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Abstract

The waste heat generated by high-performance computing (HPC) represents an opportunity
for advancing the decarbonization of energy systems. Seasonal storage is necessary to
regulate the balance between waste heat production and demand. High-temperature
aquifer thermal energy storage (HT-ATES) is a particularly well-suited technology for
this purpose due to its large storage capacity. However, integrating HT-ATES into energy
systems for district heating is complex, affecting existing components. Therefore, this study
applies a bi-objective mixed-integer quadratically constrained programming (MIQCP)
approach to optimize the energy system at Forschungszentrum Jiilich (FZ]) regarding
total annualized costs (TAC) and global warming impact (GWI). The exascale computer
Jupiter, which is hosted at FZ], generates a substantial amount of renewable waste heat
that is suitable for integration into district heating networks and seasonal storage. Case
studies show that HT-ATES integration into the investigated system can reduce GWI by
20 % and increase TAC by 1 % compared to the reference case. Despite increased TAC from
investments and heat pump (HP) operation, summer charging of the HT-ATES remains
flexible and cost-effective. An idealized future scenario indicates that HI-ATES with a
storage capacity of 16 990 MWh and HPs could cover most of the heating demand, reducing
GWI by up to 91 % while TAC increases by 6 % relative to the reference system.

Keywords: high-temperature aquifer thermal energy storage; district heating; mixed-
integer quadratically constrained programming; waste heat utilization; high-performance
computing; design and operational optimization

1. Introduction

Decarbonization presents novel challenges for energy systems, necessitating both a
transition from fossil fuels to renewable energies and the coupling of multiple energy sec-
tors. A considerable number of governments have prioritized the reduction of greenhouse
gas (GHG) emissions, with this objective being formally established in the EU Climate
Law [1]. The overarching aim of this legislative instrument is to achieve net zero emissions
by the year 2050. At the same time, energy demand is rising sharply due to advancing
digitalization and the increasing deployment of artificial intelligence (Al) technologies.
In 2024, global data centers consumed an estimated 460 TWh of electricity and this share
is expected to double by 2030 [2]. As a byproduct, a significant amount of waste heat is
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produced, which represents substantial potential for the decarbonization of energy systems
[3]. Especially high-performance computing (HPC) consume large amounts of electrical
energy and continuously generate waste heat which can be used for district heating [4].
As is the case with renewable energies, a discrepancy between production and demand is
evident on a seasonal basis. Long-term thermal energy storage systems offer a key technol-
ogy for seasonal decoupling of production and demand. A variety of long-term storage
options exist, including borehole, pit and aquifer thermal energy storage (ATES) systems.
Compared to borehole or pit storage systems, ATES systems have the lowest capital costs
per storage volume and energy [5]. Furthermore, it has been recently shown that ATES,
storing waste heat from a data center among other sources, can reduce emissions by up
to 74% with heat pumps (HPs) compared to systems based on heating oil or natural gas
[6]. For the storage process, the circulation of water is facilitated by a pump in conjunction
with one or more pairs of wells, thus enabling seasonal heating. Since the efficiency, losses
and capacity of ATES is highly dependent on the local conditions of the subsurface such as
permeability and groundwater velocity, the general suitability of the subsurface must be
examined. A further distinction must be made between low-temperature (LT)-ATES, which
range up to 25°C, and high-temperature (HT)-ATES, which range from 50°C [7]. While
LT-ATES are mostly used for heating and cooling of several buildings in combination with
HPs, HT-ATES can be used for district heating [7].

1.1. State of the Art

Almost 3500 ATES systems exist worldwide, 85% of which are located in the Nether-
lands [8,9]. In Germany there are only a few commercial plants in Rostock and Bonn
due to a lack of incentive programs, insufficient knowledge and only less pilot plants [7].
Therefore, numerous research projects are still in the early stages of development, whereby
the research interest has increased in recent years [10]. The majority of these projects are
confined to the research of location potential and numerical simulations. Numerical model-
ing approaches are essential for implementing ATES, investigating thermal, hydraulic and
chemical processes [11]. These approaches are further important for simulations about tem-
perature profiles in the wells or storage losses. However, they do not take into account the
economic or ecological performance of the ATES. Therefore, techno-economic analyses that
consider competing technologies and local market conditions are crucial [10]. Daniilidis et
al. [12] conducted a techno-economic assessment of an HT-ATES system in Switzerland and
found that a minimum capacity of around 25 MW is required to achieve competitiveness
with large-scale district heating networks. With a transmissivity of at least 2.5 - 10~ 1?m3,
the levelized cost of heat can be kept below 200 CHF/MWh, potentially enabling a CO; re-
duction of 0.8 billion kg over 15 years. Schiippler et al. [13] analyzed an LT-ATES integrated
into a hospital energy system in Karlsruhe, reporting a payback period of only three years
despite 50% higher capital costs, alongside annual CO, savings of approximately 600 t.
Todorov et al. [14,15] investigated the integration of an ATES with a groundwater heat
pump in Finnish district heating and cooling networks, demonstrating economic feasibility
with production costs between 30 and 41.5€/MWh and limited environmental impacts
over a 20-year operation period.

Nonetheless, the successful integration of an ATES into existing energy systems fun-
damentally requires consideration of the interactions between their individual components.
Ensuring the efficient operation of the entire system, in terms of both costs and emissions,
is essential. Consequently, optimization approaches are well-suited for identifying the
optimal operation and design strategy for energy systems that incorporate ATES. Perera et
al. [16] performed a multi-objective optimization regarding costs, grid integration level and
fuel consumption for ATES integration into a distributed energy system. They showed that
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ATES are suitable to improve the renewable grid integration level and minimize the depen-
dence on fossil fuels. Verheyen et al. [17] used a mixed-integer linear programming (MILP)
approach to model ATES behaviour in district energy systems. They investigated the ATES
in different scenarios and concluded that ATES integration is not always favourable regard-
ing costs or emissions. However, they have seen that the ATES leads to more renewable
heat supply from solar thermal in all scenarios.

The previous studies have optimized energy systems incorporating ATES using in-
dustrial waste heat or solar thermal energy to improve flexibility and reduce emissions in
energy systems. However, research on ATES systems utilizing waste heat from data centers
or HPC is lacking, despite their increasing relevance to modern energy systems, as previ-
ously indicated. For instance, Dvofak et al. [18] conducted a simulation-based assessment
of integrating data center waste heat into an existing ATES system on a university campus,
demonstrating significant potential for energy savings and CO, reduction of 680t per year
on average for the current ATES policy. In a future scenario, the ATES can improve the
CO, reduction by 1000t per year on average. Leindals et al. [19] applied context-aware
reinforcement learning to optimize the cooling operation of data centers coupled with an
ATES system, demonstrating improvements in thermal stability and energy management.
However, most studies on ATES with data center waste heat are limited to either local
simulations or operational control. Consequently, there is a lack of optimization approaches
for large-scale energy systems incorporating ATES charged by waste heat generated from
data centers or HPC, respectively. As previously mentioned, optimization is important
when integrating ATES into large energy systems for district heating due to the complex
interaction with other system components.

