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Abstract

This study evaluates the feasibility of using a ground-coupled ammonia heat pump as a
heat source for the district heating system in Ustka, Poland. A three-dimensional transient
thermal model of a 122-borehole field was developed in ANSYS 2023 R1 using local
geological data and hourly meteorological inputs. Three extraction loads—0.50, 0.75, and
1.00 MW—were analysed, together with regeneration periods of one month (August) and
six months following the heating season. Ground temperatures were assessed across all
geological layers down to 250 m. The simulations show that each of the tested loads leads to
a noticeable and lasting reduction in ground temperature. For 1.00 MW, the temperature in
the main heat-exchange layers remains more than 2 K below the initial value even after six
months of regeneration. At 0.75 MW the deficit is smaller but still persists in the layers that
dominate heat transfer. Even the 0.50 MW scenario does not return to thermal balance: the
active layers stay more than 1 K cooler after the regeneration period, indicating cumulative
long-term cooling. Although the model includes standard engineering simplifications, the
large-scale thermal behaviour is consistent across all scenarios. The analysis shows that
the analysed GSHP (ground-source heat pump) configuration cannot serve as a primary
heat source for the Ustka network in the analysed configuration. Alternative low-emission
solutions, such as air-source heat pumps supported by renewable electricity, are more
suitable for this site.

Keywords: sustainable energy system; decarbonization; ground-source heat pump; CFD
simulation; thermal response of geological layers; transient heat transfer

1. Introduction
The decarbonization of district heating networks is one of the central challenges in

the transition toward sustainable and climate-neutral energy systems. Across Europe,
heating remains a major source of greenhouse gas emissions, and integrating renewable
heat technologies is increasingly recognised as essential for reducing reliance on fossil fuels.
Among available solutions, heat pumps using environmental energy from air or ground
sources have gained particular attention due to their high efficiency and compatibility with
low-carbon strategies. Ground-source heat pumps (GSHPs), in particular, benefit from the
stable thermal conditions of the subsurface, which allow efficient operation even during
periods of low outdoor temperatures.
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The performance and feasibility of GSHP systems depend on the thermophysical
characteristics of the soil, the design of the ground heat exchanger (GHE), and the long-
term thermal balance between extraction and regeneration. Several studies have analysed
GSHP efficiency, soil temperature variation, and thermo-economic performance across
different climates and configurations. For example, Demir et al. [1] emphasised that soil
thermal conductivity, burial depth, and seasonal ground temperature variability strongly
affect system efficiency and optimal GHE design. Lucia et al. [2] highlighted the importance
of transient thermodynamic analysis and exergy-based optimisation, suggesting that GSHP
systems require modelling beyond steady-state assumptions. More recent work by Aresti
et al. [3] demonstrated that GSHPs can outperform air-source heat pumps (ASHPs) from
an environmental perspective, but only when geological conditions and heating loads
are favourable.

At the same time, the operation of GSHP systems must be viewed within the broader
context of sustainable and resilient energy systems. The integration of renewable energy
sources presents challenges related to variability and system stability. High shares of renew-
ables require advanced flexibility and energy storage, as evidenced by studies on flywheel
energy storage systems (FESSs), which provide rapid-response balancing services and
support grids with significant renewable penetration [4]. Similarly, system-level analyses
using Smart Energy System methodologies show that large-scale renewable integration,
such as full electrification of transport or heating, requires coordinated operation of energy
generation, storage, and grid stability measures [5]. These findings underline that techno-
logical performance must be evaluated not only at the device scale (e.g., GSHP COP) but
also within the wider energy system framework, including variability management and
economic feasibility.

The viability of renewable technologies is also shaped by regulatory and market condi-
tions. Studies examining renewable energy support schemes, such as the work of Rosales-
Asensio et al. [6] on Spanish tariff structures, show that the effectiveness and cost-efficiency
of integrating renewables depend heavily on well-designed policy mechanisms, particularly
in electricity markets with marginal pricing. These insights are relevant for GSHP deploy-
ment in district heating, where electricity price volatility, market support frameworks, and
operating strategies can significantly influence techno-economic performance.

