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ARTICLE INFO ABSTRACT

Keywords: Integrating renewable energy into district heating creates a heat supply-demand mismatch that High-
High-Temperature Aquifer Thermal Energy Temperature Aquifer Thermal Energy Storage (HT-ATES) can help address. However, the potential greenhouse
Storage gas emission reduction and financial benefits of HT-ATES have received limited attention. Additionally, the

District heating
Levelized cost of heat
Carbon abatement cost
Monte Carlo

Peak shaving

interplay between the demand, supply components, and HT-ATES has been overlooked, while the assessment
of integrating HT-ATES into a district heating system is crucial to understanding the benefits of the HT-
ATES implementation. This study evaluates the integration of HT-ATES into a district heating system,
focusing on both economic and environmental performance indicators. It novelly accounts for the dynamic
operational interactions between HT-ATES and other system components, enabling a more realistic assessment
of operational choices. The model is applied to a case study of a simplified district heating system. The
results show that the relative size of the heat supplier compared to heat demand is a key determinant of
the cost-effectiveness of HT-ATES. In the case study, a geothermal doublet reduced the levelized cost of heat
by 25-37 €/MWh compared to a gas boiler, while also reducing reliance on fossil fuels. In contrast, HT-ATES
had a limited impact on total system costs, regardless of whether it operated when stored heat was available
or was used for peak shaving. Nevertheless, HT-ATES increased the renewable energy share by 9%-18%
across all scenarios. Furthermore, the optimal geothermal capacity differed depending on whether HT-ATES
was included. Finally, while a high renewable energy share can be cost-effective, achieving 100% renewable
heat was found to be highly cost-ineffective in this case. These results support informed decision-making on
HT-ATES implementation under appropriate system design conditions.

1. Introduction systems operate at temperatures below 25 °C [6], which is insuffi-

cient for District Heating (DH) systems that require higher operating
Mitigating greenhouse gas emissions is one of the greatest chal- temperatures.

lenges of the 21st century. Heating and cooling systems account for HT-ATES, operating at temperatures >25 °C, can be more efficient

around 65% of global energy consumption in buildings [1], the major- to use compared to low-temperature ATES systems, as they can provide

ity of which is covered by fossil fuels [2]. Transitioning to sustainable heat directly to the demand. This allows HT-ATES to balance supply

heat sources is complex due to discrepancies between supply and and demand by using excess heat. The HT-ATES can also reduce the

demand profiles [3]. For example, geothermal energy provides constant need for large backup capacity by providing peak shaving, making it a

heat year-round at low operational costs [4], while solar heat fluctuates potentially cost-effective option for DH systems.

daily and seasonally [5]. Heat demand, however, peaks in colder A recent review [7] highlights that the cost-effectiveness and envi-

ronmental benefits of HT-ATES are under explored. Some studies have
focused on these aspects for ATES operating below <25 °C [8-10],
while for HT-ATES these studies are sparse despite the importance of
these factors [11]. While more recently a study showed the lessons
learned from different HT-ATES projects, showing the importance of
the economic performance [12], another recent study published a play-
based assessment of the feasibility of HT-ATES [13]. To the authors’

seasons and drops in warmer ones. Seasonal Thermal Energy Storage
(STES) is a key technology to address this challenge.

STES enables long-term heat storage, typically over months, to
address seasonal supply-demand mismatches. One such technology,
Aquifer Thermal Energy Storage (ATES), stores excess heat in an un-
derground aquifer and retrieves it when needed, reducing greenhouse
gas emissions when replacing fossil-fuelled backup sources. Most ATES
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Abbreviations

% Ratio of Geothermal to Demand

CAC Carbon Abatement Cost

DH District Heating

G Gas-only configuration

GG Gas + geothermal configuration

GGA Gas + geothermal + HT-ATES configura-
tion

HT-ATES High-Temperature Aquifer Thermal Energy
Storage

LCOH Levelized Cost Of Heat

RES Renewable Energy Share

STES Seasonal Thermal Energy Storage

knowledge, only three studies addressed HT-ATES’s economic and en-
vironmental impacts [14,15]. Daniilidis et al. [14] primarily focused
on the impacts of subsurface parameters on the performance of the
HT-ATES. They identified aquifer transmissivity as the key factor influ-
encing the LCOH of a HT-ATES. Bloemendal et al. [15] examined one
case study with four business cases; they elaborated on the technical,
economic, and environmental assessment of the HT-ATES on the case
study. However, these studies do not consider the dynamic operational
interplay between HT-ATES and other DH system components, such as
heat demand profiles, heat supply capacities, charging and discharging
strategies, and operating temperatures. This lack of a system-level
perspective represents a significant knowledge gap. The interaction be-
tween HT-ATES and DH components directly affects storage utilization,
peak demand coverage, operational temperatures, and ultimately the
economic and environmental performance of the entire DH system.

Furthermore, HT-ATES is often mentioned as a peak shaving tech-
nology in a DH system [16,17], however, no study has yet quantified
the economic benefit of this potential function. Quantifying these ben-
efits would provide insight into the benefits that HT-ATES can serve in
a DH system.

This study addresses these gaps by developing a system-level mod-
elling framework to assess the technical, economic, and environmental
performance of HT-ATES integrated into a DH system. The model
explicitly captures the operational interplay between HT-ATES and
other DH components and quantifies key performance indicators, in-
cluding LCOH, renewable energy share (RES), and carbon abatement
cost (CAC). The framework is applied to a case study based on a
simplified DH system inspired by Delft University of Technology in the
Netherlands. Multiple system configurations are evaluated to assess the
influence of HT-ATES size, heat supply capacity, and cut-off tempera-
ture. In addition, the economic benefits of peak shaving are quantified,
and a Monte Carlo analysis is conducted to assess uncertainty in LCOH.