1.2. Contribution

The novelty of this work consists in the bi-objective optimization of the design and
operation of a large-scale energy system with an ATES charged by renewable waste heat of
HPC. Since HT-ATES are the most appropriate storage technology for large-scale district
heating networks [20], an HT-ATES will be studied in this work. At Forschungszentrum
Jilich (FZJ) the geological conditions for an HT-ATES are given based on a preliminary
study. Furthermore, the exascale computer [upiter is already operational and could deliver
waste heat up to 18 MW with a temperature of approximately 40 °C. Due to the high supply
temperatures of the local district heating network (90-120 °C) the waste heat has to be
conditioned by industrial HPs to reach usable temperature levels. Besides the direct waste
heat utilization, the waste heat can be employed indirectly by conditioning it with the
HPs in summer, storing it in the HT-ATES and retrieving it in winter. In the long-term,
one option to replace the fossil heat sources of the FZ] could be the direct waste heat
utilization in combination with HPs and HT-ATES. The present study investigates the
HT-ATES integration by focusing on the following aspects:

*  Development of a mixed-integer quadratically constrained programming (MIQCP)
model for optimizing the design and operation of an energy system with HT-ATES

e Integration of renewable HPC waste heat as a thermal source for the HT-ATES within
a district heating network

*  Bi-objective optimization of annual costs and CO, emissions at the system level

The paper is structured as follows: Section 2 gives an overview of the existing FZ]
energy system and the corresponding model and describe the model extensions for HPC,
HP and HT-ATES. Furthermore, the objective functions total annualized costs (TAC) and
global warming impact (GWI) are introduced. Section 3 describes the data preparation and
clustering of the dataset for the case studies. Additionally, an overview of investigated
case studies and sensitivity analyses is presented as well as the solution approach of the
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optimization problem. Section 4 provides the optimization results as Pareto fronts for the
case studies and sensitivity analyses. In Section 5, the results are discussed from economic
and ecological perspectives. Finally, the main outcomes are summarized in Section 6.

2. Materials and Methods

In this chapter, the models for the current and the extended energy system are in-
troduced. The extended energy system includes models of the HP, ATES and waste heat
source (WH) as well as the linking component model. Furthermore, the objective functions
TAC and GWI are described. The modeling and optimization of the energy system is
done with the object-oriented open-source framework COMANDO [21] which is based on
the two-stage stochastic programming approach. This approach allows the simultaneous
design and operational optimization of energy systems.

2.1. Current Energy System

The current FZ] energy system (Figure 1) is characterized by the combined cooling,
heating and power (CCHP) self production with natural gas from the gas grid (GG). The
thermal-led CCHP consists of three combined heating and power (CHP) plants, two boilers
and one absorption chiller. The thermal demand is mainly covered by the CHP plants,
whereby the boilers cover peak loads. The absorption chiller absorbs surplus heat and
therefore ensures the generation of surplus electricity of the CCHP, especially in summer.

Combined Cooling, Heating and Power

Boiler

Absorption Chiller

— Cooling

) L Power
-6 >

Figure 1. Structure of the CCHP of the FZ]J consisting of three CHP units, two boilers and one
absorption chiller. The entire CCHP system has been designed for thermal demand management.

The quasi-stationary models for the already existing components (Figure 2, left) are
implemented based on previous work [22,23] and are therefore presented in abbreviated
form. Fundamental are the following equality and inequality constraints for boiler, CHP,
absorption chiller and compression chiller models:

Qout = Wheat/cool(/\) . Qin (1)
Qaut =A- Qnom (2)
Qmin < Qnom < Qmux (3)

Amin <A <1 (4)
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For the CHP, the electric output is also defined as:

Poyr = 77el(/\) : Qin 5)

Where Qo and Py denotes the thermal and electrical output which depend on the
thermal and electrical efficiencies #},.4¢ /0001 and #,;, as well as the part load A. Note that
1 is the coefficient of performance (COP) for chillers and HPs, which is not necessarily
temperature independent [22,24]. Based on [23], following values are chosen for the
components with several simplifications: One boiler has a nominal thermal power of
16 MW with an assumed constant thermal efficiency of 80 % and a minimal part load of
20 %. Both have the function to cover peak heating demands. The three CHPs have each a
nominal electric power of 4.3 MW with efficiency values of #.,; = 0.437 and #,; = 0.432
at 100 % load. The part-load efficiency is linearly approximated. The minimal part load is
set to 50 %. The installed absorption chiller has a nominal cooling power of 5.7 MW and
provides cooling in addition to the compression chillers as central cooling supply with a
power of 21 MW. However, the primary role of the absorption chiller is to ensure a stable
running of the CHP during summer and to increase full-loads hours, thereby enabling
a substantial share of the electricity to be self generated at affordable prices. The COP
part load curve is modelled according to manufacture specifications and the minimal part
load is set to 20 %. Due to the lack of detailed data and the presence of a mix of different
compression chillers, the COP of the compression chiller is assumed to be constant at 3.7
and part-load behaviour and maintenance costs are negligible.

Existing Components New Components
*
>0 > WH
GG === CCHP DEM Jupiter HP ==
DEM J
) Jupiter HP *
PV CC ATES  |dmm (charge) ,

HP
PG F ATES ==
discharge)
Legend
ATES = Aquifer Thermal Energy Storage DEM = Demand PG = Power Grid (external) Cooling  Heating
CC = Compression Chiller GG = Gas Grid PV = Photovoltaic
CCHP = Combined Cooling, Heating and Power HP = Heat Pump WH = Waste Heat Source Gas » Power

Figure 2. Current and extended energy system of the FZ]. The new components are the WH, HPs and
ATES. Note that the nodes in the same colour with * represent the same node for the sake of clarity.
Furthermore, the charging and discharging of the ATES cannot occur at the same time.

The PV component was created according to [22]. The electrical power P of this compo-
nent depends on the solar irradiance in Jiilich I, the area of the panels A and the efficiency
which was set to 77py = 0.19. P cannot exceed its nominal capacity P,;o;,;=0.171 kW /m?:

P=1-A-npy (6)
PSPHOTH'A (7)

With its estimated area of 8772 m2, the maximum possible P4y is 1.5 MWp.
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The DEM component specifies the accumulated heating, cooling and power demand
(without Jupiter) of the FZ]. The required power demand of Jupiter is set constant to the
assumed average of 20 MW. It is important to note for the overall energy supply that Jupiter
have to be supplied by green energy according to the European Green Deal [25]. To ensure
that electricity supplied to Jupiter does not originate from the CHP plant, a separate green
power bus is added to the model. The grid models of the power and gas grid are specified
by a steady state consideration of consumption. In addition, the grids are parameterized by
the CO; factor and the price per consumed commodity, describing emissions and variable
costs. The clustered price data, which will be described in Section 3.1, are therefore set as a
parameter as well as the fixed parameter for the CO, factor of electricity CO,,=0t/MWh!
and CO,,,,=0.201t/MWh [26].

