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Abstract. A major challenge in seasonal thermal energy storage (STES) design is the pres-
ence of groundwater, which can reduce thermal performance and impose regulatory limits on
groundwater temperature. Although mitigation measures such as cut-off walls and additional
insulation have proven effective in simulation studies, groundwater conditions remain a tech-
nical, economic, and legal constraint that strongly influence design choices and project feasi-
bility. This study analyses the trade-off between constructing an STES close to the DH network
in areas with unfavourable ground conditions and building it in more remote locations with
favourable geological conditions. Different scenarios are assessed to determine the maximum
economically viable distance between the DH system and the storage location.

The results show that investment cost is a key factor in STES integration. If a remote
location allows a simpler and less expensive storage design, locations up to approximately 10-
17 km from the DH network can remain economically competitive, depending mainly on DH
transport pipeline costs. The study also highlights that the number of charge-discharge cycles
strongly influence the contribution of the storage investment to the levelized cost of heat. While
remote storages benefit from lower construction costs, higher cycling rates may require larger
auxiliary components, favouring more centralised storage solutions. Operating the storage with
additional cycles during periods of low heat demand can further improve economic perfor-
mance.
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1. Introduction

The integration of seasonal thermal energy storage (STES) in district heating (DH) systems,
alongside renewable heat sources, is a promising step toward decarbonising the DH sector.
Denmark has already implemented several pit thermal energy storages (PTES), demonstrating
their efficiency and low cost, while other European countries, such as Austria, are heading
towards building their first large-scale STES. The design of large-scale STES is strongly influ-
enced by groundwater, which can reduce thermal performance and trigger regulatory con-
straints on the maximum groundwater temperature allowed. Mitigation measures, such as cut-
off walls or thermal insulation, have been investigated by means of simulation studies in the
gigaTES[1], [2] and ScaleUp[3] projects, proving effective. However, groundwater remains a
technical, economic, and legal challenge that can heavily affect design and even project fea-
sibility. Therefore, groundwater presence and levels must be assessed at an early stage. Rec-
ognising these challenges, we determine the distance between the DH system and the STES
location for which a STES centrally located in an area with unfavourable ground conditions can
compete with a STES located in a more remote location but with favourable ground conditions.
We look at different scenarios aiming to assist on the search for a STES location by expanding
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to other feasible locations and on the other side, investigate design and operation strategies
that help expand the feasible area.

2. Methodology

The energy concept sketched in Figure 1 is analysed by means of simulation studies. It con-
sists of a large underground tank thermal energy storage (UTTES) connected to a district heat-
ing (DH) system via a transport pipeline. The DH primary grid is the boundary condition of our
system. It acts as a source and sink of the thermal energy storage (TES) system. Heat is
transferred to the TES through a heat exchanger (HEX). During discharge, heat is extracted
via the same heat exchanger for pre-heating. The pre-heated flow is subsequently heated up
by a heat pump (HP). The HP fulfils two functions. It supplies the additional heat required to
reach the desired supply temperature (post-heating), and it enhances the discharge capacity
of the TES by using the storage fluid as a heat source at the evaporator, thus cooling the TES,
widening its operating temperature range, and thereby increasing its specific storage capacity.
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Figure 1. Schematics of analysed System. From left to right: Interface to DH system (primary grid).
DH transport pipeline and TES System (large TES, heat exchanger (HEX) and heat pump (HP)).
Dashed line (heat pump) is only activated during the discharging phase. Dotted line (heat pump by-
pass) is activated during the charging phase.

Different scenarios are considered. The differences between scenarios are based on the
consideration of different locations (length of the DH transport pipeline) and different TES de-
sign and geological conditions (indirectly defined by different heat loss transfer coefficients of
the storage side walls). The scenarios are simulated for two years, and only the results of the
second year are used for the evaluation. The evaluation includes a technical part, focusing on
energy flows and energy balances, and an economic part, which takes the simulation results
as basis and applies different economic boundary conditions to create further scenarios and
provide richer results.

2.1 Technical evaluation

The technical evaluation includes evaluation of energy balances and energy flows of the whole
system and subsystems (e.g. TES system). At system level, the main variables used as basis
for the economic evaluation are defined below.