2. Modelling approach

A DH system is designed to fulfil a certain heat demand, with one or
more heat suppliers and possibly a HT-ATES. These components (sup-
ply, demand, and storage) are interconnected via DH infrastructure.

The basis for the modelling is that the heat demand always needs
to be met. This demand is represented by an hourly heat load, with a
predefined supply and return temperature (also called cut-off tempera-
ture). The DH network is not explicitly modelled, excluding modelling
the heat exchangers, pumps, valves, and daily buffers required for
operating a DH system. However, its installation and operation costs
are included in the economic assessment, which is explained below. A
schematic representation of the system can be found in Fig. 1(a)

Energy Conversion and Management: X 30 (2026) 101667

2.1. Control strategy

Heat demand is met using a general control system that activates at
each time step, following this merit order:

1. Sustainable heat supply technologies are activated, which often
have a lower operational cost compared to fossil fuel-based ones.
2. The HT-ATES is activated.

2.1. If heat supply exceeds demand, excess heat is stored up
to a predefined maximum; any surplus is curtailed.
2.2. If demand exceeds supply, stored heat is extracted.

3. Any remaining unmet demand is covered by backup sources.

This process, visualized in Fig. 1(b), operates on hourly time steps and
accommodates various DH components. For the model application in
this study, the system includes deep geothermal, HT-ATES, and a gas
boiler. The modelling of these components is detailed in the following
sections.

2.2. Model components

2.2.1. Deep geothermal heat

Deep geothermal heat extraction provides a base load source, pro-
viding a constant heat supply year-round with a fixed flow rate and
temperature. The generated heat is calculated using:

E = mcAT. (@)

E is the heat delivered (J), m is the mass (kg), ¢ is the specific heat
capacity (J/(kg°C)), and the used fluid is assumed to be water. AT is
the temperature difference (°C) between the geothermal output and the
cut-off temperature.

2.2.2. HT-ATES

The HT-ATES model, developed by Geerts et al. [18], requires two
operational parameters: total yearly injected volume and injected tem-
perature. Additionally, it requires aquifer parameters, including poros-
ity, aquifer thickness, horizontal hydraulic conductivity, anisotropy,
and undisturbed ground temperature [18]. The model outputs the
temperature profile and flow rate, determining the extractable energy.
In this model, a machine learning algorithm is applied to calculate the
recovery efficiency of the HT-ATES. Using this recovery efficiency and
two other parameters, the most suitable temperature profile is extracted
from a large dataset. This temperature profile is used to estimate the
efficiency of the HT-ATES. This HT-ATES is constrained by a maximum
pumping rate, assumed equal for injection and extraction, which limits
the amount of heat stored or extracted at each time step. The model
was shown to be accurate, with a root mean square error in efficiency
prediction of 1.4 percentage points [18], with a lower accuracy in low
efficiency systems.

2.2.3. Gas boiler

The gas boiler meets all remaining unmet demand, burning natural
gas at an assumed efficiency of 93% [19]. The capacity of the gas boiler
is scaled to provide 110% of its maximum load, ensuring that there is
always enough capacity to meet the peak demand.

3. Assessment metrics

Techno-economic and environmental assessments evaluate the costs
and benefits of each component and the DH system when adding
HT-ATES.
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Gas + Geothermal
+ HT-ATES

(a) Schematic representation of the used DH system
and the connections between components, red
indicating hot flows, blue indicating cold flows. The
different configurations used are also displayed (see
Section 4.2)
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(b) Control system for modelling the DH system.

Fig. 1. Schematic overview and control system of the DH system.

3.1. Economic assessment

The economic assessment metric is LCOH. This metric allows for a
comparison between different heat technologies. Both the system LCOH
and the LCOH of individual components are calculated. The LCOH of
individual components is used to compare the components with each
other, while the system LCOH is used to compare different heating
systems’ costs. This calculation is based on Yang et al. [7], and it is
defined as

Z

LCOH =

I, + 0&M,
1+ry
E,

n t
Zioi (1+r)

(2)

where I, is the investment to install the component (€), r is the
discount rate, n is the lifetime (years), O&M is the annual cost of
operation and maintenance (€), and E, is the annual heat delivered to
the demand (kWh). The heat supplied from deep geothermal to HT-
ATES is excluded from the geothermal E,, and the additional costs
(OpEx) for generating this heat are reassigned to HT-ATES. For the
LCOH of the system, the same formula is used. However, in E,, the
excess energy stored in the storage is not included as it is not delivered
to the demand [7]. The lifetime of the system is chosen as the smallest
value that ensures no residual value at the end of the system’s life.
Components are replaced as needed, with replacement costs included
in the relevant year’s O&M.