2.2. Extended Energy System

The energy system is extended by the WH, the HP for direct waste heat usage and
the HP in combination with the ATES for waste heat storage (Figure 2, right). The WH
component describes the waste heat of the Jupiter computer with a maximal Q of 18 MW.
The output temperature is 40 °C and must be increased to between 90 °C and 120 °C using
HPs, depending on the flow temperature of the local district heating network. The waste
heat can be used directly via the first HP or can be stored in the ATES with the second HP.
The second HP, which is partly driven by surplus PV power, increases the temperature up
to 80 °C for the storage during the summer. In winter, the HP once again has to elevate the
temperature for the district heating network. The capacities of HP and ATES have to be
designed. The red arrows in Figure 2 present the thermal power Q without consideration
of temperatures. To represent the system behaviour, especially of the ATES, the water
volume and temperatures have to be considered. Therefore, the energy balance of HP,
ATES and WH is based on mass flow 11, temperature difference AT and water heat capacity
Cp =4.12 k] /kgK:

Qr =iy -cp- AT, VtET 8)

Note that the product of the variables mass flow 71 and temperature difference AT is
quadratic which makes the problem quadratically constrained.

2.2.1. Heat Pump Model

The proposed HP model is based on existing work [21,27] and is modified for the use
case of this work. The model has one mass flow input 7ieqp and output 7y, and on the
evaporator and condenser side the input and output temperatures Tgwp/in, Tevap,outs Teond,in
and Ty,,4 o,ir- The thermal power on both sides is expressed by:

Qevap,t = Mlevap,t * Cp * (Tevap,in,t - Tevap,out,t),Vf eT )
Qcond,t = mcond,t “Cp- (Tcond,out,t - Tcond,in,t)/Vt eT (10)

As previously shown in Figure 2, the HP has one electrical input. The temperature
increase is achieved using electric power P,;, which results in the input-output relation:

Pel,t . Tcond,out,t *YCarnot * 77pl = (Tcond,out,t - Tevap,out,t) . Qcond,tr vte T (11)

1 In 2024, the FZ] consumed entirely green electricity from the external power grid according to contract.
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The part load efficiency 7, is neglected since this would add a non-linear constraint
to the model which is still quadratic. The Lorenz approach, which calculates the logarith-
mic mean temperature of evaporator and condenser, is more precisely for industrial HPs
[14,28] but not used here due to the non-linear logarithmic function. Therefore, the Lorenz
approach is estimated using the arithmetic mean temperature and #cgy0¢ is replaced by
Lorenz Which is set to 0.45 [14]. Note that real-world COP is always limited by irreversibili-
ties, fluid properties, pressure drops and auxiliary energy losses. Furthermore, the energy
balance of the HP is set as equality constraint:

Qevap,t + Pel,t = Qcond,tth € T (12)

The operation is technically constrained by upper and lower limits for Qo 4:

Qmin : bop,t < Qcond,t < Qdesign ’ bOP,t/ vteT (13)

The upper bound is further constrained by the design decision of the HP, where by,
is a boolean describing build decision and Qumax is set to 5.7 MW:

Qdesign < Qmax “ bpuila (14)

Furthermore, Q,,i, depends on the minimum part load A=20 % [22] and Qdesign:

Qmin = Qdesign A (15)

For the cost calculation, it is important to note that the investment costs and specific
costs for industrial HPs strongly differs depending on capacity, components, configuration
and heat source [29,30]. Therefore, the capacity dependent expression for investment costs
Inp (expressed in millions of euros) for excess heat was added to the model [29]:

Ip = (0.64114 - Qqesign + 0.29677) - byyirg (16)

2.2.2. ATES Model

The ATES model is developed based on the state of charge (SOC) model proposed by
[16]. Since the integration of the ATES in this work focuses on waste heat integration, only
the SOC of the hot well SOC z7gg i will be taken into account. Following design decisions
have to be made: the nominal capacity Egesign, the nominal thermal power Qdesign and the
boolean by,;;;. The number of well pairs will not be designed and is assumed to one well
pair. Additionally, the temperature of the hot well Ty, which charges the ATES, can be
designed. Since the installed system should act as an HT-ATES, the bounds for Ty are set
from 60 °C to 80 °C. The temperature of the cold well T¢ is set as parameter to 35 °C. This
value corresponds to the aquifer temperature in Jiilich.

The temperature of the hot well is characterized by a periodic change in winter and
summer which results in a temperature drop while discharging in winter. This effect
makes Ty time dependent since the temperature drop underlies the second law of ther-
modynamics. However, this thermodynamic behaviour cannot be depicted by energy
system optimization models [16]. Therefore and due to the lack of temperature data of the
ATES, following restrictions have to be made: A charge and discharge temperature Ty cjqrge
and Ty gischarge are defined. This restriction has the advantage that Ty ¢j4r¢e is now by its
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definition time independent and T} gischarge is conservatively set to the fixed value 15°C
below Ty cparge, representing the assumed maximal loss. The simplified model is shown in
Figure 3.

T, H,discharge

ATES

Figure 3. Model of the ATES with TH,charges Tc and titj, on the charge side. On the discharge side, the
model has Ty gischarges Tc and ritgy. Note that charge and discharge cannot occur at the same time.

Based on these assumptions, the input and output thermal power can be defined as:

Qin,t = min,t “Cp- (TH,churge - TC)/ vte T (17)
Qout,t = Mlout,t - Cp - (TH,dischurge —Tc),VteT (18)

The heat flow cannot exceed Qdesign which is restricted to a maximal heat flow Q-

Qdesign < Qumax - bpuita (19)

Furthermore, the differential equation for the capacity is defined as state variable:

. . T
EfflES,H _ E;‘lTES,H + (Qint — Qoutyt) - o5 EtATES,H . O,tATES,HI Vie T (20)
1—we
tATES,H _ n (21)
Atheating

T describes a time constant for the duration of the charging and discharging which
was set to 3600s according to the hourly clustered data. Note that the product have to
be transformed from MWs to MWh and therefore divided by 3600. The ATES cannot be
charged and discharged at the same time which is ensured by the logic of the linking
component (see Section 2.2.4). (TtATES H Qescribes the self-discharge per hour of the ATES
with 77g as the thermal recovery efficiency and Atjepyi,¢ the hourly time steps of the heating
period in Germany. #g is set to 80 % and Atpeating 1s set to 5112 (213 x 24 time steps) which

represents the heating season from October to April. EfTES'H is further constrained by:

EMTESH < Eppsion, V€T (22)

Edesign < Emax - bpuita (23)