Heat purchased Ej, ;;,, calculated as the integral over one year, of the energy entering the
system via the interface with the DH system, see Eq. 1, where T, and T, are the temperatures
of the supply and return line, measured at the interface with the DH primary grid and the DH
transport pipeline, see Figure 1. myy is the mass flow rate in the DH transport pipeline, positive
if entering the system via the supply line and negative otherwise, i.e. entering via the return
line. ¢, is the specific heat capacity which is defined as a constant value.
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E. . :{meH'Cp(Ts—Tr) dt if mpy >0 (1)
h.in 0 if py <0

E — {_meH " CP(TS - TT) dt lf mDH < 0 (2)
t 0 if mpy =0

TES and overall system efficiency nrgs and 7y, see Eq. 3.

_ ElossTEStEl0ss.DH _ Eioss.0H (3)

ETES

Nsys = 1 =MNTEs

ETES

Where E;, s rgs and Ej s py are the accumulated heat losses of the TES and the DH transport
pipeline during one year in J. E;gs is the TES capacity in J, it is calculated as the difference
between the maximal and minimal energy content of the TES for the whole year. The energy
content is obtained by multiplying the average storage fluid temperature T by the storage heat
capacity C, in J/K.

Ergs=V-p- Cp (Tmax - Tmin) = Cp (Tmax - Tmin) (4)
2.2 Economic evaluation

The economic evaluation is based on two main KPIs, the overall investment sum and the lev-
elized cost of heat (LCOH).

The overall investments considered are limited to the main parts of the system, the DH
transport pipeline Iy, the heat pump Ip, the thermal energy storage I and the land I} ;4.

The levelized cost of heat considers the above-mentioned investments and the operational
cost. The calculation of the LCOH uses as a reference the heat delivered to the DH primary
grid E; defined by Eq. 2. Furthermore, it is assumed that economic conditions (e.g. costs, in-
terest rate r) as well as energy fluxes (e.g. heat discharged, losses) remain stable for the
period under consideration n = 15 years.

For the contributions to the LCOH of each investment, two main approaches are consid-
ered. For the main components (heat pump, ...), a specific technical lifetime L is used to cal-
culate a residual value, assuming a linear depreciation. The contribution of these terms is de-
fined by Eq. 5withi € {HP,DH,TES} and a indicating the annuity factor.

Li—Tl
¢ 1‘(1_Li(1+r)n)

LCOHIL' = E
t

(5)

In the case of the land, no specific lifetime is defined, instead it is assumed that the land
value remains the same over time and that the land is resold at the end of the evaluation period
n. The contribution of the land costs is defined by the following equation,

alpan 1_;n

LCOHLand _ L d(Et (1+7) ) (6)
The operational costs are limited to the heat and the electrical costs C; and C,;. These
operational costs are calculated as the energy (heat or electricity) in MWh E; multiplied by the
specific costs ¢; in € MWh. The heat costs C;, are defined as the cost of heat entering the
system over one year evaluated at the system interface with the DH primary grid Cy ;,,. The
electricity cost contribution considers two main terms, the electrical consumption of the heat
pump C,; yp, and the electrical consumption related to the pumping work of the DH transport
line C,; py. Assuming stable conditions (e.g. no price increase, etc.), the contribution of each
operational cost to the overall LCOH can be calculated simply as the ratio between the costs

and the energy delivered.
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Based on the sum of all above contributions, the LCOH for the system can be calculated
using Eq. 7 withi € {HP,DH,TES}and j € {el.HP,el.DH, h.in}.

LCOH = LCOH, gnq + 3 LCOH,;, + % 2 (7)
t

3. Model description and parametrization

Main models are taken from the Buildings[4] and the Modelica Standard library (MSL)[5]. As
the models are well documented in their respective libraries, details about their underlying
equations and assumptions are omitted and the reader is referred to the original model's doc-
umentation. Here, the focus lies on the indication of the specific models used, their parametri-
zation and potentially additional equations. Note that all fluid models use water with constant
properties as defined by the Buildings.Media.Water package.

3.1 Underground thermal energy storage

The TES is modelled using the Buildings.Fluid.Storage.Stratified model of the Buildings library
[4]. The main parameters are listed in Table 1. All parameters are fixed with the exception of
the heat transfer coefficient (HTC) of the sidewall UAWall. The different values of UAWall are
used to represent different construction designs and geotechnical conditions, such as the pres-
ence of groundwater. Heat losses are proportional to the temperature difference between the
fluid and the boundary conditions, and the HTC is defined on the sidewall, bottom and top of
the TES. A constant temperature of 10°C is applied to the bottom and sidewall while the out-
door air temperature is applied for the heat losses on the top. The modelling approach followed,
disregarding the thermal mass of the surrounding ground, is considered sufficient for the pre-
sent study, as the focus lies on rough evaluation of trends and critical parameters rather than
a detailed design of the TES or system dynamics (e.g. heat up phase).

