uses them in
2020. Similarly, the No TES scenario uses natural gas as fuel until
2040, while the TES scenario has a lower usage and only utilizes them
until 2030. As expected, the TES scenario uses more solar and wind
power as fuel, while the No TES scenario compensates for that by
using more wood chips (biomass). Both scenarios use similar amounts
of hydropower, municipal waste (for waste incineration), and nuclear.

Based on the primary fuel used, it is evident that the TES scenario
limits the use of fossil fuels after 2030 and goes entirely carbon-free by
2050. This may also be seen in Fig. 7B, where the CO, emissions for
the two scenarios are presented. Notice that the No TES scenario still
has CO, emissions in 2050 (around 10 kt). When looking at the total
emissions over the entire simulation period, the quicker decarboniza-
tion of the TES scenario led to 5% lower CO, emissions, corresponding
to approximately 26 Mt, thus providing also a more environmentally
friendly solution.

Regarding the total costs, the TES scenario had, on average, 4%
lower costs than the No TES scenario, corresponding to approximately
10 billion €. As it may be observed in Fig. 7C, the No TES scenario had
higher capital, fixed, and fuel costs due to the different technologies,
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Fig. 7. Comparison between the No TES and TES scenarios for all investigated countries
regarding the primary fuel consumption (A), CO, emissions (B), and annual costs (C).

fuels, and amount of energy trading, as well as a higher CO, tax burden
than the TES scenario. The higher capital costs were due to the greater
installed capacity of the more expensive technologies (e.g., heat pumps,
boilers, and CHP). On the contrary, the TES scenario had higher O&M
and transmission costs.

It should be noted that although the study focused on Denmark and
its neighboring countries, the obtained results could potentially be ap-
plied to other countries with district heating grids. The main difference
in the Danish district heating network compared to other countries is
the low supply/return temperatures. However, this study investigated
future scenarios, and future generations of district heating feature low
supply/return temperatures [62]. Overall, this study presents a possible
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Fig. 8. Comparison between the PTES and TTES scenarios for Denmark regarding the
installed heat storage capacity (A), the hourly cost of heat (B), and curtailment (C).
The weighted mean yearly heat prices are indicated with a green circle.

future alternative to conventional heating technologies (e.g., natural
gas boilers) with the implementation of sector coupling.

4.2. Comparison between PTES and TTES

In this section, the impact of PTES and TTES technologies was in-
vestigated on a country level (Denmark) in order to identify differences
between the use of the two TES technologies. Information about the
installed capacities in Denmark’s neighboring countries can be found
in Appendix F.

In Fig. 8A, it may be observed that the installed capacity for
PTES is, on average, approximately five times higher than TTES. The
main reason is the much lower cost of PTES compared to TTES (the
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specific cost for PTES is approximately 24 €/m> while for TTES, it
is 121 €/m?). This results in a much larger heat storage capacity for
the PTES scenario, enabling higher use of renewables. In the PTES
scenario, the optimal system has 6% higher PV capacity and 6% higher
wind capacity than the TTES scenario. On the contrary, in the TTES
scenario, investments favor dispatchable technologies, with 8% higher
boiler capacity, 6% higher CHP capacity, and 19% higher heat pump
capacity. As a result, the PTES scenario features more sun and wind
as primary fuel, while the TTES scenario utilizes more wood chips.
The higher share of renewables in the PTES scenario enables a larger
production and export of hydrogen and electricity.

It should be noted that the installed TES capacity depends on many
factors (including the heat demand and the characteristics of each
technology), but also on whether the model finds more profitable al-
ternative flexibility options (e.g., electricity transmission), as described
in Section 2.3.1. Thus, very different results can be obtained for each
TES technology.

The effect of cheaper storage leads to an increase in heat storage ca-
pacity, resulting in a lower heat price as illustrated in Fig. 8B. Although
the peak heat prices for each year are similar for the two scenarios, the
TTES scenario has a higher mean price for heat (22.1 vs. 20.6 €/MWh).
The high heat storage capacity in the PTES scenario enables large
amounts of heat to be transferred from summer to winter but also
enables arbitrage, i.e., charging with cheap energy when there is an
energy surplus. This leads to a lower average price of heat and a lower
level of curtailment, as seen in Fig. 8C. In general, PTES seems more
favorable to TTES regarding costs and performance at a system level,
especially considering that it is not yet a mature technology and there
is still a margin for improving the technology.