Furthermore, it is supposed that the ATES should be at full capacity at the end of
September. Thus, the following equality constrained is added to the model where ts,temper
is the last timestep referring to September:

ATES,H __ (24)

=E .
tSeprember demgn
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With the assumptions made, the SOC can be defined as: 260
EATES H
SOCATESH — 2L wreT (25)
Edesign
0 <SOCATESH <1 (26)

For the pumped groundwater, the electrical power of the water pump can be calculated 2
as: 262

ghmt

Pop = NteT (27)

Mp
Where g is the gravity factor, h the depth of the aquifer layer, 11; the mass flow and
17p the water pump efficiency of 68 %. As stated before, the in and out mass flow 7, ; 264
and 11,1+ cannot occur at the same time. The operational costs are determined by the 2
power consumption of the water pumps. The operational costs of the HP are not part of the s
ATES model. They are considered separately in the HP model. The investment costs are 2
calculated in simplified manor dependent on the designed Qdesign and specific costs Cspec: 26

IaTES = Cspec : Qdesign “ byuila (28)

As the performance depends on local conditions, the maximum values are set accord- 2
ing to the values calculated in the preliminary feasibility study (Table 1). 210

Table 1. Maximal values of the investigated parameters for the ATES

Parameter Value

Enax 25000 MWh
Qmax 13 MW
Mmax 82kg/s
Pt max 0.25 MW
Cspec 10° €/ MW
2.2.3. Waste Heat Source Model an

The WH model depicts the waste heat of the Jupiter computer. The nominal Qmax Of 22
the WH is set to 18 MW. The input temperature is set to 30 °C and the output temperature 2
is 40 °C. The waste heat profile is well suited for district heating since its stable supply 2
flow [31]. Due to this fact, the temperatures are approximated to fixed values. Assuming s
temperatures as fixed parameters makes the expression for the thermal power Qy linear: 7

Qwr,t = mw - ¢p - (Twrout — Tw,in), V€ T (29)
The thermal power is constrained to: 217
QWH,t < Qmaxr vteT (30)

For the sake of simplicity, no investment costs and specific costs were assumed. Con- 27
sequently, the expenditures associated with supplementary installations for waste heat 2
recovery were not considered. 280
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2.2.4. Linking Component 261

The linking component does not represent a physical component to be installed in 2
the energy system. It is basically a subsystem of COMANDQ'’s System class which ensures 2
the switch between the charging and discharging of the ATES. As shown in Figure 4, the 2
linking component consists of the same HP in different operational modes charge and 2
discharge, which will be denoted by HP%TES and HP?%: . in the following. These modes s
are implemented by two HP objects. The evaporator input temperature Tyyqp, i, Of HP%’TE g
is the output temperature Tyy g oy Of the WH. HP%TE s raises this temperature up to Ty cpgrge 28
and charges the hot well of the ATES. The input temperature on the condenser side Ty, 280
is the groundwater temperature of the cold well. In the discharge mode, HP%STE ¢ takes 20
Ty, discharge ON the evaporator side and raises this temperature to the required district heating 201

network temperature between 90 °C and 120 °C on the condenser side. The evaporator 2

return temperature Tepap,out cOrresponds to the cold well temperature. 203

To ensure that the ATES cannot be charged and discharged at the same time, the 2

following constraint is added to the model: 205
bch,t + bdis,t < 1/ Vte T (31)

Since the subsystem contains the same HP, it must be ensured that Qdes,-gn is the same 29

for both HP objects. This is guaranteed by: 207
) Hpﬁ\hTEs —C HP%S"ES 32
Qdesign - Qdesign (32)

The investment costs for the two HP objects were halved to represent one full physical 20
HP. Because of the abstract nature of the linking component, no costs are associated with it. 2

Linking Component

Tywr out Ty, charge

HP
(charge)

ATES

Ty, in

TH, discharge

District
ATES " Iij Heating
(discharge) Network

|
g TC |—| THN, return

Figure 4. Linking component with the same HP at different operation modes: In charge mode, the
ATES is charged by the HP with waste heat from the Jupiter computer. In discharge mode, the ATES
is discharged and the HP feeds into the district heating network.

2.3. Objectives 300

In this work the TAC and the GWI are optimized as a bi-objective optimization o
problem. The TAC comprises capital expenditures (CAPEX), reflecting the investment
costs, and operational expenditures (OPEX), which describe operational costs depending s
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on electricity and gas consumption. Additionally, fixed costs like maintenance costs are
included. Therefore, the TAC is calculated by:

1+
———-—— Y CAPEX;+ ) - CAPEX; + OPEX (33)

TAC = -
1+ -1 = keut

Where i is the assumed interest rate of 1.2 % [32] and n the considered time horizon of
20 years [23]. The investment costs of the additional components j € N'{ATES, HP} have
to be amortized over the set time horizon. The costs of the already existing components k €
U{B,CHP, AC,CC, PV} are considered as maintenance costs with a specific maintenance
coefficient ; (see Appendix Al). Note that costs for peripheral components like pipes,
transformers, grid connection points or control systems are not considered. The OPEX are
the cumulative costs for electricity P, ; and gas ans,t and are weighted by the number of
time steps w; corresponding to the time horizon 7

OPEX = Z wt - (Cel,t : Pel,t + Cgas,t : qus,t) (34)
teT
The GWI as the other objective function is calculated by the CO; factor of electricity
and gas and depends on the consumed P,;; and ans,t. As the OPEX, the GWI is also
weighted by wy:

GWI =) w;-(COq, - Poy+ COsy, - Qgust) (35)
teT
With the quadratic constraints (17), (18) and the objective functions, the optimization
problem is of type MIQCP.

3. Case Studies

The developed energy system optimization model enables the investigation of various
use cases, facilitating the assessment of the economic and ecological performance of the
entire system with the HT-ATES. Therefore, demand and price data of the FZ] are firstly
described as parameters for the optimization model. After that, a brief overview of the
case studies and sensitivity analyses are presented as well as methods for solving the case
studies optimization problem. The current energy system of the FZ] (Figure 2, left) is
regarded as the reference case. In this scenario, the waste heat of Jupiter is not utilized,
however, its power demand of 20 MW must be met.

3.1. Data Preparation

Data is prepared to define the specific values of the parameters for optimization.
Therefore, time-series of price and demand data in 2024 are preprocessed and clustered
with the Python packages numpy, pandas and sklearn. The datasets are resampled to hourly
mean values to save computational resources, with data falling outside the 1.5 interquartile
range excluded and missing values interpolated. These outliers are only excluded in the
demand data due to inaccurate sensor measurement. Price data are not adjusted for outliers
since spot market prices can fluctuate in high ranges due to special events.