Table 1. Parametrization of the thermal energy storage model.

Parameter | Description Value and unit

hTan Height (depth) of the TES 40m

VTan Fluid volume 706,858.38 m3

UATop HTC at the top 0.1 W/(m2K)

UAWall HTC at the side walls 0.1007, 0.2582 and 0.5165 W/(m?K)
UABot HTC at the bottom 0.25 W/(m23K)

An aspect which is addressed in the study is the consideration of different TES perfor-
mances, i.e. heat losses, of the underground tank thermal energy storage. As no large UTTES
hat yet been built, we refer to results from a simulation study [2] to adjust the parametrization
of our model. It provides an overview of heat losses range of large TES for different designs
and ground conditions. Results in [2] are provided by 50 m deep TES with a total volume of
100,000, 500,000 and 2,000,000 m3. The study considers seasonal operation with 3 months
phases (charge-idle-discharge-idle) and DH operating supply and return temperatures of 90°C
and 60°C. A subset of relevant results for the present study has been added here. It contains
results for scenarios without groundwater, and scenarios with ground water flow of 7.5 x 10°
6m/s (with and without a cut-off wall preventing the groundwater to come into contact with the
TES sidewall). Based on the original results, heat losses for a 700,000 m® UTTES are esti-
mated by interpolation using a quadratic polynomial, see Figure 2. These literature results
together with calculations done within the ScaleUp project [3] are used to define reasonable
values for the UAWall parameter.
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Figure 2. Left: Results retrieved from [2] for overall heat losses for a 100,000, 500,000 and
2,000,000 m? tank for three different scenarios based on different ground conditions and tank design:
Without ground flow, with ground flow (ugw = 7.5x10°¢ m/s) with and without cut-off wall. Results for
700,000 m? are estimated. Storage height constant for all cases at 50 m. Right: Specific costs of large
PTES projects and correlation of costs for larges PTES in 2024. Modified from [6].

The uncertainty in regards of cost of large UTTES is high. Estimates in [7] of large TES
with non-trafficable cover, with polymer liner and without insulation are roughly 60, 42 and
38 €/m? for volume equal to 0.1, 0.5 and 1 Mm? respectively. Estimates in [1] for a 1.2 Mm?
non-insulated diaphragm wall tank range between 90 and 115 €/m? depending on the geome-
try (costs include 100 €/m? of land costs, which represent about 5-7 €/m?). To more confidently
narrow down realistic prices for UTTES, we can recall data on past large PTES projects. We
can assume the cost of an underground tank will be higher and see cost data of PTES as a
lower limit. To do so, we can refer to recently updated cost data on PTES from [6], see Figure
2. Based on the available estimations, a base price of 100 €/m?® is used for the evaluated sce-
narios unless indicated otherwise.

The space required for the TES system is estimated as 26,550 m?. This value is used for
the estimation of land costs. It considers the need of 24,050 m? for the UTTES construction
and 2,500 m? for the installation buildings. Cost for the land are set to 300 €/m? based on own
assumption after screening current prices for agricultural land near Vienna.

3.2 DH transport pipeline

The DH transport pipeline is modelled using the Modelica.Fluid.Pipes.DynamicPipe model of
the MSL [5]. It accounts for heat losses and pressure losses. The main parameters are listed
in Table 2. The heat losses are proportional to the coefficient alpha0 and the temperature
difference between the fluid segment temperature and undisturbed ground temperature.

Table 2. Parametrization of the transport pipeline model.

Parameter Description Value and unit

length Pipe length 1,5, 10 and 15 km
diameter Pipe inner diameter 0.3127 m

roughness Pipe roughness 0.025 mm

FlowModel Flow model for pressure losses calculation DetailedPipeFlow
HeatTransfer Heat transfer model for heat losses calc. ConstantFlowHeatTransfer
alpha0 HTC for heat losses calculation 0.2824 W/(m?K)

nNodes Number of fluid volumes (discretization) 1 each 200 meters

Additionally, the electrical consumption for pumping through the transport pipeline E,; py
is calculated to merely account for additional operational costs with the following equation,

Eeon = [18p| 22 de ®)
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Where Ap is the sum of the pressure losses through the transport pipeline (supply and return),
calculated by the model, and the addition of 1 bar for the not calculated pressure losses on the
heat transfer station of the TES system. m,y is the mass flow rate at the transport line and p
is the fluid density. The pump efficiency 7 is set to a constant value of 0.7. The scenarios are
designed with 300 DN pipes. Two cost values are used, high and low costs: 3,248 € and
1,683 € per meter of trench respectively based on own assumptions.