3.2. Environmental assessment

The used metrics in the environmental assessment are the Carbon
Abatement Cost (CAC) and Renewable Energy Share (RES). The CAC
measures the cost in euros to reduce one kg CO, emission, comparing
a system with and without a specific component. It is calculated as
follows [20]

CAC = LCOHsysteml _ LCOHsystemZ,
EF, EF,

systeml system?2
where LCOH,,,, and LCOH,,,, are the LCOH for the system with

and without the component, respectively. EF is the emission factor,
calculated as

3)

n COZ,S,I
2 [y
EF = ————. C))
n s,t
Lo (I+ry

CO,, is the total CO, emissions of the system in year ¢ (kg CO,),
calculated by summing the CO, of the individual components, only
taking into account the emissions created during the operation of the
system. For the HT-ATES, CO, emissions are calculated based on the
CO, emissions of the source supplying the HT-ATES and the emissions
of operating the HT-ATES itself. The emissions related to the stored heat
are subtracted from the deep geothermal and added to the HT-ATES.
The RES is also calculated, representing the share of energy that is
supplied by renewable sources relative to the total energy delivered. It

is calculated as follows [7]
RES = Egpg/E, G))

where Egp¢ is the energy delivered by renewable sources (kWh) and
E,, is the total energy delivered (kWh).

or>

4. Case study

The model is applied to a case study of a simplified DH system
conceptually based on Delft, the Netherlands, using a feasibility study
for the TU Delft campus and surrounding areas [15]. The focus of
the case study is on the heat generation and demand, therefore, the
hydraulics of a DH system are neglected. Furthermore, the actual
DH system in Delft is going to be using a heat pump, and the used
economic parameters are more generic than the actual values for the
Delft DH. The case shows the model application with one representative
sustainable heat supply technology rather than the application to a
specific DH system.

4.1. Case description

The DH of the case study is currently supplied by gas boilers. A deep
geothermal doublet and a HT-ATES are developed to supply heat to the
DH system [15].

4.1.1. Technical details

The supply temperature of the DH system is fixed in the model
to 75 °C with a return temperature of 55 °C [15]. Multiple demand
curves were used, as explained below. The geothermal doublet delivers
320 m3/h of 75 °C, delivering 7.4 MW of heat. The HT-ATES is scaled
to inject and extract 320 m3/h. The aquifer has a thickness of 55 m,
a horizontal hydraulic conductivity of 10 m/d, a vertical hydraulic
conductivity of 2 m/d, a ground temperature of 15 °C and a porosity
of 0.3 [15]. The gas boilers are sized to deliver the unmet demand, and
they are assumed to be newly installed for the calculation of the LCOH
to allow a fair comparison between technologies.
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Table 1
Economic and environmental parameters used in the case study.
Component Parameter Value Unit Source
Geothermal Capex 1.91 M€/MW [23]
Fixed opex 69 k€/MW per year [23]
Variable opex 7.2 €/MWh per year [23]
Lifetime 30 years [23]
CO, emissions 12,5 kgCO,/MWh [21]
Gas boiler Capex 0.1 ME/MW [24]
Fixed opex 2 k€/MW [24]
Gas price (including tax) 55 €/MWh [25]
Lifetime 15 years [26]
CO, emissions 200 kgCO,/MWh [27]
HT-ATES Capex 0.01 M€/(m3/h injection capacity) [15]
Fixed opex 0.77 k€/(m?/h injection capacity)/year [15]
Electricity use 1.39 kWh/m? injected [15]
Electricity price 200 €/MWh [28]
Lifetime 30 years [24,29]
CO, emissions electricity 0 kgCO,/MWh [21]
System Discount rate 5 % [71
Network CapEx 1157 €/m [15,30]
Network OpEx 2 % of CapEx per year [30,31]
Lifetime 60 years [32]
4.1.2. Economic and environmental inputs 20.0 b= 162
The economic and environmental details of the components can /D 107
be found in Table 1. The total OpEx is calculated by multiplying the 17:57
fixed OpEx by the capacity of the component and the variable OpEx by 1501
the heat generated by the component. For the gas boiler, this variable
OpEx is the gas price; for the HT-ATES, the variable OpEx is the S 1251
multiplication of electricity use, electricity price, and yearly injected s i
and extracted volume. The HT-ATES CO, emissions are zero, as the g 10.0 1 ‘ ’
electricity is assumed to be renewable [21]. There is also a price for £
the CO, emissions, in line with the 2030 Dutch CO, tax, which is 150 e 75 ~ ~ ‘
euros/tonne CO, [22]. The DH system costs are found under the system 50
component, and the lifetime under that same component reflects the ’ f
lifetime of the DH system. 25 wb
figurati i 0.0 - - - - - - -
42. Configurations comparison 0 1000 2000 3000 4000 5000 6000 7000 8000

Three demand cases are used to analyse the HT-ATES interaction
with the DH system, based on the TU Delft campus and the new DH
system for Delft city [15]. They are named after their level of demand
compared to the supply from the geothermal doublet. For this, the %
is introduced, which is defined as the total available geothermal heat
production divided by the total heat demand. The £ is calculated using
the 7.4 MW geothermal doublet, as discussed in Section 4.1.1. The
following cases are used: (1) TU Delft (called % = 1.62); (2) Delft City

(£ =1.07); (3) Delft Total (TU + Delft City) (£= 0.65), where the third
case is the sum of the first and second cases. The demand curves of £
= 1.62 and 1.07 are shown in Fig. 2. The demand is assumed to be the
same for the entire lifetime of the system. The network length is 8 km
and 15 km for IG—)= 1.62 and % = 1.07, respectively.

The three configurations represent different supply technologies
being used and are as follows: (1) Gas only (Abbreviated as G); (2) Gas
+ Geothermal (GG); (3) Gas + Geothermal + HT-ATES (GGA). These
configurations can be seen in Fig. 1(a). All three demand cases are
combined with all three configurations, leading to 9 combinations. For
all, the LCOH, CAC, and RES are calculated and compared.

4.3. Parameter exploration

To further analyse the case study and increase the knowledge on
interaction between DH system components, the effect of several key
parameters is tested with a one-at-a-time (OAT) sensitivity analysis. The
resulting LCOH and RES are compared. The tested parameters are:

Time (hours)

Fig. 2. Demand data of % = 1.62 and 1.07. Obtained from [15]. The average
yearly demand is 4.5 MW and 6.9 MW for % = 1.62 and 1.07, respectively.