The validity of the obtained results from Sections 4.1 and 4.2 was
compared with results from existing studies in the literature, where it
was found that they were in good agreement. Details of this comparison
can be found in Appendix G.

As it may be seen in Fig. 8A, most of the installed PTES are “large”,
meaning that they are built in large DH areas (i.e., large cities) where
large plots of land might not be available. The construction of PTES on
the outskirts of cities could be a solution; however, this often requires
costly extensions of the existing network. For this reason, research is
ongoing to find ways of exploiting the PTES surface for other uses,
e.g., like the ones described in [63].

Unlike TTES, which can be built on the ground and has a small
footprint, PTES is an underground storage technology; thus, stable
ground conditions are required for its construction. Additionally, sites
with shallow groundwater tables should be avoided since this could
increase heat losses from the storage and complicate its construction.

Last, due to the usage of steel and concrete, TTES can store tem-
peratures up to 100 °C (even a bit higher if pressurized), while PTES is
limited up to 90 °C due to the polymer liner. Thus, PTES might not be a
viable option in countries with high DH supply temperatures. However,
this is considered a minor issue since lower DH supply temperatures are
expected to be adopted in the future (supply temperatures lower than
70 °C [23]).

Overall, with adequate planning, PTES systems can be considered a
highly effective solution for most future heat storage projects since they
outperform TTES systems in terms of increasing renewables’ utilization,
minimizing heat price, etc.

4.3. Effect of PTES characteristics

A sensitivity analysis was conducted to investigate the PTES charac-
teristics’ effect on implementing this technology in the energy system.
The four main parameters of PTES were investigated: charge/discharge
capacity, lifetime, investment cost, and efficiency. It has to be men-
tioned that although these parameters can be interconnected (e.g., cost
and lifetime), this has not been quantified in the literature for PTES.
Additionally, there are situations where this might not be applicable
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Fig. 9. Sensitivity analysis on the main technical PTES parameters. Values denote the increase of each parameter compared to the reference scenario (e.g., 1.5 storage capacity
means that this scenario features a 1.5 increase in the storage capacity compared to the reference scenario).

Table 4
PTES parameter values used in the sensitivity analysis.

Parameter Low extreme Reference High extreme
Charge/discharge capacity [MW] 20 40 80

Lifetime [years] 15 20 40
Investment cost [k€/MWh] 0.24 0.48 0.96
Efficiency [%] 70 80 90

(e.g., additional expenses due to non-ideal ground conditions). For this
reason, these parameters were investigated individually.

Three scenarios were simulated for each parameter: a reference
scenario (i.e., the PTES scenario from Section 4.2) and two extreme
scenarios. The average parameter values used in the sensitivity analysis
are presented in Table 4.

Five system parameters were assessed to identify the sensitivity of
the investigated parameters on the energy system: optimal installed
heat storage capacity, heat storage discharged energy, installed renew-
able capacity, curtailed energy, and annual costs. Storage discharged
energy refers to the amount of energy discharged by the short- and
long-term TES to the district heating grid. Renewable capacity refers
to the installed capacity of PV and wind installed in the energy system.
The sensitivity analysis results are presented as four spider charts in
Fig. 9.

It has to be noted that since the reference system already had a high
implementation of renewable technologies, only marginal differences
were observed regarding the installed renewable energy capacity and
annual costs among the different scenarios. This observation was true
for all the investigated parameters.

Fig. 9A illustrates that a lower charge/discharge capacity would
increase the installed storage capacity but simultaneously reduce the
energy discharge from the storage and increase curtailment. This in-
dicates the importance of this parameter, as it dictates how fast the
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storage can respond to either a surplus of energy or a peak in demand. A
high charge capacity enables the PTES to store a large amount of excess
energy in a short time, thus limiting the need for curtailment. Similarly,
heat storage systems with a high discharge capacity can supply heat
in a short time to cover a demand peak, thus reducing the peak load.
Balmorel tried to offset this limitation by installing a 40% higher PTES
capacity for the case with low charge/discharge capacity, but even so,
the heat discharged by the PTES was marginally lower compared to
the reference scenario. However, it must be noted that little benefit
was observed from increasing the charge/discharge capacity of the
Reference case.