3.3 Heat exchanger

The heat exchanger is modelled using the Buildings.Fluid.HeatExchangers.Plate-
HeatExchangerEffectivenessNTU model of the Buildings library [4]. The heat exchanger flow
configuration is set to a counter-flow. The main parameters are listed in Table 3. Pressure
losses through the heat exchanger are disregarded. Parameter with “1” and “2” refer to the DH
and TES side of the heat exchanger, respectively.

Table 3. Parametrization of the heat exchanger model.

Parameter Description Value and unit
Q_flow_nominal Heat transfer under nominal conditions 30 MW

T a1l _nominal Entering temperature DH side at nominal cond. 110 °C

T a2 nominal Entering temperature TES side at nominal cond. 50 °C
m1_flow _nominal Mass flow rate DH side at nominal cond. 119.6 kg/s
m2_flow _nominal Mass flow rate TES side at nominal cond. kg/s

3.4 Heat pump

The heat pump is modelled using the Buildings.Fluid.HeatPumps.Carnot_y model of the Build-
ings library [4]. The model calculates the heat pump COP as the product of the Carnot COP,
i.e. it is based on operating temperatures, and a fixed factor (Carnot effectiveness) set to 0.6.
The thermal output is limited by the actual COP and a fixed maximal electrical driving power
of 4 MW,.. Heat pump investment costs are estimated at 1 M€ per MW thermal capacity.

3.5 Control strategy

The main control signals are the mass flow rates at the district heating side mpy and at the
TES side mzs as well as the heat pump partial load operation y, see Figure 1. The charge-
discharge profile indicates the mass flow rate at which the storage should be charged and
discharged for a whole year, see Figure 3. The profile is applied to the TES side (rizs) unless
the TES is considered full or empty. The storage is considered full when the temperature at
the bottom diffuser reaches 89°C during the charging phase. During the discharging phase,
the TES is emptied until the phase ends or the temperature at the top diffuser decreases to
65°C. During the charging phase, the mass flow rate at the TES side is kept constant and the
mass flow rate at the DH side is continuously adjusted to limit and ensure a constant charging
temperature of 95°C. During the discharge phase, the mass flow rate at the TES side equals
the mass flow rate at the DH side. The heat pump partial load is adjusted to reach a constant
set point temperature of 110°C.

3.6 Boundary conditions
Main boundary conditions are,

e the outdoor air temperature, used to calculate the heat losses of the top of the TES.
Measured data for years 2020 and 2021 is used for the two simulated years.

e The undisturbed ground temperature used to calculate the heat losses of the transport
pipeline. It is based on [8] and it is calculated at a 1.5 m depth. Based on the outdoor
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air temperature a mean annual temperature of 12°C with an amplitude of 17°C has
been defined. Ground thermal diffusivity is set to 8.2e” m?/s and a time shift of
193 days.

e The DH supply and return temperatures. The return temperature set at 50°C deter-
mines the temperature of mass flow entering the system during the discharging phase.
The supply temperature set at 110°C determines the temperature of mass flow entering
the system during the charging phase.

e Charge and discharge profile. It indicates the planned mass flow rate on the DH side
and with it the charging (positive), discharging (negative) and idle phases. Two versions
exist, a single cycle, and two-full cycles, see Figure 3.
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Figure 3. Yearly charge/discharge profiles used as boundary condition. A single seasonal cycle (full
orange line) and a double cycle (dashed black line).

4. Results

4.1 Technical evaluation of basic cases
4.1.1 UTTES at a central location

Results shown in Figure 4 are for cases considering a UTTES located at central location with
only 1 km of DH transport pipeline of highly insulated pipes between the TES system and the
DH connection point. Three different heat loss coefficients for the TES wall (UAWall) are uti-
lized, see Table 1. The system is operated with one single full charge and discharge cycle.
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Figure 4. UTTES at central location (1 km). Cases: Ref. Case, High heat losses and Insulated
(UAWall = 0.2582, 0.5165 and 0.1007 W/(m?K) respectively). Single charge-discharge cycle. Left: En-
ergy in. Right: Energy out (including energy content variation of the TES / state of charge).