Despite the extensive literature, important knowledge gaps remain regarding the
scalability of GSHP systems for high-temperature district heating. Most existing research
focuses on small-scale buildings, idealised or single-borehole models, or low-temperature
heating regimes.

A comprehensive evaluation that integrates geological conditions, heat pump per-
formance and economic factors is required, as each of these components influences the
feasibility of the system. The present study addresses this gap by evaluating the feasibility
of integrating ground-source and air-source heat pumps into a municipal district heating
network, using a combination of fully transient 3D simulations of a 122-borehole field and
an optimisation model including GSHP, ASHP, CHP, and thermal storage. The analysis
aims to determine the realistic extractable heat potential of the ground, quantify its sustain-
ability under local geological conditions, and assess the implications for the design of a
hybrid district heating system.

This study quantifies the extractable heat under the local geological and climatic
conditions and evaluates its implications for the configuration of the district heating system.
In a broader perspective, the findings contribute to the ongoing discussion on the role of
GSHPs in urban heating decarbonization. The results demonstrate that assessing ground
thermal regeneration is essential for the proper sizing of heat pump systems in district
heating applications.
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Despite extensive research on ground-source heat pumps, several critical gaps remain
concerning their applicability in large-scale district heating systems. Existing studies
predominantly focus on small building-level applications, assume favourable geothermal
conditions, or rely on simplified analytical models of borehole heat transfer. Only a limited
number of publications evaluate the long-term thermal depletion of the ground under
high extraction loads, and even fewer combine realistic geological constraints with high-
temperature ammonia heat pumps (up to 95–100 ◦C) operating in district heating networks.

Furthermore, previous modelling efforts rarely integrate three-dimensional, transient
simulations of a dense borehole field with system-level techno-economic optimisation
involving CHP units, thermal storage, and air-source heat pumps. As a result, the practical
limits of GSHP scalability in real municipal conditions remain poorly understood, especially
in regions with relatively low geothermal gradients.

The present study addresses these gaps by providing a fully integrated assessment of
a 1 MW ammonia heat pump coupled with a 122-borehole field, combining detailed 3D
transient subsurface modelling with the optimisation of hybrid system operation.

Numerical modelling of borehole heat exchangers and long-term thermal imbalance
has been widely addressed in the literature; the present study applies established modelling
approaches to a site-specific feasibility assessment.

An independent techno-economic optimisation study was conducted for the same
district heating system using operational data from 2021 to 2022. The analysis showed
that, for the available plot area (≈3.5 ha) and borehole depth of 150 m, the ground heat
exchanger could be sustainably loaded at approximately 100 kW in long-term operation,
while higher extraction rates required extended seasonal regeneration. These findings
support the conclusions drawn from the numerical simulations presented in this paper.

In this paper, the integration of GSHP within the district heating system is therefore
addressed through the feasibility of the ground heat source itself, rather than through an
explicit simulation of the heat pump cycle or network hydraulics.

2. Methods
2.1. Basic Assumptions

To keep the simulations computationally feasible while preserving the large-scale be-
haviour of the borehole field, several modelling simplifications were adopted. The U-tubes
were not modelled explicitly; instead, each borehole was represented as a single cylindrical
volume with an equivalent heat-exchange surface. It was performed in order to reduce
computational complexity. Instead, heat extraction was imposed through an equivalent
cylindrical boundary. This representation does not aim to reproduce borehole thermal
resistance or fluid temperature variation but serves as a modelling construct to analyse
long-term ground thermal behaviour and interaction between neighbouring boreholes.