Price data include the electricity and gas prices according to the spot market as shown
in Figure 5. The electricity price is fluctuating between -10 and 2300€/MWh. The high
peak of 2300€/MWh was due to technical problems at the European Power Exchange
(EPEX) spot market that affected the market balance. The average electricity price in 2024
is 79.51 €/MWh. The gas price is more stable than the electricity price and fluctuates in
the range of 25 to 50 €/MWh. The trend shows an increase throughout the year with an
average price of 34.61 €/MWh.
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Figure 5. Electricity and gas prices based on the contract of the FZ] for the consumed commodities in
2024.

Demand data consist of heating, cooling and power demand of all FZ] buildings as s
presented in Figure 6. The heating demand, which varies between 10 and 30 MW in winter s
and values around 4 MW in summer, is in typical range of a small town. The peak reaches s
values up to 36 MW. The flow temperature of the heating network is between 90°C and s
120 °C while the return temperature is around 60 °C. The cooling demand varies below s
4 MW in the winter months and reaches values up 7 MW in summer. The average cooling s
demand is 4.63 MW. The power demand consists of electricity, which is produced by the 14
gas-fired CCHP plant at FZ] and electricity, which is supplied by the external power grid. It 35
is important to emphasize that the electricity supplied by the power grid in 2024 is entirely s
renewable, as contracted, and therefore emission-free. The power demand has an average s
value of 11.51 MW. 353

In total, the preprocessed data consist of 8784 (366 x 24) time steps and nine features: s
heating, cooling and power demand, solar irradiance, flow and return temperature of the = ss
heating network, ambient temperature and gas and electricity price. To save computational sz
resources, a clustering algorithm is implemented. The algorithm is based on sklearn k-means 357
clustering algorithm and is performed for each month to save the time coupling between s
the data points. This is important for the evaluation of the ATES operation in a seasonal 35
manner. Via the silhouette-score, an optimal number of two cluster points for each month s
was determined which results in 24 cluster centers. 361

To assign the discretized time horizon 7, the number of data points corresponding s
to each cluster center is determined. In addition to the cluster centers, the peak demands, s
temperatures and prices have to be taken into account. The peak values have no effecton e
the objective but are necessary for feasibility of the system [21]. This is ensured by setting  sss
the corresponding time step to zero. The detailed clustered dataset with peak values, s
months and timesteps can be found in Appendix B1. 367
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Figure 6. Heating, cooling and power demand of the FZ] in 2024.
3.2. Overview and Solution of the Case Studies 368

According to Table 2, a brief overview of the case studies and sensitivity analyses e
is provided: The first case study (CSy) focuses on the extended energy system, which s
incorporates the novel components WH, HPs, and HT-ATES into the existing system. The s
design and optimization of the new components must be executed simultaneously. In the s
second case study (CSyy), the extended system without the CCHP is investigated. Therefore, s
the CCHP is replaced by two boilers with Qmax of 16 MW and Q4 of the HPs is increased s
to 11.4 MW. It is essential that the investigation addresses how the heating demand canbe s
satisfied primarily by waste heat, HPs and HT-ATES. Finally, the sensitivity analyses (S; s
and Syy) evaluate the influence of a reduced temperature loss in the HT-ATES and energy s
prices on the system behaviour. Both are conducted with the extended energy system s
of CSy. Sy analyzes the impact of a 10 °C decrease in temperature of the hot well on the s
design variables of the extended energy system. It has been demonstrated that a stabilized  se
well temperature during several years of continuous operation will result in a reduced
temperature loss [33]. Sy investigates the influence of changed electricity and gas prices s
with an increase of 10 % and 50 %, respectively. Due to the uncertain nature of future gas s
and electricity prices, these costs are expected to influence system design and operation.  se
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Table 2. Overview of the case studies and sensitivity analyses

Case study Description

Ref Reference system

CS; Extended energy system

CSyp System without CCHP

Sensitivity analysis Description

S HT-ATES with 10 °C temperature loss
Sn Electricity price + 10 %; gas price + 50 %

For the solution of the case studies optimization problem, the algebraic modeling lan-
guage (AML) Pyomo 6.9.2 and the solver Gurobi 12.0.0 are used. Gurobi uses a combination
of various algorithms for optimization like branch and bound, relaxation or cutting planes.
Furthermore, the non-convex optimization flag is set with 0 % optimality gap. All results
were obtained in a few seconds of CPU time. With the increased prices, the computing
time rose by eight seconds compared to the default prices. The e-constraint routine, which
alternates between TAC and GWI optimization, identifies six Pareto optimal solutions. All
case studies are performed on a PC with an i7-1365U CPU (1.80 GHz), 32 GB RAM, running
Windows 11 Enterprise.

4. Results

In this chapter, the results of the reference system (Ref), the two case studies (CSy, CSyy)
and the sensitivity analyses (Sj, Syy) are presented. The bi-objective optimization results are
displayed as Pareto fronts. The Pareto front can be interpreted as such: solution 1 is the
most expensive with the lowest GHG emissions, whereas solution 6 is the least expensive
with the highest GHG emissions. Additionally, the HT-ATES operation is evaluated on a
seasonal basis and the corresponding design values of the HT-ATES are presented. The
term ATES is used to refer to HT-ATES in the following.

4.1. Reference Energy System

The current energy system at FZ]J is composed of existing components that do not
utilize and store Jupiter waste heat. The low-temperature district heating network as
investigated in [34] and [35] was not taken into account in this study. Figure 7 presents
the Pareto front as a stacked bar chart of system components. The annual outputs are
calculated by summing the monthly outputs. The orange bars in the graph represent the
combined output of the three CHP units, which includes electricity and heat. The red bars,
on the other hand, indicate the output of the two boilers.

The TAC ranges from 23.26 to 24.78 Mio. €/a, and the GWI ranges from 36.72 to 47.72
ktco,/a. As previously mentioned in Section 2.1, the stable operation of the CCHP is
ensured by the AC, which absorbs the surplus heat and provides cooling capacity. This
indicates that a decline in CHP heat output (from 194 to 128 GWh) is accompanied by a
reduction in AC output (from 19.04 to 8.84 GWh). The deficit in cooling capacity is then
provided by the CC (from 21.65 to 31.85 GWh). The reduced heat output, resulting from
a reduction in CHP operation, is compensated by increased boiler output (from 11.14 to
26.84 GWh). The findings indicate that the current system is predominantly characterized
by the combined heat and power generation of gas-fired CHP plants. A decrease in CHP
heat output means more electricity must be purchased from the external power grid at
higher prices. Overall, these related effects make the system more expensive but they also
reduce the GWI. This is because less gas is used and the electricity is purchased as green
electricity from the grid.
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Figure 7. Pareto front of the current energy system (Ref).