The lifetime of the PTES affects the implementation of the technol-
ogy through the Levelized Cost Of Energy (LCOE). A shorter lifetime
leads to higher LCOE, thus making the technology less financially
attractive. This can be seen in Fig. 9B, where a longer life led to a
higher installed capacity for PTES and, as a result, lower curtailment;
however, the differences from the reference case were small compared
to other parameters tested.

The effect of storage efficiency may be observed in Fig. 9C. Com-
pared to the reference case, a PTES efficiency of 70% would reduce
the installed storage capacity by 6% and the storage discharge by 20%
(due to higher heat losses), also leading to 15% higher curtailment. As
expected, a higher PTES efficiency positively affects the storage and
overall system operation.

Last, for the investment cost, by reducing the price of the PTES by
50%, there was a 15% increase in the installed heat storage capacity,
10% higher storage discharge, and a 10% reduction in curtailment.

It is evident that improving all the investigated PTES parameters
would improve both the PTES and the overall energy system perfor-
mance, increasing the technology’s implementation at the same time.
However, this investigation identified the investment cost and the
efficiency of the PTES as the two parameters having the largest impact
on the future utilization of the technology. Perhaps most importantly,
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the sensitivity analysis confirms the robustness of the study in terms of
deployment of PTES: This deployment remains large, even under less
favorable conditions.

4.4. Flexibility options

As was mentioned in Section 2.3.1, flexibility in an energy sys-
tem can be achieved through generation, transmission, demand side
management, and storage (electrical, heat, and hydrogen). These four
options are utilized in order to cover the electricity and heat demand
in the least-cost way.

Since storage is the main focus of this study, it was decided to
investigate another flexibility option to identify its effect on the energy
system (and possibly on storage). It was decided to investigate electric-
ity transmission since a lot of countries could be facing transmission
bottlenecks and might have the aim to become more self-sufficient.
Additionally, planning transmission capacity between countries is time-
consuming and could be subject to political decisions. It has to be
noted that this is only one of many flexibility options that could
be investigated. Other relevant options include load shifting, smart
charging of electric vehicles, etc.

The electricity transmission scenarios that were investigated were,
apart from the reference scenario (PTES scenario also used in Sec-
tion 4.3), Denmark in island mode (i.e., not being able to trade energy
with any of its neighboring countries) and Denmark without being al-
lowed to install new transmission capacity (i.e., only using the existing
transmission capacity in 2020 and able to trade fuels).

In order to investigate the effect of electricity transmission capac-
ity on the energy system, the total installed heat storage, PV, wind,
hydrogen storage, and dispatch capacities, along with the average
electricity and heat price, were plotted for the entire simulation period
(2020-2050), as presented in Fig. 10.

In island mode, the model invested 25% less in PV and 70% less
in wind capacity and tried to cover the heat and electricity demand
by investing 50% more in dispatchable capacity and 25% more in heat
storage capacity. The use of conventional generation technologies had a
major impact on the average electricity price, which was 20% higher.
However, the increase in heat storage capacity was able to maintain
the average heating price at approximately the same level. In parallel,
since electricity and hydrogen exports were impossible, there was 80%
lower hydrogen storage capacity.

Using the existing transmission capacity in 2020, it may be observed
that the heat storage, dispatchable, and PV capacity, as well as the
average heat and electricity prices, remain approximately constant.
However, since there are limitations in electricity exports, there is 25%
less wind capacity installed, which in turn equally reduces the hydrogen
storage capacity due to fewer periods of cheap electricity for hydrogen
production.

Last, it should be noted that although Balmorel could invest in
different flexibility providers (e.g., storage, flexible generation, trans-
mission interconnectors) in all scenarios, batteries were not used in
Denmark. This indicates the high relevance of sector coupling as an
alternative to installing battery storage. It should be noted that the cost
of batteries was based on [64].