The choice of the equivalent diameter was guided by the objective of distributing the
imposed heat extraction over a boundary with an effective perimeter comparable to that
of the U-tube. The authors acknowledge that this approximation affects borehole-scale
thermal details but does not alter the qualitative conclusions regarding long-term ground
cooling and regeneration, which are the focus of this feasibility study. As a consequence, the
model does not reproduce the detailed thermal resistance of the borehole or the temperature
stratification of the circulating fluid. The results therefore reflect the response of the ground
mass rather than the internal behaviour of the borehole.

Heat transfer in the subsurface was assumed to occur purely by conduction, and
groundwater flow was not included. Neglecting groundwater advection represents a
conservative assumption, as advective heat transport would generally enhance thermal
regeneration and mitigate long-term temperature depletion rather than intensify it. The
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geological layers were treated as homogeneous, with constant thermal properties taken
from hydrogeological reports. Although these assumptions neglect local heterogeneity and
advective heat transport, they are appropriate for evaluating the long-term thermal balance
of a borehole field, which is governed primarily by conduction.

The surface boundary conditions were based on hourly meteorological data for air
temperature and solar irradiance. Effects such as vegetation, snow cover, shading, or
seasonal soil moisture variations were not included. The side and bottom boundaries of
the model were placed sufficiently far from the borehole field to avoid numerical inter-
ference; however, they still represent an approximation of the actual lateral and vertical
thermal exchange.

Finally, layer temperatures reported in the results correspond to volume-averaged
values, which smooth out local fluctuations but provide a robust measure of bulk thermal
behaviour. Overall, while the model contains typical simplifications used in engineering
practice, it captures the dominant mechanisms governing long-term ground cooling and is
adequate for evaluating the feasibility of the proposed GSHP configuration.

A view of the plot of land under consideration for the installation of a ground-source
heat pump is shown in Figure 1. Figure 2 shows the division of the ground by depth and
the construction of the U-tube used in the borehole.

 

 

Figure 1. View of the plot under consideration for the installation of a ground-source heat pump [7].

 

 

Figure 2. View of the soil layer and the structure of the hole. The figure provides a schematic
representation of the geological stratification; layer depths are given in Table 1.

https://doi.org/10.3390/su18041719

https://doi.org/10.3390/su18041719


Sustainability 2026, 18, 1719 5 of 21

Table 1. Properties of soil layer [8–10].

Layer Thermal Conductivity k [W/mK] Layer Thickness

Clay 1.6 30
Sand 2.4 6
Clay 1.6 38
Sand 2.4 44

Stiff clay 1.6 32

Based on the geological cross-section, the following geological profile is assumed in
the subsoil:

0.0–30.0 clay
30.0–36.0 sand
36.0–74.0 clay
74.0–118.0 sand
118.0–150 loam (Miocene)
The following assumptions were made for further analyses:

• Hole depth: 150 m;
• Distance between holes: 15 m;
• Exchanger type: double U-tube 32 × 3.0 mm;
• Minimum return temperature: 0 ◦C.

Ammonia was selected as the refrigerant due to its widespread application in large-
scale, high-temperature heat pumps for district heating systems. In the present study, the
thermodynamic cycle of the heat pump is not explicitly modelled; instead, the analysis
focuses on the long-term thermal behaviour and feasibility of the ground heat source.

2.2. Three-Dimensional Model

Based on the information presented in report [11] and the data provided in [7], a
numerical model of the plot with a surface area of 30,000 m2 was developed. The model
included 122 vertical boreholes, each with a depth of 150 m. The number of boreholes (122)
and their spacing were fixed by the available land area and preliminary design constraints
and were not treated as optimisation variables. To capture the effects of ground cooling
and thermal regeneration, the computational domain was extended by an additional 100 m
in depth and 300 m beyond the plot boundary in all horizontal directions. The geological
geometry was discretized into layers according to the stratigraphy described in [11], as
shown in Figure 3.

References [7,11] are local planning and hydrogeological reports used exclusively as
sources of site-specific input data.