4.2. Case Study I and II: Extended and Future Energy System

Figure 8 (a) shows the results of the case study CS;, which includes the additional
components HPyypy, HP%ITES, HP‘;{STES. Note that the right y-axis refers to the installed
nominal thermal power of the additional components, denoted by striped bars. These
bars represent the results of the design optimization. The HP 47rg indicates the nominal
thermal power of HP%’TE s and HP%2. ¢, as it operates in both modes. The minimum TAC
is 23.16 Mio. €/a with a GWI of 47.80 ktco,/a (solution 6). The minimum GWTI is 29.47
ktco, /a with a TAC of 25.05 Mio. €/a (solution 1). While the minimum TAC is comparable
to Ref, the GWT is reduced by 7.25 ktco, /a in solution 1. This equates to a 20 % reduction
compared to Ref, yet costs only increase by 1 %. While the CHP operation is similar to
Ref, the boiler usage decreases (from 6.14 to 1.24 GWh) due to an increase in the direct
usage of waste heat (from 3.38 to 21.2 GWh). Consequently, the designed power of HPyy g
also increases (from 1.23 to 5.7 MW). The designed HP 47rs power is negligible for Pareto
solution 2 to 6. The HP 47£s in conjunction with the ATES is only build and used in the
least emission but most expensive case. For solution 1, HP 475 is designed to 5.23 MW. The

HPYEs. ¢ has an annual output of 6.71 GWh, whereas the HPY. ¢ has an output of 6.13 GWh.

This results in a minimum GWI of 29.47 ktco, /a.

Figure 8 (b) illustrates the Pareto front of CSy;. The minimum TAC is 25.75 Mio. €/a
with a GWI of 7.86 ktco,/a. The GWI is minimized to 3.18 ktco, /a, with TAC of 26.28
Mio.€/a. This results in a 91 % GWI reduction, accompanied by a 6 % increase in TAC
compared to Ref. The boiler output decreases (from 31.29 to 12.65 GWh), while the CC
output stays at 40.69 GWh since it is the own cooling supplier. The HPyyy output remains
between 46.91 GWh (solution 6) and 44.59 GWh (solution 1) with an installed power of
6.10 MW for solution 1. This illustrates that direct waste heat utilization is the primary heat
source due to its constant annual output and power. The ATES with the HP 47£¢ is built and
used in all Pareto solutions, in contrast to CS;. Therefore, it can be posited that the ATES
system is a necessary component for future applications aimed at reducing emissions: The
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usage of HP%’TE s increases (from 5.40 to 23.92 GWh) and HP”Z%ES (from 6.26 to 27.22 GWh).

The newly installed power increases for the HP 47rg from solution 6 to 1 (from 1.56 to
10.74 MW). The more boiler output is replaced by the HP 475, the lower the system’s
emissions. Nonetheless, due to the absence of the CCHP, the full electricity demand is
supplied by the external power grid. In conjunction with the augmented nominal thermal
power of HPs and ATES, this results in higher overall TAC compared to Ref and CSy. In this
particular scenario, the only fossil source is the boiler which is only used during periods of
peak demands. The utilization of HPs and ATES is predominant and the incorporation of
green electricity from the power grid leads to a marginal GWI.
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Figure 8. (a): Pareto front of the extended energy system (CS;).(b): Pareto front of the extended
system without CCHP (CSyy). Note that the right y-axis refers to the installed nominal power of the
additional components, denoted by striped bars. The left y-axis corresponds to the non-striped bars.

4.3. Case Study I and II: ATES Operation and Design

Figure 9 shows the SOC (red bars) of the ATES for CS;. Since the ATES is only build
for Pareto solution 1, this result will be further analysed. The light blue bars represent
the discharge mode (b;;5) and the light red bars the charge mode (b.;) of the HP 47rs.
The dotted black curve displays the electricity prices (Ce). Egesign is 5134 MWh, which
is 21 % of the maximum possible ground capacity. From January to March the ATES is
mainly discharged, except one cluster point in February where the electricity price drops
to 60 €/MWh and the ATES is charged at 13 %. This emphasizes the ATES flexibility even
during winter charging. However, this would be only possible when the price and the
heating demand are low. Until March, the ATES is discharged to 5 %. From April onwards,
the ATES is charged in steps, attaining full capacity by September. The HP 475 operates in
charge mode during summer periods when the electricity price is low, thereby ensuring
an economic operation. The SOC loss during summer in the white periods is due to the
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self-discharge. After reaching full capacity in September, the HP s7g switches to discharge
mode at the final four cluster points. By the end of the year, the SOC of the ATES is expected
to reach 37 %. This operation demonstrates a low emission heat storage utilization that is
favorable in the winter months.
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Figure 9. SOC of ATES for CS;

Figure 10 shows the SOC (red bars) of the ATES for CSy. Given the similarity of the
operation for the ATES for the six solutions, only solution 1 is analyzed as an example of
the most ecologically design and operation. The capacity is designed to 16 990 MWh, which
equates to 68 % of the ground’s maximal possible capacity. This clearly demonstrates a
more preferable storage usage compared to CS;. At the beginning of the year, the SOC
is at 25 % and similar to CSj, the ATES is charged in February due to a decline in the
electricity price. In addition, the ATES demonstrated its flexible operation in April, when
the SOC reduces from 18 % to 5 % due to discharging. From May to September, the ATES is
charged regardless of the electricity price to reach full capacity in September. This is due
to the reduced degrees of freedom of the MIQCP, as the CCHP was excluded. Given the
considerable proportion of the heat supply in this system that is accounted by the ATES, it
is discharged continuously during the winter periods, reaching 43 % by the end of the year.
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Figure 10. SOC of ATES for CSy

Table 3 provides a short overview of the design variables for CS; compared to CSy,
especially for the ATES system. For CSy, Ty cjarge is designed to 80 °C which is the maximum
possible design temperature for the given problem. Ty gischarge is designed to 65 °C due to
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the assumed fixed loss of 15°C. The Qrgs was designed to 4.01 MW. With the Qpp, ;.
of 5.23 MW, this results in an estimated COP of 4.29 for the HP 47rs at full load during

discharging.

For CSyp, TH charge is designed to 75°C which is 5°C lower than CSy. Ty gischarge 18
designed to 60 °C. With the designed ATES power of 8.08 MW and HP s1rs power of
10.74 MW, the estimated COP is 4.04 at full load of discharging. The COP is lower than
CSy due to the lower discharge temperature, which increases the difference to the flow

temperature of the district heating network.