» Geothermal doublet capacity, which is likely to be important
for the LCOH of the system. This is implemented by modifying
the geothermal doublet extraction rate relative to the average
demand. This reflects the seasonality of the demand, and this £
is varied between 0.25 and 3 by changing the geothermal flow
rate and, therefore, the geothermal capacity. The heat demand is
kept the same.

HT-ATES maximum pumping rate, which determines the rate of
heat that can be stored and extracted, which influences both
the efficiency of the HT-ATES system and the maximum heat
extraction at each single time step [33]. This shows the impact
of size on the HT-ATES LCOH. The size is varied between 30 and
350 m3/h.

Cut-off temperature, which determines the amount of useful heat
from the HT-ATES and geothermal doublet and, therefore, is an
important parameter to test. It varies between 45 °C and 65 °C.
No additional costs were incurred to do so.

4.4. HT-ATES operation approach

This subsection outlines the methodology used to evaluate the
effects of peak shaving, as well as highlighting LCOH changes by using
a different calculation approach. Two tests were designed to do so.
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Table 2
Monte Carlo probability distributions for the economic parameters. s.d. is the standard deviation that was used for the probability
distribution.
Parameter Distribution Value Unit Source
Gas price Normal Mean: 55, s.d.:5 €/MWh [35]
Electricity price Normal Mean: 200, s.d.:30 €/MWh [28,36]
CO2 price Normal Mean: 150, s.d.:5 €/tonne CO, [22]
CapEx gas Normal Mean: 0.1, 5.d.:0.005 €/MW
CapEx HT-ATES Normal Mean: 0.01, s.d.:0.003 Mé€/(m? injection rate)
CapEx Geo Normal Mean: 1.909, .d..0.3 €/MW

=== Geothermal well
Heat delivered HT-ATES

== Gas boiler

mmm Heat stored in HT-ATES

— demand

Heat demanded (MW)
Heat demanded (MW)

0
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (hours)

G

(a) Demand profile o = 1.62, average
yearly demand = 4.5 MW and the
largest peak is 19.6 MW

(b) Demand profile

0
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (hours)

G

D

yearly demand = 6.9 MW and the
largest peak is 21.3 MW

== Geothermal well
Heat delivered HT-ATES

= Gas boiler

= Heat stored in HT-ATES

— demand

=== Geothermal well
Heat delivered HT-ATES

== Gas boiler
mmm Heat stored in HT-ATES
— demand
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0
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Time (hours)

G -

(c) Demand profile > 0.65, average
yearly demand = 11.4 MW and the
largest peak is 40.8 MW

= 1.07, average

Fig. 3. Heat supplied to the demand by source.

The first test is that a HT-ATES system is less efficient during the
first few years of operation, as the subsurface needs to be warmed
up [34]. This effect is often not mentioned and neglected in economic
analysis of HT-ATES, but it is implemented in the HT-ATES model used
in this study.

The LCOH of the HT-ATES is evaluated using two different ap-
proaches: The first assumes a constant recovery efficiency throughout
the HT-ATES’s lifetime, which is equal to the recovery efficiency calcu-
lated by the HT-ATES model after 8 years [18]. The second approach
accounts for the lower recovery efficiency during the initial years.
This lower efficiency is obtained using the HT-ATES model [18]. By
comparing these two methods, the impact of neglecting the inefficiency
of the first few years on the LCOH can be assessed.

The second test is on the technical function of “peak shaving”,
mentioned in the literature [16,17]. It means HT-ATES can reduce the
most prominent peak of the demand and, therefore, requires smaller
backup equipment, in this case, gas boilers [16,17]. The economic
benefits of peak shaving served by HT-ATES are quantified in this study
by modifying the control system described in Section 2.1. Instead of
extracting from the storage when possible, the control is changed so
that the HT-ATES extraction is proportional to the unmet demand.
Therefore, the extraction of the HT-ATES is large when the unmet
demand is large and small when the unmet demand is small. Previously,
the control system ensured that the HT-ATES extraction was as soon as
possible. This new approach quantifies the savings that are created by
having smaller backup equipment.

4.5. Monte Carlo analysis

Lastly, a Monte Carlo is applied to assess the impact of uncertainty
in the economic parameters. This shows the uncertainty of the system
LCOH and generates a range of the system LCOH. With 20,000 itera-
tions using randomly generated inputs based on predefined probability
distributions, the simulation provides a range for the system LCOH.
This number of iterations results in the P10 and P90 values differing by
less than 1% when doing multiple different runs of 20,000 iterations,
signifying a converged result. The LCOH distribution was calculated
for each demand case and only for the Gas + Geothermal + HT-
ATES configuration. The economic parameters and their probability
distribution are shown in Table 2.

5. Results
5.1. Heat supply and LCOH

The demand profiles for the three demand cases are shown in Fig.
3. For the € = 1.62 case, the deep geothermal source supplies 86%
of the required heat (Fig. 3(a)). Consequently, a substantial amount of
heat is stored in the HT-ATES, which has an efficiency of 86.6% in this
case [18], covering much of the peak demand. Over 99% of the energy
is provided by the geothermal doublet and HT-ATES, with minimal
supplementary heating from gas boilers. For the % = 1.07 case, more
geothermal heat is directly delivered to the demand compared to the
% = 1.62 case (Fig. 3(b)), which is due to the increased heat demand
during the summer in % = 1.07. Lastly, for the % = 0.65 case (Fig.
3(c)), most of the geothermal heat is directly used, resulting in less
excess heat being stored in the HT-ATES, compared to the other two
cases. This decreases the efficiency of the HT-ATES a little to 83.9%.
Consequently, the HT-ATES provides very little heat during the cold
season.