Overall it is obvious that additional electricity transmission capacity
adds a high degree of flexibility to the energy system. Nonetheless,
it was also revealed that heat storage could offset the absence of
transmission capacity in order to maintain a similar average price of
heat.

5. Conclusions

This paper investigated the effect of thermal energy storage (TES),
particularly pit thermal energy storage (PTES), on an energy system.
The study focused on Denmark and its neighboring countries and
quantified the impacts of PTES on their future energy systems. The
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Fig. 10. Investigation on transmission capacity flexibility for Denmark.

analysis was done using the energy system model Balmorel, which was
used to calculate the least-cost solution for the energy transition toward
2050. As PTES is not a mature technology, sensitivity analyses were
also performed on its technical and economic characteristics. The main
findings from this investigation were the following:

Energy systems using TES could achieve carbon neutrality by
2050, unlike systems without TES, where CO, emissions existed
even in 2050. TES systems accelerate decarbonization through
increased cost efficiency.

TES systems utilized 35% higher PV capacity and 10% higher
wind capacity. In parallel, TES systems had a 53% lower level of
curtailment and ultimately 2.4 €/MWh lower average heat price
(with 24% lower peak price).

In the absence of electricity transmission capacity with neighbor-
ing countries, a larger deployment of TES capacity could ensure
an almost constant average heat price.

PTES systems were found to reduce system costs, enabling higher
utilization of renewables (both wind and solar) compared to
TTES due to the lower cost of PTES systems and, thus, greater
deployment (approximately five times).

PTES systems led to a 1.5 €/MWh lower average heat price than
TTES.

The combination of PV, wind, heat pumps, and new energy in-
frastructure will have an important role in future energy systems.
Particularly in Denmark, they are expected to cover approxi-
mately half of the heat demand. When large volumes of TES
are available (e.g., PTES), the installed PV and wind capacity is
increased, while for smaller TES volumes (e.g., TTES), greater
heat pump capacities are used to cover the demand.

It has to be mentioned that since Balmorel simulates only energy
flows, similar results can be expected when substituting PTES with
other heat storage systems that have similar characteristics, i.e., high
efficiency and low cost.
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Appendix A. Nomenclature

Nomenclature
Sets
A Areas
Technologies
GrES Subset of storage technologies
S Seasons
T Time periods in a season
y Years
Variables
k;i;’”“wﬁ“ new installed capacity of heat storage technology
g € GT'ES in year, y, and area a
gen_heat . .
ey heat generation in year, y, area a of technology g
in the time period s,
TES.charge .
agsd heat for charging the heat storage technology

g € GTES in year, y, area a, and time period s,

heat from discharging of heat storage technology
g € GTES in year, y, area a, and time period s, ?

orEs heat storage content of the heat storage g € GT'FS
in year, y, area a, and time period s,

TES,discharge
¥,a,8,8,t

Parameters

e;ES“)f 4 efficiency of heat storage technology g € ¢TFS

Y length of chronological time segment s, ¢

A?E Sicharge charging time for heat storage technology
g e GrES

TES.discharge . . .

@, discharging time for heat storage technology
¢ e CrES

d;‘fl"; , heat demand in year, y, for area a in the time
period s,

kTES,decom_CAP

Vag decommissioning capacity of heat storage

technology g € ¢"£5, in year, y, and area a
existing capacity of heat storage technology
g € G'ES | in year, y, and area a

kTE S.ex CAP
».a.g
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Table 5
Electricity and heat demand for investigated countries from 2020-2050.
Country Year Heat [TWh] Electricity [TWh]
Total Peak Total Peak
2020 74 1.5 30 0.5
DK 2030 50 1 36 0.5
2040 50 1 42 0.6
2050 50 1 43 0.6
2020 1304 29.1 446 6.5
DE 2030 880 19.6 449 6.5
2040 880 19.6 473 6.9
2050 880 19.6 497 7.2
2020 58 1.2 97 1.4
NO 2030 39 0.8 98 1.4
2040 39 0.8 99 1.4
2050 39 0.8 100 1.5
2020 171 3.4 101 1.5
SE 2030 115 2.3 102 1.5
2040 115 2.3 106 1.5
2050 115 2.3 111 1.6