The obtained yearly heat losses vary from 6.3 GWh down to 3.1 GWh (with a constant
value of the heat losses of the DH transport pipeline for all cases of about 128 MWh/a), and
with it there is an increase of TES and system efficiency from 86% up to 93%. Due to the
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increased TES efficiency, there is a slight decrease in the amount of heat that can be charged
in the TES. However, due to the reduced TES heat losses, the amount of heat recovered is
higher and with it the amount of useful heat transferred to the system. Remind that the different
parametrization aim to emulate different TES designs and ground conditions and thus a range
of expected heat losses, compare bottom left of Figure 4 with Figure 2. They provide a range
of probable heat losses without providing a definitive link to a specific TES design or ground
condition as neither the ground nor the storage layers/walls are explicitly defined.

4.1.2 UTTES at remote locations

The results shown in Figure 5 are for the reference case with TES parameter UAWall equal to
0.2582 W/(m?K), investigating the effect of different distances between the TES system and
the DH connection point.
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Figure 5. UTTES at central and remote locations. Results for reference case (UAWall =
0.2582 W/(m?K)) applying a single charge-discharge full cycle. Top left: Energy entering the system.
Top right: Energy leaving the system (including energy content variation of the TES / state of charge).

Bottom left: Heat losses. Bottom right: Efficiency of the TES nrgs and overall system 1)y,.

It can be observed that the amount of energy entering and leaving the system remains
stable (+2 %), since the charge/discharge profile are identical for all cases. Specifically, the
heat entering the system increases as the TES is located farther away at a rate of approxi-
mately 63 MWh/km that compensate part of the additional heat losses due to a longer DH
transport pipeline. The TES heat losses are about 4.2 GWh/a and are slightly reduced (<1%)
for cases with a remote TES. The TES efficiency remains stable at 90%. On the contrary, at
system level, the transport heat losses increase with the distance at about 127 MWh/km and
with it the overall heat losses and system efficiency which is reduced from 90% down to 86%
for the 15 km transport pipeline case. The increased amount of energy entering the system is
not enough to compensate the additional heat losses so that the amount of heat supplied by
the system, at the DH interface, is slightly reduced.

Not included in the top-left diagram in Figure 5 is the electrical consumption required for
pumping. It is calculated to be approximately 109, 350, 653 and 958 MWhg, for 1, 5, 10 and
15 km respectively, which is 2.3 to 20 % of the energy consumption of the heat pump.
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4.1.3 Dual charge-discharge cycle

Results for the reference case for a two charge-discharge cycles profile is shown in Figure 6.
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Figure 6. UTTES at central and remote locations. Results for reference case (UAWall =
0.2582 W/(m?K)) applying a two charge-discharge full cycle. Top left: Energy entering the system. Top
right: Energy leaving the system (including energy content variation of the TES / state of charge. Bot-

tom left: Heat losses. Bottom right: Efficiency of the TES nrgs and overall system 1.

The trends from the single charge—discharge cycle are repeated here (compare Figure 5
and Figure 6). The additional cycle increases energy throughput and TES heat losses by
800 MWh/a due to longer time with high temperature (storing heat), reducing TES efficiency
slightly to 88%. A stronger effect occurs in the DH pipeline, where heat losses nearly double,
significantly reducing system efficiency. Electrical pumping is 218, 701, 1,309, and
1,922 MWhg, for 1, 5, 10, and 15 km, respectively.

4.2 Economic evaluation: Investment and LCOH
We obtain the following investments sums assuming high and low transport pipeline costs, see

Figure 7. Investment varies between 93.9 and 139.4 M€ for high transport pipeline costs and
between 92.3 and 115.9 M€ for low transport pipeline costs.
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pipeline costs (left) and low DH transport pipeline costs (right). Included are land, heat pump (HP),
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In regards of the LCOH, the following boundary conditions and assumptions are defined.
The heat purchased is assumed to cost 10 € MWh and the electricity 200 €/ MWh. Heat costs
are assumed to be low, as this is a key boundary condition required to justify this use case,
with the thermal energy storage (TES) operated on a seasonal basis. The heat price is as-
sumed to be non-zero to account for the effort required to integrate surplus heat into the sys-
tem. A lifetime L of the heat pump, TES and transport pipeline is assumed to be 20, 40 and 40
years, respectively. The period n considered is 15 years and the interest rate r is set to 4%.