The LCOH of each component and the system can be found in Fig. 4.
The LCOH of a gas-only system remains consistent around 94 €/MWh.
The difference between the LCOH of the system and the gas component
is caused by the costs of the DH systems infrastructure.

When geothermal energy is introduced (gas + geothermal), the sys-
tem LCOH decreases between 25 and 37 €/MWh for all demand cases
compared to the gas-only system due to the geothermal doublet’s cost-
effectiveness. The difference of geothermal LCOH between different
demand cases is due to the amount of heat that can be directly provided
to the demand from geothermal energy. As seen in Fig. 3, geothermal
energy supplies the most in the % = 0.65 case, and the least in the %
= 1.62 case, which is reflected in the LCOH of geothermal. The LCOH
of the gas boiler increases slightly for each demand case compared to
the gas-only. With geothermal energy added, the load of the gas boiler
is lower relative to its capacity compared to gas-only, which increases
its LCOH (see Fig. 5(a) for RES and gas boiler share). This effect is least
noticeable in the % = 0.65 demand because a large share of the heat
is still provided by the gas boiler, leading to a high load and a lower
LCOH of the gas boiler (Fig. 3(c)).
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Fig. 4. LCOH of the nine combinations, G is gas-only, GG is gas + geothermal,
GGA is gas + geothermal + HT-ATES.

In the gas + geothermal + HT-ATES configuration the LCOH of the
HT-ATES system is 157 €/MWh, 86 €/MWh, and 97 €/MWh for the
cases % = 1.62, 1.07, and 0.65, respectively. For context, the price
ceiling for heat in the Netherlands for DH systems is 158 €/MWh [37].
The system LCOH decreases only in the £ = 1.07 case compared to
the GG configuration, while for the other demand cases, the system
LCOH increases, showing that the HT-ATES is not always economically
beneficial. The geothermal LCOH remains constant between configura-
tions since all additional heat produced and additional cost incurred
due to this produced heat are attributed to the HT-ATES. For % =1.62
and 1.07, the LCOH of the gas boiler is also relatively large due to the
large capacity relative to the amount of heat it provides. The HT-ATES
is most cost-effective with the & = 1.07 case because a large amount
of heat is both stored and retrieved from the HT-ATES. The other two
cases are less cost-effective. For the € = 1.62, the injected heat is much
larger than the extracted heat, leading to underutilization of the HT-
ATES capacity. For the % = 0.65 demand, the amount of injected heat
is smaller than the & = 1.07, and therefore, the amount of extracted
heat is smaller as well, while the investment cost remains the same
between all demand cases.

In conclusion, the geothermal doublet is highly cost-efficient, with
the HT-ATES being beneficial in the € = 1.07 case. The lowest system
LCOH is found in this case with the GGA configuration at 87 €/MWh,
significantly below the Dutch price cap of 158 €/MWh [37].

5.2. RES and CAC of different configurations in the three demand cases

Fig. 5(a) shows that in the % = 1.62, the geothermal + HT-ATES
can provide >99% of the heat, with geothermal energy alone already
covering 84% of the heat demand. The gas boiler only contributes 0.4%.
For the % = 1.07 case, the RES remains high (94% for GGA), but it is
lower than the % = 1.62 case. The HT-ATES for this % = 1.07 case

increases the RES by 18 percentage points. For the % = 0.65 case,
the percentage directly provided by geothermal energy is 50%, with
HT-ATES increasing this by 8 percentage points, which represents less
actual heat provided by the HT-ATES than the % = 1.07 case but more
than the % = 1.62 case. In terms of CO, savings, the GGA configuration
saves about 10* tonne CO, per year in the % = 1.07 and 0.65 cases
compared to gas-only, while in the % = 1.62 case, the savings are
6 x 10° tonnes CO, per year.

The CAC of geothermal is negative in all cases as it lowers the
system LCOH (Fig. 5(b)). The CAC is more negative when a larger
proportion of heat is supplied directly by geothermal energy. The most
favourable CAC for geothermal is —0.35 €/kg CO,, which occurs when
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all the heat of the geothermal doublet is directly supplied to the heat
demand. This value is similar to the % = 0.65 case. The HT-ATES has
a positive CAC for the % = 1.62 and 0.65 cases, while it is negative
for the % = 1.07 case. This indicates that while HT-ATES increases the
RES in the % = 1.62 and 0.65 cases, it also raises the system LCOH.
The CAC is lowest in the € = 1.07 case due to the favourable balance
between stored and supplied heat.

5.3. Results parameter exploration

5.3.1. Geothermal capacity

The impact of geothermal capacity on the system LCOH and RES
was explored (Fig. 6). Changes in system LCOH with varying geother-
mal capacity are shown in Fig. 6(a). Note, that by changing the geother-
mal capacity the % value changes, while the scenario names remain
the same, i.e., referring to the % of the base scenario. For the GG
configuration, the % value with the lowest LCOH lies between 1.4 and
1.6. In the GGA configuration, the % with the lowest LCOH range shifts
to 1.1 to 1.3, with the minimum system LCOH being comparable to
the GG configuration. Beyond that range, the system LCOH increases
more sharply compared to the GG configurations, leading to a small
range where the system LCOH is smaller than 90 €/MWh. This is due
to higher operational costs for the HT-ATES, as well as larger CapEx
of the geothermal doublet with diminishing return on investment. This
aligns with previous findings that the % = 1.07 case is the most cost-
effective for the GGA configuration. This result shows the importance
of considering the interplay between the heat supply, heat demand, and
HT-ATES.