Appendix B. Methodology - literature review

The query (interseasonal OR inter-seasonal OR large-scale OR “large
scale” OR seasonal OR long-term OR long-duration) AND (‘“heat stor-
age” OR “thermal storage” OR “thermal energy storage”) AND (“dis-
trict heating” OR ”district energy””) brought 307 results, whereof 121
was found relevant in the initial screening. A large portion (68) of
these primarily dealt with solar thermal. Borri et al. [34] have similarly
noted the large body of research linking TES and solar. Along with
irrelevant studies, the solar studies were sorted out since the scope of
the present study is PTES in energy systems with a diversity of sectors
and producers. Solar thermal is still represented in the remaining
studies but as one source among others. This left the review with a final
set of 92 relevant references. Numbers on 15 scenarios were extracted
out of five studies to perform the analysis in and around Fig. 1.

Appendix C. Electricity and heat demand for investigated coun-
tries

The heat and electricity consumption for the investigated countries
is presented in Table 5. It may be observed that from 2030 onward,
there is a reduction in the heat demand for all countries. This reduction
is based on the European Union regulation regarding energy efficiency
targets for 2030, which states that consumption should be decreased
by 32.5% compared to 2020 [65]. The increase in energy efficiency is
not obvious in the electricity demand, as there is added demand due
to electrification. Thus, overall there is a small increase in electricity
demand for all countries. The peak demand for heat and electricity is
also presented in Table 5 for each country and year.

It should be noted that the magnitude of the heat demand is propor-
tional to the population of each country, while the electricity demand
also depends on other factors (e.g., industry, degree of electrification in
transport and heating sectors). The allocation of the heat demand to the
different regions of each country was based on the electricity demand
of each region.

The data for the heat demand were taken from [37,49,66,67]. Elec-
tricity demand and distribution losses were obtained by Eurostat [67].
Since Balmorel is open-source, all data can be accessed and downloaded
freely from [45].

The seasonal variation of the electricity and heat demand for Den-
mark in 2050 is presented in Fig. 11. It should be noted that only
the 8 simulated weeks and 12 h (every other hour for one day) for
each week are presented in the figure. The profile of the heat demand
was based on the methodology presented in [49]. For obtaining the
final yearly results, temporal aggregation of the values was performed.
Similar profiles were used for all simulated countries and all simulated
years.
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Fig. 11. Seasonal heat and electricity demand variation for Denmark in 2050. The simulated hours and weeks were repeated in order to represent one full year. A similar trend
was followed in all simulated countries for all simulated years.

Table 6
Total installed generation and storage capacities for simulated countries.
Dispatch Wind PV Hydro Fuel cells Short-term Long-term Batteries H, storage
[GW] [GW] [GW] [GW] [GW] TES [GWh] TES [GWh] [GWh] [GWh]
DK PTES 46 174 50 0 0 305 4626 0 114
TTES 50 166 48 0 0 72 715 0 101
DE PTES 1039 458 1007 36 17 4227 75874 34 693
TTES 1044 460 949 36 21 786 21493 20 682
NO PTES 35 36 30 128 0 0.6 2950 0 17
TTES 39 36 25 124 0 36 749 0 15
SE PTES 125 58 70 65 0 170 8706 0 57
TTES 134 56 60 65 0 122 1830 0 51
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Fig. 12. Seasonal and short-term TES operation for Denmark in 2030.
Appendix D. Heat storage operation  The seasonal TES needs to have the same energy content at the

beginning and end of each year. However, its energy content can
vary across seasons and time steps.

The modeling of TES in Balmorel is done using the following
+ An aggregation factor representing the length of the time segment

assumptions.
(denoted with y,, in Eq. (2)) should be used to calculate the yearly
» The short-term TES needs to have the same energy content at the charged and discharged energy from TES.
start and end of each season. However, its energy content can + Balmorel is free to decide the charge level of the storage at the
vary from time step to time step. start of the simulation (both for seasonal and short-term TES).
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Fig. 13. Comparison between the No TES and TES scenarios for Denmark regarding
the electricity cost. The weighted mean yearly electricity prices are indicated with a
green circle. The grey dashed line denotes an electricity price of zero.