Table 3. Design values of the first Pareto solution for CS; and CSyy

Design variable CS; CSn

QATES 4.01 MW 8.08 MW

TH,charge 80°C 75°C

TH,discharge 65°C 60°C

EATES 5134 MWh 16990 MWh

QHPares 523 MW 10.74 MW
Fpdis 429 4.04

TAC 25.05Mio.€/a 26.28Mio.€/a

GWI 29.47 ktco2 /a 3.18 ktcoz /a

4.4. Sensitivity Analysis I: Reduced Temperature Loss

S1 investigates the influence of a reduced temperature loss of 10 °C in the hot well on

the design variables of the ATES. The temperature loss was estimated based on [33]. It
should provide a rough estimation of the future design and operation with a stabilized
temperature in the hot well after a few years of continuous operation. Since the Pareto
fronts are similar, only the ATES design values of the first Pareto solution are presented
and compared here. Table 4 shows the results of the first Pareto solution for S; (AT=10°C)
compared to CSy (AT=15°C). A reduced temperature loss of 10 °C in the hot well results
in a higher QarEs of 4.09 MW. The estimated COP at full load for the HP‘;{STES is 4.29 in
CSyand 4.59 in S1. Ty cparge is 80 °C for both solutions but consequently Sy has a Ty gischarge
of 70°C. Egesign is also increased to 6825 MWh which is 27 % of the maximum possible
capacity. Qyp,;;; remains the same with 5.23 MW. The reduced temperature loss also
yields a slightly reduced TAC of 25.04 Mio. €/a, compared to 25.05 Mio. €/a. Therefore, the
TAC could be reduced in future with a higher HP efficiency due to a stabilized hot well
temperature. The GWI remains at 29.47 ktco, /a, showing that reduced temperature loss
does not affect the system’s overall emissions.

Table 4. Design values of the first Pareto solution for S; compared to CSy

Design variable S;: AT=10°C  CSy: AT=15°C

QATES 4.09 MW 4.01 MW

TH charge 80°C 80°C

TH,discharge 70°C 65°C

EaTEs 6825 MWh 5134 MWh

QuPyres 523 MW 523 MW
HPpdis 4.59 4.29

TAC 25.04Mio.€/a 25.05Mio.€/a

GWI 2947 ktcoz /a 29.47 ktCOZ /a
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4.5. Sensitivity Analysis II: Increased Energy Prices 515

In this sensitivity analysis, the electricity price is increased by 10 % while the gas price s
is increased by 50 %. Changed energy prices are a potential uncertainty that could occurin sz
the future. Figure 11 (a) shows the Pareto front of Sy for increased energy prices. The Pareto s
front of CSy with default energy prices is presented in (b), which is the same plot as Figure 8 = s
(a). For Sy, the TAC is minimized to 28.55 Mio. €/a with a GWI of 39.82 ktco, /a. The GWI  sx
is 7.98 ktco, /a lower compared to the default prices and the TAC is 5.39 Mio. €/a higher. sz
The GWT is minimized to 29.47 ktco, /a, similar to CSy, with TAC of 29.46 Mio. €/a, which s
is 18 % higher than in CS;. Since there is no difference in GWI for solution 1, it indicates that sz
the system cannot be designed or operated in a more ecological manner, which is important s
for robust ecological system design. The main differences are reduced boiler and CHP s
operation, as well as increased HPyy installed nominal power and operation, especially for s
the right Pareto solutions. The output of gas-driven components, such as CHP and boilers, s
is particularly affected by the higher increase in gas price compared to electricity price. The s
boiler output decreases (from 1.39 to 1.24 GWh) and the CHP output also decreases (from sz
169.7 to 124.4 GWh). This reduction necessitates the direct waste heat integration to cover s
the heat demand. Consequently, this results in a higher installed nominal power and output s
of the HPy . The HPwp output increases (from 13.72 to 21.2 GWh). The installed nominal s
power for HPyyy range from 5.48 MW (solution 6) to 5.7 MW (solution 1). With focus on s
the ATES and the HP 47, they are also installed for the second Pareto solution, besides sz
the first solution. In essence, the system’s overall cost rises due to increased energy prices, s
yet the significance of HPs and ATES for achieving a balanced economic and ecological sz
system design is amplified. 537
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Figure 11. (a): Pareto front for increased energy prices (Sy). (b): Pareto front for default prices (CSy).
Note that the right y-axis refers to the installed nominal power of the additional components, denoted
by striped bars. The left y-axis corresponds to the non-striped bars.
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5. Discussion

In this section, the results for the two case studies and sensitivity analyses are discussed
from an economic and ecological perspective. This discussion aims to evaluate the HT-ATES
potential for the investigated energy system. It is essential to acknowledge the limitations
inherent in the model assumptions and the generalizability of the results.

CS; reveals the emission reduced potential of the ATES, already in the existing energy
system of FZ]. The ATES is only installed in the most expensive, lowest-emission scenario.
This results in a 20 % emission reduction compared to Ref, with a 1 % increase in TAC. As
previously mentioned, the incorporation of the ATES and HP as new components has a
substantial impact on the operation of the existing components. Therefore, direct waste
heat utilization and waste heat storage reduce boiler and CHP production. The operational
optimization indicates that the ATES increases the system’s degree of freedom, allowing
flexible, market price-dependent operation. At times of low electricity prices, the ATES
is charged, which is economically sensible given that the HP requires large amounts of
electricity to maintain a temperature raise from 40 °C to 80 °C. Similar, as analyzed in
[17] with a MILP approach, reduction of costs and emission cannot be reached in the
simultaneously through the integration of the ATES. As indicated in [17], the HPs have
been identified as a primary factor contributing to the overall costs. In this context, the
HPwpy has to raise the temperature only once for the direct integration into the heating
network. Conversely, the HP g7fs is required to raise the temperature during both the
charging and discharging processes, in addition to compensating for temperature losses.
During discharging, this increase is smaller, but HP 47gs requires more electricity than
direct waste heat utilization. Furthermore, the utilization of surplus PV electricity during
summer months could enhance the cost-efficiency of the HP o7rs.

CSp demonstrates that in a possible long-term scenario without CCHP, in which the
electricity demand is fully supplied by the grid as renewable power and with boilers serving
as the sole fossil fuel source, ATES and HPs are crucial for achieving substantial emission
reductions. However, it should be noted that the GWI is already in a low range, compared
to Ref, due to the set parameters of this particular scenario and the zero CO,-factor of the
consumed electricity. Therefore, the GWI can be reduced by 91 %, accompanied by a 6 %
increase in TAC compared to Ref. The necessity of ATES is further emphasized by the
improved capacity and performance. The lower charging and discharging temperatures are
also noteworthy, as they result in a slight reduction in the COP of the HP s1rs. However, the
injection temperature of the hot well has been identified as a key ATES parameter: lower
injection temperatures can improve recovery efficiency [36]. Due to thermal conduction,
this effect was not taken into account by the developed optimization problem and thus
neglected assuming a constant recovery efficiency. Nevertheless, this aspect of the lower
charging temperature should be mentioned. Operational optimization demonstrates a
summer charging phase that is less flexible, as the higher capacity necessitates continuous
charging throughout the summer months. This is disadvantageous, as the high power
consumption of the HP increases the TAC. This phenomenon may be counterbalanced by
the augmentation of PV facilities. As the ATES have the potential to enhance the renewable
energy penetration level [16], it can be posited that an optimal synergy between PV and the
ATES could be achieved.