Examining the RES for three cases (Fig. 6(b)) reveals that achieving
100% RES is most cost-effective when combining geothermal heat
with HT-ATES. However, the final few percentage points of RES are
very cost-inefficient. For % = 1.07 demand case, the LCOH of the
GGA configuration rises from 81 to 85 and then to 104 €/MWh when
increasing the RES target from 95% to 99% and 100%, respectively. A
similar trend is observed for the other demand cases. This demonstrates
that pushing the renewable energy share beyond 95% is cost-inefficient,
with the last 1% causing a particularly sharp cost increase. Achieving
this last 1% requires a large capacity for minimal load, driving costs up.
Alternative strategies for this last 1% are discussed in Section 6. For the
GG configuration, the increase in LCOH is even steeper at higher RES
levels. However, below 80% RES, it is more cost-optimal to rely solely
on the geothermal doublet.

5.3.2. HT-ATES maximum pumping rate

The results can be found in Fig. 7. The HT-ATES LCOH lines are
not smooth due to the machine learning algorithm used in the HT-
ATES model to predict the HT-ATES efficiency. This machine learning
is shown to be more accurate at higher efficiency values [18]. With
low pumping rates, the yearly injected volume decreases, which in
turn leads to lower efficiency values compared to larger yearly injected
volumes [33], in turn decreasing the accuracy of the HT-ATES model.
This leads to some inconsistent results at low pumping rates.

For the % = 1.62 demand case, the optimal HT-ATES LCOH occurs
at a relatively low maximum pumping rate. Conversely, for the % =
1.07 and 0.65 demand cases, the minimum HT-ATES LCOH is observed
between a maximum pumping rate of 100 and 200 m?/h. However,
lower pumping rates in these cases slightly increase the system LCOH,
as it forces more reliance on the gas boiler, which has a higher LCOH.
Therefore, from the system perspective, a larger maximum pumping
rate reduces the system LCOH. However, this effect is minimal, and the
system LCOH is largely unaffected by the HT-ATES maximum pumping
rate, due to HT-ATES only delivering a relatively small percentage of
heat compared to the geothermal doublet (see Fig. 5(a)). Conversely,
for the % = 1.62 demand case, the system LCOH significantly increases
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Fig. 6. LCOH and RES obtained by varying the geothermal capacity, the line colours correspond with the demands shown in Fig. 2.

with increasing maximum pumping rate. Lower maximum pumping
rates would be beneficial.

HT-ATES increases the RES in all cases. The % = 1.62 case shows
continued RES improvement with higher pumping rates, as HT-ATES
can meet the entire remaining heat demand after geothermal supply,
given a sufficiently high pumping rate (see Fig. 3(a)). This condition
is not met in the other demand cases, where the heat demand exceeds
what HT-ATES can provide, even at the highest pumping rates, and the
RES lines flatten with increasing pumping rate.

5.3.3. Cut-off temperature

The impact of the cut-off temperature was analysed. As can be ob-
served in Fig. 8, the impact of the cut-off temperature is twofold. First,
it changes the capacity of the geothermal doublet due to variations in
AT (as shown in Eq. (1)). Second, it influences the energy that can be
delivered by the HT-ATES, as this is also dependent on AT. This effect
is most apparent with the % = 0.65 case (Fig. 8(c)). At lower cut-
off temperatures, both the geothermal doublet and HT-ATES produce
significantly more heat than in the baseline, resulting in a notably low
system LCOH. However, at higher cut-off temperatures, the geothermal
doublet produces less heat and stores less in the HT-ATES, leading to
less effective energy retrieval and a lower RES.
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further decrease in cut-off temperature only leads to an increase of

Table 3
LCOH of the different calculation methods of the HT-ATES component.
LCOH LCOH Difference
Reduced efficiency Constant efficiency
g =162 119 €/MWh 115 €/MWh 4 €/MWh
% =1.07 72 €/MWh 70 €/MWh 2€/MWh
g =065 83 €/MWh 80 €/MWh 3 €/MWh
G _ .
. In both the 5 = 1.62. and 1.07 .cases, the LCOH line of t.he GGA w0 = Geothermal well
is shown to have an optimum that is not at the lowest possible cut- Heat delivered HT-ATES
off temperature. This is due to the RES values reaching 99%, and any 35 4 = Gas boiler
Bl Heat stored in HT-ATES

system LCOH due to increased operational cost for storing heat in the
HT-ATES system without increased energy delivered (Fig. 8(a)). This
is because of the control system. The control system ensures that all
excess energy is stored. While if not all of the excess energy can be
used, it is more economically beneficial to also store less heat in the
HT-ATES. This aspect could be explored further in future studies.

5.3.4. Constant HT-ATES recovery efficiency

One of the research assumptions in this study is that the recovery ef-
ficiency of the HT-ATES is lower during the first few years of operation.
It is incorporated in the applied HT-ATES model. If this is not taken into
account during calculations, the LCOH will be lower. The impact of this
assumption on the HT-ATES LCOH is examined. The results are shown
in Table 3. As can be seen with a reduced efficiency, the LCOH increases
by a small percentage (around 3%) compared to the constant efficiency.
This is because the HT-ATES delivers less energy during the first few
years, reducing E, in Eq. (2), thereby increasing the LCOH, compared to
the constant efficiency. However, the effect of this difference is small.