Due to the small diameters of both the boreholes and the U-pipes relative to the overall
model geometry, a geometric simplification was introduced. The U-pipe geometry was
omitted and replaced by a single cylindrical borehole representation with a diameter equal
to four times the diameter of the U-pipes. This approach preserves the same effective
heat-exchange surface area while substantially reducing the complexity of the numerical
model. The original borehole diameter was retained, and the resulting simplified bore-
hole configuration is shown in Figure 3. Figure 3 is schematic and not drawn to scale;
characteristic dimensions are given in metres.

The borehole spacing and layout were adopted from the preliminary design and were
not optimised within the scope of this feasibility study:

Layer I—0–30 m;
Layer II—30–36 m;
Layer III—36–74 m;

https://doi.org/10.3390/su18041719
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Layer IV—74–118 m;
Layer V—118–150 m;
Layer VI—150–160 m;
Layer VII—160–250 m.
In Figure 3c the inner frame marks the borehole field area, while the outer frame

represents the extended computational domain used to reduce boundary effects.
Although the borehole heat exchangers extend to 150 m, the numerical domain was

extended to 250 m to reduce boundary effects. Layers VI and VII serve as a thermal buffer
and are not directly involved in heat extraction.

  
(a) (b) 

 

 

(c) (d) 

Figure 3. View of land domain and boreholes with pipes: (a) view of location of pipes in ground,
(b) pipe simplification, (c) main dimensions of analysed soil, and (d) layers of analysed soil. Colours
are used only to distinguish individual geological layers and do not represent horizontal variability
of material properties.

2.3. Mathematical Model

The heat exchange between the ground heat exchanger and the surrounding soil
was modelled as a transient heat-transfer process in a solid medium using the ANSYS
Mechanical Transient Thermal module. The calculations accounted for thermal conduction
in the multilayer geological structure, time-dependent boundary conditions at the ground
surface, and imposed heat fluxes on the borehole walls corresponding to the operating
conditions of the heat pump. The heat transfer in the ground is described by the transient
form of Fourier’s heat conduction equation [12–14]:

ρcp
∂T
∂t

= ∇·(k∇T)

where
T(x, t) —temperature as a function of time and spatial coordinates;
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ρ —soil density;
cp—specific heat;
k—thermal conduction.
At the ground surface (z = 0), a time-dependent Dirichlet boundary condition was

applied in the following form:

T(z = 0, t) = Tsur f (t),

where Tsur f (t) is the hourly averaged ground surface temperature derived from me-
teorological data for Ustka City (Figure 4). No additional surface heat-flux boundary
was imposed.
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Figure 4. Hourly averaged outdoor air temperature for Ustka in the year 2023 [15].

The material parameters were assigned individually to each soil layer in accordance
with the geological profile.

For the thermal simulations of the ground heat exchanger (GHE) field, the total
thermal load

.
Qtot assigned to the ammonia heat pump was uniformly distributed among

the 122 vertical boreholes. The heat extraction rate for a single borehole was therefore
defined as follows:

.
QBH =

.
Qtot
NBH

where
.

Qtot—heat extraction rate of a single borehole [W];
.

QBH—total thermal load applied to the GHE field [W];
NBH—number of holes: 122.
The heat extraction boundary condition was applied as a uniform heat flux on the

cylindrical wall surface of each borehole. The external wall area of a single borehole was
calculated as follows:

ABH = 2πrBH LBH

where
rBH—borehole radius;
LBH—borehole depth: 150 m.
The resulting heat flux assigned to each borehole:

https://doi.org/10.3390/su18041719
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q′′ =

.
QBH
ABH

The flux q′′ was imposed directly on the borehole wall as a constant heat flux boundary
condition, independent of depth.

At the ground surface, time-varying boundary conditions were imposed, including
the ambient air temperature and the incoming solar radiation flux (ITH):

−k
∂T
∂n

= qs(t)

where

qS(t) = αs ITH(t)

The ground surface temperature was prescribed according to the time-dependent
profile derived from the meteorological data. Solar irradiance (ITH) was used only to
derive the surface temperature profile and was not applied as an independent Neumann-
type heat-flux boundary condition in the numerical model.