The LCOH values for the reference case, one and two charge-discharge cycles, are shown
in Figure 8. The results highlight the impact of the number of cycles (increase from 1 to 2) as
well as the effect of a remote location due to mainly the increased investment and operational
costs and a minor effect due to differences in the amount of heat supplied E; (reference value
used for the calculation of the LCOH. See e.g. change on LCOH contribution of TES costs for
different transport pipeline lengths). Note that the use of low transport pipeline costs will
roughly halve the contribution of transport pipeline, and thus reduce the overall LCOH, espe-
cially for long distances.
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Figure 8. LCOH results for reference case (UAWall = 0.2582 W/(m?K)) applying a single (left) and a
double (right) charge-discharge full cycle. Value based on high transport pipeline costs.

4.3 Economic evaluation: Sensitivity analysis of LCOH
This section provides results of a sensitivity analysis of the LCOH carried out for most of the

parameters used. The results are provided for the reference case (UAWall = 0.2582 W/(m?K))
and one single charge-discharge cycle, see Figure 9.
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Figure 9. Sensitivity analysis: LCOH variation (€/MWh and %) with single-parameter changes. Param-
eter ranges: Electricity: 100-400 €/MWh, TES cost: 25-100 €/m?3, TES lifetime: 30-50 a, Interest rate:
2-8%, Heat: 10-75 €/MWh, Land price: 300-3000 €/m? and HP cost: 1-2 M&MWh. Results for refer-

ence case (UAWall = 0.2582 W/(m?K), 1 km transport pipeline, one charge-discharge cycle).

The results show how the interest rate, TES and HP investment cost have a dominant role
on the LCOH which correlates with the LCOH composition, where the investment represent a
high portion of the value.

In terms of operational cost, the electricity has a small role as a large increase (from 200
to 400 €/ MWhe) would only slightly increase the LCOH by 14%. The relevance of the heat
price might appear to be low, because the reference value of the LCOH is already high due to
the large investments. Nevertheless, it is considered important because a low heat price is a
fundamental condition for the use case (seasonal operation of the TES). It has a rather linear
relationship with the system LCOH, i.e. each increase of the heat price is directly transfer
(roughly 1-to-1) to the system LCOH.

The land price has little impact on LCOH for typical values for agricultural land (<500 €/m?),
as it is assumed the land retains its value and is sold at the end of the analysis period.

4.4 Scenario analysis

This section addresses the main research question: when is a central location preferred over
a remote one? Remote locations incur higher investments, heat losses, and pumping costs,
generally resulting in higher LCOH. They become attractive only if they offer added value in
performance or cost.

4.4.1 Increased TES performance at remote locations

A case to be considered is related to the TES efficiency. Suppose we have a central location
with challenging conditions due to groundwater that yield high heat losses (represented by
case, UAWall = 0.5165 W/(m?K)). Is it reasonable to build the TES in a remote location with
better ground conditions (e.g. UAWall = 0.1007 W/(m?K)) instead? If so, at which distance?

As shown in previous sections, see Figure 7, the transport pipeline will increase the in-

vestment cost, a relevant KPI in any investment decision so that this KPI alone would not
support this option.
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Figure 10. Results for high heat losses case (UAWall = 0.5165 W/(m?K)) compared to favourable re-
mote locations applying a single charge-discharge full cycle. Top left: Energy entering the system. Top
right: Energy leaving the system (including energy content variation of the TES / state of charge). Bot-

tom left: Heat losses and electrical consumption. Bottom right: LCOH.

Compared to the high heat loss case (central location), the remote location scenarios show
that less energy is entering and leaving the system. The reduction of heat entering the system
is slightly lower than the reduction of the overall heat losses (DH and TES), indicating slightly
more heat is stored into the TES, see Figure 10. Though the amount of heat purchase is re-
duced, the electrical consumption for pumping is increased. The overall electrical consumption
for the 5 km case is with 5,051 MWhg still below the reference case with 5,160 MWhe. At 10 km
distance, the consumption reaches 5,324 MWhe and surpasses the reference case by
165 MWhe. As a result, we can see that in terms of LCOH, the potential savings due to in-
creased efficiency are already counteracted by the increased electricity required for pumping
while the increase of LCOH due to the additional investment has not yet been considered. So
that overall moving to a further location cannot be justified by a reduction of heat losses/in-
crease of TES efficiency under the assumed conditions.