A visualization of the seasonal and short-term operation is presented
in Fig. 12. It can be observed that the seasonal storage is charged
primarily during the summer and discharged during winter. On the
other hand, the short-term TES performs one storage cycle per week.
In the winter, the short-term TES is primarily charged during nighttime
and discharged during the day, whereas, in the summer, it is charged
during daytime and discharged at night.

Appendix E. Electricity cost in Denmark

The electricity cost in Denmark for the simulated years is presented
in Fig. 13. It may be observed that the TES scenario has, in general,
lower peak electricity prices compared to the No TES. The main reason
is that the TES scenario can use the stored heat to cover the heat
demand when the electricity price is high (instead of operating, e.g., a
heat pump using expensive electricity). However, the weighted mean
electricity price is almost the same for the TES and No TES scenarios (on
average, the No TES scenario had an approximately 1% higher mean
electricity price).

Appendix F. Installed capacities

The total generation and storage capacities installed in the simu-
lated countries are presented in Table 6. The term “dispatch generation
capacity” denotes the sum of heat pumps, boilers, and CHP plants
installed in a country. In general, in all simulated countries, it may
be observed that the PTES scenario installs more PV, TES, and H,
storage, while the TTES scenario installs more dispatchable generation
technologies. Of course, some countries do not follow the same trend
due to their different energy systems. For example, in Norway, a very
small capacity of short-term TES is installed in the PTES scenario, and
the model invests more in hydropower compared to TTES.

Last, as mentioned in Section 4.4, batteries were not used in Den-
mark, although they have the potential to be used. In Table 6, it can
be observed that batteries and fuel cells are only installed in Germany.

Appendix G. Comparison of the literature with the results of this
study

As mentioned in the introduction of the present paper, the existing
studies concerning the impact of PTES are few in number and varied in
assumptions. Only one study found in the literature is based on analyses
of a whole country (Germany) [14], while the remaining studies are

15

Applied Energy 349 (2023) 121663

400 A

A Max o
/A Min

—. 300 A

=

w

=

%D 200 o

A=)

=

2

Q

£ 100 A

Gt

o

2 A

o

E

=100 -
T T T T T
©

3 N A» 2o z’,s
v & S L & o & L
&5 N 2
& R & &
& & %'Q@

&

Fig. 14. Comparison between the obtained results from this study (triangles) with the
results of similar studies from the literature (boxplots). The two triangles indicate the
maximum and minimum obtained values.

analyses of single district heating systems [5,13,15-17]. In terms of the
time period studied, the range is 1 to 30 years.

Keeping this in mind, we carried out a meta-study comparing results
from the literature against the difference between the present study’s
No TES and PTES scenarios. The study included all the simulated
countries (DK, DE, NO, SE) and the entire simulated period (2020-
2050). Fig. 14 presents this comparison, and it may be observed that,
in general, the results of this study are comparable to the literature
results. The biggest difference was found for the CO, emissions and the
fossil share since, in the present study, decarbonization was achieved
by 2050 for the PTES scenario.

As a summary of the figure, when including PTES in the energy
system, the present study reported on average 5% lower CO, emissions,
8% less use of fossil fuels, 4% higher primary energy use, 13% higher
renewable energy share, and 4% lower system costs, compared to
systems without having TES.

Appendix H. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apenergy.2023.121663.
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In recent years, there has been a growing interest in utilizing large-scale heat storage in combination
with district heating systems. This thesis investigated water pit thermal energy storage (PTES) as a
cheap and efficient heat storage technology for district heating. The main focus was the performance
assessment of PTES and their techno-economic impact. The effect of PTES geometries on perfor-
mance was investigated, and energy and exergy indicators were suggested for comparing PTES
performance with different operations (seasonal or short-term). On a country scale, it was found
that PTES can increase the flexibility of the overall energy system, thus increasing the utilization
of renewables while reducing curtailment. Additionally, PTES can benefit the economy of a single
district heating system by reducing the cost of heat as they can shift production from times when
the electricity prices are high to periods with low electricity prices. Overall, this study elucidated the
need to increase the number of PTES to reach cost-optimal carbon neutrality by 2050.
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