The reduced temperature loss in Sy leads to an increase in both the ATES power and
the capacity, consequently resulting in a decrease in TAC. Important to mention is that
this work only focuses on a one year optimization and can therefore only make limited
conclusions about long-term effects on costs. However, it has been shown that the ATES
can reduce the levelized cost of heat in the long-term [33].
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Sir shows the increasing importance of ATES and HP at higher relative fossil gas prices
compared to electricity. It must be acknowledged that this is a hypothetical assumption.
Nevertheless, prices are a crucial parameter that can exert a substantial influence on the
target variable and, consequently, on the outcome of the design and operation. In this
case the higher prices result in an increase in TAC of 18 % compared to the normal prices.
Notwithstanding, the Pareto solution with the minimal emissions, exhibits stability in the
context of price fluctuations.

The model under consideration is subject to certain limitations with regard to the
assumptions made. The results depend on the specified maximum permissible values
for thermal power or mass flow. The values of the design variables and the operational
parameters will be subject to variation. Consequently, the findings cannot be generalized to
other energy systems with HT-ATES, particularly with respect to the zero CO,-factor of
the consumed electricity. The specific ATES investment costs are also based on simplified
estimations and may differ from the actual results in the future. Additionally, the assumed
fixed temperature loss and temperature levels are approximate estimations. The implemen-
tation of a time-dependent temperature simulation, incorporating a designated time row
as a parameter, could serve as a valuable extension. Furthermore, the HP efficiency could
be enhanced by reducing the flow temperature of the district heating network. Since the
potential of the ATES was not fully exploited in all case studies, it would be conceivable to
supply additional consumers with the stored waste heat. For instance, the direct utilization
of stored waste heat via a heat exchanger could be investigated. Therefore, an additional
heating demand with the same temperature level could be connected to the ATES. More-
over, the operational dynamics of the district heating network incorporating an HT-ATES
could be simulated.

6. Conclusions

The aim of this study was to optimize an existing energy system with an HT-ATES
charged by renewable HPC waste heat. Therefore, the operation and design of the system
was optimized with a MIQCP approach in economic and ecological terms for different use
cases.

The emission-reduction potential of the HT-ATES for the investigated energy system
becomes particularly evident in individual applications. Initially, the HT-ATES was inte-
grated into the existing energy system in CSy. In this instance, emissions can be reduced by
20 % while costs increase by 1 % compared to the reference system, including the integration
of HT-ATES. The operational optimization exhibited an economic charging pattern during
the summer months. The design of a potential idealized future system, as investigated in
CSyj, can be accomplished through the implementation of HT-ATES, HPs and waste heat
as the primary heat supply. The HT-ATES integration can reduce emissions by up to 91 %
while increasing costs by 6 % compared to the reference system. However, the HT-ATES
charging method during summer months is less economic due to its high capacity. In
addition, the sensitivity analyses S; and Sy demonstrated the dependence of the results on
the assumed hot well temperature loss and energy prices. Therefore, a small reduction in
TAC of 0.01 Mio.€/a could be expected in the future as well as an increased importance of
HT-ATES and HPs for higher gas prices.

A comprehensive analysis of the examined scenarios reveals the considerable potential
of the HT-ATES and HPs in conjunction with the renewable HPC waste heat. The HT-ATES
is designed and operated in a flexible manner within the overall system. Furthermore,
the necessity of HT-ATES in the existing system to achieve minimum GWI has been
demonstrated. The TAC is particularly influenced by the design and operation of the HPs
and the HT-ATES. Several model improvements could be made for future applications. For
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instance, simulations could be conducted to study the well temperature under different e
operating strategies. Additionally, more consumers could be integrated into the energy e
system and supplied by the HT-ATES due to its high capacity. Furthermore, the entire e
district heating network with the HT-ATES integration could be simulated. 639
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Subscripts and Superscripts

C

ch
cond
dis
el

evap

in
max
min
nom
op

out

pl

Cold
Charge
Condenser
Discharge
Electrical
Evaporator
Hot

Input
Maximal
Minimal
Nominal
Operation
Output

Part-load

Appendix A. Maintenance Costs

Table Al. Maintenance costs for the existing components

Reference costs [k€]

Maintenance coefficient y

Component

AC 1030
B 450
CcC 0
CHP 1684.2
PV 1150

0.01
0.015
0

0.1
0.01
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Appendix C. Numerical Results
Table C1. Detailed values of Pareto front for Ref.
Annual output [GWh]
Solution  CHP B CcC AC PV GWI [ktco,/al ~ TAC [Mio.€/a]
1 1280 2684 3185 8.84 1.88 36.72 24.78
2 1473 1812 3203 866 188 38.92 24.06
3 1646 1114 3152 917 188 4112 23.70
4 1743 1114 2823 1246 1.88 43.32 23.48
5 1839 1114 2495 1574 1.88 45.52 23.35
6 1936 11.14 2165 19.04 1.88 47.72 23.26
Table C2. Detailed values of Pareto front for CS;
Annual output [GWh]
Solution CHP B cc AC PV HPyy HPY,, HP{.. GWIlktco,/al  TAC [Mio.€/a]
1 1244 124 3126 943 188 212 6.13 6.71 29.47 25.05
2 1404 130 3126 943 188 2081 / / 33.14 24.12
3 1564 139 2752 1317 188 1851 / / 36.80 23.75
4 1725 139 2594 1475 188 13.51 / / 40.47 23.47
5 1837 589 2582 1487 188  4.28 / / 44.13 23.30
6 1995 614 2102 1967 188  3.38 / / 47.80 23.16
Table C3. Design values for CS;.
Design value [MW]
Solution ~ ATES  HPares HPwn  Eares IMWh] Ty onarge [°Cl T gischarge [°Cl
1 4.01 5.23 5.7 5134 80 65
2 / / 5.7 / / /
3 / / 5.48 / / /
4 / / 548 / / /
5 / / 1.47 / / /
6 / / 1.23 / / /
Table C4. Detailed values of Pareto front for CSy;.
Annual output [GWh]
Solution B CC PV HPwy HPY; HPY, GWIIktco,/al  TAC [Mio.€/a]
1 12.65 4069 1.88 4459 23.92 27.22 3.18 26.28
2 16.38 4069 188  46.69 18.51 21.39 412 25.94
3 2011  40.69 1.88 46.68 15.45 17.67 5.05 25.89
4 2382 4069 188 4714 11.81 13.48 5.99 25.83
5 2756 4069 188  47.06 8.55 9.83 6.92 25.78
6 3129 40.69 1.88 46.91 5.40 6.26 7.86 25.75

Table C5. Design values for CSy.

Design value [MW]
Solution ~ ATES  HPares HPwh  Eares IMWh] Ty onarge [°Cl T gischarge [°Cl
1 8.08 10.74 6.10 16990 75 60
2 5.24 6.55 5.84 11122 80 65
3 4.30 5.33 5.80 9491 80 65
4 3.11 3.81 5.93 6721 80 65
5 222 2.70 5.82 4789 80 65
6 1.28 1.56 5.82 2844 80 65
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