The low assumed heat price reduces the relevance of heat losses. Higher heat prices
would increase the overall LCOH but also favor remote locations, as the value of heat savings
increases. In practice, this is unrealistic, as reduced heat purchases should offset the addi-
tional investments and, for distances >5 km, the higher operational costs from increased elec-
tricity consumption. For the high-loss case (1 km) to match the LCOH of the 5 km scenario
with a highly efficient TES, a heat price of 283 €/ MWh would be required, resulting in an LCOH
of 442 €/ MWh. Even with low DH pipeline costs, values remain high: for the 5 km case, a heat
price of 124 €/ MWh would be needed to match the reference case.

4.4.2 Reduced TES specific cost
As observed from the main results for the case under study, see left diagram in Figure 8,
operational costs do play a limited role in the LCOH (16 to 20%) compared to the investment

related costs (80 to 84%), where the TES has the main contribution (42 to 59%), followed by
the heat pump or transport pipeline, while the land investment has a less relevant contribution.
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Based on this cost structure, the consideration to build a TES in a remote location might be
interesting if the location has an impact on the storage construction costs due to e.g. simpler
design (no ground water), excavation works, etc. We consider in this analysis the placement
of the TES in a remote location, taking the reference case with results shown in Figure 5 to do
the analysis. The question is, how large the impact of the remote location on the cost in terms
of investment should be to justify the construction of the TES in a remote location?
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Low DH costs (1 cycle)
50

- = = High DH costs (2 cycles)

25
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Figure 11. Specific investment costs necessary as a function of TES location (DH transport pipeline
required) to equal reference LCOH (TES at a centralized location) assuming low and high costs for the
DH transport pipeline for 1 and 2 full charge-discharge cycles.

The reference requires a total investment of 93.9 M€ and yields an LCOH of 155.8 €/MWh,
see Figure 7 and Figure 8. With slightly lower values if the cost for the transport pipeline for
the 1 km length is assumed to be low (92.3 M€ and 153.8 €/ MWh). The LCOH of the 5, 10 and
15 km variants without considering the cost for the TES are 82.3, 105.7 and 129.4 €/ MWh
respectively (assuming high cost for the transportation pipeline). In this case, a reduction of
the TES costs from 100 €/m3 to 56, 38 and 20 €/m?* would end up with the same LCOH, namely
155.8 €/ MWh. Assuming low cost for the transport pipeline, the TES costs reduction from
100 €/m?3 to 82, 69 and 56 €/m? would be required for the 5, 10 and 15 km variants to reach
the reference value of 153.8 €/ MWh. A linear relationship can be derived from the results for
one and two full cycles, see Figure 11. Note that the distance for the two cycles is slightly
lower, nevertheless the reference LCOH are lower (129-130 € MWh depending on the
transport costs). Equal LCOH does not imply equal investment; The overall investment of the
remote locations will be slightly lower than the centrally located reference TES.

5. Discussion

The results clearly highlight that the LCOH of a STES are dominated by the investment costs.
The contribution related to the investment costs are in the range of 80 to 84%. This situation
is emphasized by the fact that a STES is built on the idea that free (or very cheap) heat is
available to be stored for a long time, thus cost for charging the storage is rather low. The cost
of the purchased heat is for the given case (10 €/ MWh) with relatively high efficiencies >85%
roughly transferred 1 to 1 as a contribution to the system LCOH (9.9 to 10.3 €/ MWh, see Figure
8). Leaving the electricity cost for pumping and especially for driving the heat pump, as the
main contributions for operational costs. Even a high increase on the electricity price would not
have a large impact on the LCOH as shown in the sensitivity analysis, see Figure 9. The reason
for that is that the LCOH of the reference case is already high, and the amount of electricity
required by the heat pump and DH (pumping) is low (4,900 to 5,700 MWh, see section 4.1.2),
itis in the order of 7-9 times smaller than the heat supplied. This ratio implies that the electricity
purchased at 200 €/ MWh¢ ends up contributing with 22 to 26.2 €/ MWh to the system LCOH,
see section 4.2.