5.3.5. Peak shaving

One example of the demand curve where peak shaving is applied is
shown in Fig. 9. The only difference between this figure and Fig. 3(b) is
when the heat of the HT-ATES is used. This peak shaving only leads to
a lower required backup capacity, in this case, a gas boiler. However,
the reduction in gas boiler LCOH is 0.0 €/MWh, 0.8 €/MWh, and 1.3
€/MWh for the cases % = 1.62, 1.07, and 0.65, respectively. And for
all three cases, the reduction in system LCOH is less than 0.1 €/MWh.
It is most economically beneficial to apply peak shaving with the % =
0.65 case. As pointed out before, for both the f—) = 1.62 and 1.07 case
there is very little heat that is covered by the gas boiler (see Fig. 5(a)),
therefore, there is no flexibility in the operation of the HT-ATES, while
for % = 0.65, the amount of heat stored in the HT-ATES is significant,
and peak shaving is useful for reducing backup capacity.

The economic impact of peak shaving is small. However, if other
considerations constrain the gas boiler capacity, the HT-ATES can
provide peak shaving and, therefore, reduce the needed gas boiler
capacity.

demand
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Fig. 9. Using the HT-ATES as peak shaving unit for the % = 0.65 case.

5.4. Monte Carlo LCOH distribution and sensitivity analysis

Fig. 10 presents the system LCOH distribution resulting from the
Monte Carlo analysis. The % = 1.07 case has the lowest system LCOH of
the three cases. The P90 value for % = 1.07 is lower than the P10 case
of % = 0.65 and 1.62. The % = 1.07 system LCOH distribution differs
significantly from the other two. While % = 0.65 and 1.62 largely
overlap.

The distribution is highly dependent on the different parameters
(Fig. 11). For both % = 1.62 and 1.07, the CapEx of the geothermal
doublet is the most influential factor. This is attributed to the geother-
mal doublet’s significant share in total heat supply, its high investment
costs, and the variability in these costs assigned during the Monte Carlo
analysis (Figs. 11(a) and 11(b)). For % = 1.62, both the gas price and
the CapEx of the geothermal doublet are important factors. This is due
to a large share of heat being provided by the gas boiler, and the
variability in gas price affects the system LCOH more significantly.

6. Discussion

In this study, a methodology was developed to simulate the DH
system and its individual components, enabling the calculation of key
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50%, and P90 defines the lowest 90%. The ranges of LCOH between the P10
and P90 lines are 91-100, 82-88, and 93-100 €/MWh for % = 1.07, 0.65,
and 1.62, respectively.

performance indicators such as the LCOH, RES, and CAC across various
DH configurations. This approach was applied to assess and examine a
case study. Additionally, a sensitivity analysis was performed to assess
the effect of different important parameters.

The case study showed that integrating geothermal energy and HT-
ATES can significantly reduce the use of gas boilers. Our case study
also reveals that geothermal energy can significantly reduce both the
system LCOH and increases the RES. It was found that the optimal
sizing for a geothermal system was around a £ of 1.5. For HT-ATES,
the cost reduction depends on the relation between supply and demand,
and an optimal % around 1.2 was found. Practically, the geothermal
doublet is usually installed first, which presents a sizing challenge,
as the geothermal doublet can be sized to be economically optimal
without the HT-ATES at % was shown to be 1.5. However, that also
restricts the use of HT-ATES, as the system LCOH of GGA with a large
geothermal doublet (around % of 1.5), is significantly larger. This
should be considered when implementing renewable technologies.

For the case study, the % = 0.65 case has limited excess heat
available for storage, resulting in higher costs when utilizing a HT-
ATES, while the G _ 1.62 case’s minimal demand for stored heat
leads to underutilization of the heat stored in the HT-ATES. Therefore,
careful planning of the system configuration design is required to match
HT-ATES capacities with demand profiles and sustainable heat supply
capacity to ensure cost-effectiveness. However, in all scenarios the use
of HT-ATES was shown to increase the renewable energy share by 9 to
18%.

This study underscores the need to evaluate the economic and
environmental performance of HT-ATES within the broader context of
a heating system. The scale of heat demand and the capacity of the
available heat source both affect the operation and efficiency of the HT-
ATES. Consequently, future analyses of HT-ATES performance should
explicitly account for the interactions between the HT-ATES, the heat
supplier, and the heat demand.

From an economic perspective, in the conceptual case study ex-
amined, the HT-ATES is economically beneficial in some cases, but
in other cases, it increases the system LCOH. The specific conclusions
here must be viewed in the context of the example numbers included
for the costs of gas, the geothermal system and the HT-ATES. The
HT-ATES increases the RES with a CAC ranging from —0.04 to 0.32
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€/kgCO,. In comparison, heat pumps have a CAC, recorded in the
literature, between —0.01 and —0.04 €/kgCO, and solar thermal has
a CAC between —0.01 and 0.05 €/kgCO, [20]; HT-ATES can compete
with these technologies when applied to the % = 1.07 or % = 0.65
demand case, mainly because in these cases, there is both sufficient
excess heat and unmet demand. For both cases, the avoided CO,
compared to only using gas boilers is similar (10* tonne CO, on a yearly
basis). Additionally, the HT-ATES abates the peaks of demand. These
peaks are significantly more expensive to abate because they occur
infrequently, and increasing the capacity of alternative technologies
solely to meet peak demand is also costly. When sufficient excess
heat and unmet demand are both present, the HT-ATES can achieve
a CAC comparable to that of other technologies, while simultaneously
supplying peak demand. This capability is particularly valuable when
fully transitioning to renewable heat.