Based on the results and above statements, it becomes clear that major efforts should be
taken to minimize the impact of the investment on the LCOH. This can be achieved by reducing
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the investment costs, sharing the infrastructure, and/or increasing the number of TES charge-
discharge cycles.

Investment costs can be reduced through technological improvements or favorable loca-
tions that simplify design (e.g., no cut-off walls) and yield reduced costs. However, remote TES
locations may require extra investment and operational costs, limiting placement. Figure 11
shows the maximum cost of a remote TES versus distance, assuming a central TES cost of
100 €/m3. For remote UTTES with costs comparable to PTES, placement should be within 10—
17 km of the DH system (depending on pipeline costs) to reduce LCOH contribution.

The reduction of the LCOH by sharing infrastructure is obvious. E.g. if the construction of
the DH transport pipeline allows to connect additional customers, then only a share of the costs
would be assigned to the TES system.

[ 92.3
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308 —O=—Eq.5
45.3¢ 23.1 O Ref.case
18.5
» 154 132 458

0
0 45 90 135 180 225 270 315 360

Energy delivered (MWh/a)

Contribution to LCOH (EUR/MWh)

Figure 12. Estimated TES investment cost contribution to LCOH assuming 100 €/m3 TES and deliv-
ered heat per cycle E; = 45 GWh/a (Eq. 5). Reference values (Ref. case) from simulation (UAWall =
0.2582 W/(m?K)) for 1 km DH transport pipeline for one and two full charge-discharge cycles.

Finally, the increase of number of TES charge-discharge cycles, which can be seen as a
subset of the previous case, shared-infrastructure. The importance of the number of cycles to
reduce the contribution of the investments on the overall LCOH have been shown with a simple
case, see Figure 8. Recalling Eq. 5, and assuming TES investment costs of 100 €/m? and a
fixed amount of delivered energy per cycle E; = 45 GWh/a depicts the relevance of the number
of cycles on the fixed costs, see Eq. 5 dataset in Figure 12. Results from the simulation studies
for the reference case shown in Figure 8 are also included.

The relationship between the contribution to the LCOH and the energy delivered (propor-
tional to the number of cycles) shows an inverse square relationship. It is significant for one
cycle but diminishes substantially as the number of cycles (E;) increases, see Eq. 9. The results
highlight that the increase of the number of cycles from 1 to 3 would have a great impact on
the economics of the UTTES but a further increase would not have the same strong impact.
On the one hand, because of the relationship described in Eq. 9 and on the other hand, be-
cause the contribution of the investments to the overall LCOH would become closer to the
contribution of the operational costs.

I (1_11';71)
dLCOHIi _ ia L;(1+1)7
dE - E.2 (9)
t t

Be aware that the defined system cannot really operate in this way, as it is designed (both
DH transport pipeline, and TES system) for a low heating capacity. The TES is charged and
discharged for 60 days at an average rate of roughly 30 MW.
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6. Conclusions

The result of the study concludes that the investment cost is a key aspect to consider in the
integration of STES. The construction of an STES on a remote location can be justified if the
costs of the TES are reduced considerably. For the described case, remote locations of up to
maximum 10 to 17 km can be considered depending on the DH transport pipeline costs.
Changes on the assumptions (e.g. costs, charge-discharge profile, ...) will of course have an
influence on this threshold value. Similarly, changes in the use of the infrastructure (e.g. DH
transport pipeline) will also have an impact on the system LCOH.

Although the main case analysed focuses on the seasonal operation of the UTTES, the
results highlight that the number of charge-discharge cycles has a significant impact on the
contribution of the TES investment on the overall LCOH.

When the UTTES is located remotely, achieving a high number of cycles becomes chal-
lenging, not due to technological limitations, but because higher TES cycles would require an
upscaling of the heat exchanger, heat pump and DH transport pipeline. This fact plays in favor
of a centralized storage solution, even if the location is less favourable and construction costs
are higher. As described by Eq. 5, the LCOH is directly proportional to the investment cost and
inversely proportional to the supplied energy (i.e. the number of cycles). In other words, dou-
bling both the TES investment cost and the number of cycles would result in a similar contri-
bution of the TES investment to the LCOH. Nevertheless, it remains preferable to keep TES
construction costs within reasonable limits while maximizing the number of full charge—dis-
charge cycles. This can be achieved by operating the UTTES as an economically driven asset
(daily to weekly TES) during periods of low heat demand, before transitioning to the originally
foreseen seasonal operation.
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