As shown in the % = 1.62 case, a RES of >99% is, however, not
cost-effective because the system LCOH is high. It is caused by the
high investment cost for the HT-ATES while only providing a small
share of energy. This indicates that aiming for 100% RES targets from a
financial standpoint can be significantly less attractive than targeting a
slightly lower RES target (around 95% RES), and less effective when the
investment can be used in another system. Specifically, in this case, the
last 1% of the RES was shown to be cost-inefficient to achieve. Other
solutions might be considered for this last 1%. An example would be
peak shaving via methods other than using the HT-ATES. This would
reduce the peaks that are the hardest to abate. This could be done
via demand management on the DH operator side, which moves the
demand from these peak hours to lower demand hours using daily
buffers [38]. Another approach is to reduce peaks by changing the
building occupants’ heating behaviour. Lowering the targeted indoor
temperature is an example.

Furthermore, these numerical results are obtained from a case study,
but the proposed methods are applicable to other cases. Examples
include DH systems in different climate zones and DH systems in
horticulture sectors, e.g., greenhouses [39].

The dynamic interplay between systems is shown to be highly non-
linear. This work can inform project developers about how to design
their system to achieve their aims, however as governments regularly
apply subsidy schemes with the objective of stimulating certain objec-
tives (e.g. avoiding CO, emissions), this work can also be used to aid
the design of the most cost-effective schemes to achieve their aims.

This study has some limitations. First, it assumes fixed supply
and return temperatures, whereas in reality, they fluctuate with out-
door temperature and heat demand, often requiring higher temper-
atures during peak demand [15]. Future work should incorporate
temperature-dependent supply and return profiles and investigate how
dynamic operating temperatures affect HT-ATES charging strategies,
storage efficiency, and overall system economics. Secondly, heat pumps
are not incorporated in this study, which could have been coupled to
either the geothermal doublet or the HT-ATES to boost the temperature
(as in [14]). Future studies should investigate the feasibility of coupling
a heat pump to an HT-ATES and examine the costs and benefits.
Thirdly, ramp-up and ramp-down times of heat suppliers were not
considered, which might constrain the heat supply. However, time steps
of one hour are used, which are often large enough to neglect these
effects. Additionally, CapEx of both the geothermal doublet and HT-
ATES is a linear function of capacity. In reality, this is more nuanced
and related to the depth of the systems and technologies used. This was
avoided to enable a fair comparison between different % scenarios, but
future studies could investigate how the cost and subsurface properties
are related. Lastly, future changes such as increased insulation are not
taken into account and can play a major role in demand reduction,
which in turn impacts the economics of the HT-ATES.
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7. Conclusion

This study presents a methodology for techno-economic and envi-
ronmental assessment of a sustainable District Heating (DH) system
with a High-Temperature Aquifer Thermal Energy Storage (HT-ATES).
The main contribution of the methodology is to include the dynam-
ics of the interplay between the different components. The methods
were applied to a case study, a simplified DH system conceptually
based on a system being implemented in Delft, the Netherlands. This
work emphasizes the importance of understanding the impact of the
interaction between heat demand, heat supply technologies, and stor-
age technologies on economic performance. Key metrics such as the
Levelized Cost Of Heat (LCOH), Renewable Energy Share (RES), and
Carbon Abatement Cost (CAC) were evaluated, and the sensitivity of
these metrics to various important parameters was demonstrated.

We show that for the case study, a geothermal project alone reduces
the system LCOH by 27%, 30%, and 21% with a ratio of Geothermal to
Demand (%) = 1.62, 1.07, and 0.65, respectively. Adding an HT-ATES
only decreases the system LCOH in the % 1.07 case and does so by
1.5%, while also increasing RES by the largest amount. This indicates
that the relationship between the heat demand and supply technologies
is vital for the effectiveness of implementing HT-ATES. The HT-ATES is
more efficient when large amounts of excess heat are stored. However,
if the amount of heat stored significantly exceeds the demand, HT-ATES
becomes underutilized, negatively impacting economic performance,
which in this research led to a LCOH of HT-ATES 157 €/MWh, where
the lowest HT-ATES LCOH is 86 €/MWh. Achieving a balance between
heat storage and extraction is thus crucial for maximizing both eco-
nomic viability and efficiency of the HT-ATES. Ignoring these aspects
leads to an incomplete assessment of the HT-ATES.

We showed that once RES approaches 100%, LCOH rises due to
higher operational costs and overcapacity, making 100% RES econom-
ically inefficient, with mostly the last 1% being very cost-ineffective.
However, a geothermal + HT-ATES combination remains the most
cost-effective way to achieve 100% RES in the case examined.

The geothermal doublet was shown to have a negative CAC and is
economically beneficial while also reducing CO, emissions compared
to a gas-only system. For HT-ATES, the CAC is highly dependent on
the balance between heat storage and extraction. Insufficient stored
or extracted heat results in a positive CAC, where CO, emissions are
reduced, but it increases the system LCOH. The CAC of the HT-ATES
can be negative under the right circumstances, which highlights the
importance of including the interplay between DH components in the
analysis, by matching storage capacity to demand patterns to ensure
economic viability.

Finally, the sensitivity analysis showed that the lowest system LCOH

could be found for a % around 1.5 when only using geothermal and

for geothermal + HT-ATES, the optimal % = around 1.2, indicating
that over-sizing the geothermal doublet relative to the total demand
is economically beneficial. This also indicates that when installing a
geothermal project, an early decision has to be made whether to also
include HT-ATES, as the optimal sizing of geothermal differs with and
without the HT-ATES.
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