Using a constant heat flux allows direct comparison of different extraction scenarios
and provides a conservative estimate of long-term ground cooling, independent of short-
term operational fluctuations.

2.4. Thermal Properties and Boundary Conditions

For each geological layer, the corresponding thermal conductivity values were as-
signed, as listed in Table 1. The initial temperature was defined as a function of depth
based on the geothermal profile (approximately 11 ◦C at a depth of 250 m) [16–20]. Figure 5
represents hourly averaged total solar irradiance on a horizontal plane (ITH) for Ustka
throughout 2023 according to [21].
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Figure 5. Hourly averaged total solar irradiance on a horizontal plane (ITH) for Ustka in 2023 [21].

Figure 6 shows the initial ground temperature assumed in the analysis: (a) central
cross-section, (b) depth 112.5 m.

To simulate ground thermal depletion, three heat extraction capacities of the ground
heat exchanger were considered:

I—1.00 MW;
II—0.75 MW;
III—0.50 MW.

https://doi.org/10.3390/su18041719
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(a) 

 
(b) 

Figure 6. Initial ground temperature assumed in the analysis: (a) central cross-section, (b) depth of
112.5 m.

The total heat extraction rate was divided among 122 boreholes and then normalised
by the surface area of each borehole-wall to obtain the corresponding heat flux required
to achieve the above capacities. The temperature gradient along the borehole depth was
neglected, and a constant heat flux

.
QBH was prescribed on the inner borehole wall surface.

For the 1-month regeneration scenario, the regeneration period was set in August,
coinciding with the annual peak in ambient air temperature and the maximum values
of total horizontal solar irradiance (ITH). This represents the most favourable conditions
for natural thermal recovery of the shallow geological layers. In contrast, the 6-month
regeneration scenario covered the interval from April to November, corresponding to
the post-heating season period when the installation remains inactive and the ground is
allowed to recover under typical spring–summer–autumn boundary conditions.

The resulting total heat extraction rates
.

Qtot for the analysed cases are shown in
Figure 7.

Overlapping segments in Figure 7 correspond to identical extraction phases for differ-
ent scenarios and are shown together for comparison.

Lateral and bottom boundaries were assumed sufficiently distant from the borehole
field so that their influence on the simulated temperature field is negligible.

https://doi.org/10.3390/su18041719
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Figure 7. Annual profiles of the heat extraction rates for the analysed cases with corresponding GSHP
power and ground temperature regeneration time.

In this study, the heat flux applied at the borehole boundary is not assumed arbitrarily.
It follows directly from the required system-scale heat extraction rate and the fixed geometry
of the borehole field.

In long-term studies of borehole heat exchangers, it is common to prescribe the heat
extraction rate of a borehole or borehole field and to analyse the resulting ground temper-
ature response, rather than to model detailed heat pump operation or fluid temperature
control. This approach is particularly appropriate for feasibility assessments focused on
long-term thermal balance and ground thermal depletion.

Zeng et al. [22] applied a finite line-source model in which the ground thermal re-
sponse is calculated for a prescribed heat extraction rate per borehole, with the temperature
obtained as the solution of the conduction problem. Al-Khoury et al. [23] analysed the
ground response to an imposed borehole heat load using efficient numerical modelling
techniques, without explicitly resolving the internal fluid energy balance. More recently,
Dehghan et al. [24] proposed a one-dimensional analytical model based on Green’s func-
tions, where the long-term heat-transfer rate of a borehole heat exchanger is prescribed to
investigate ground thermal behaviour over extended operating periods.

Following this established modelling framework, the present study prescribes the
total thermal capacity required by the district heating system (0.50, 0.75 and 1.00 MW)
and distributes it over the fixed number of boreholes and their external surface area.
The resulting borehole-wall heat flux is therefore uniquely determined by the system
capacity and borehole-field geometry, as described in Section 2.3, and is not an independent
tuning parameter.

Although changing the applied heat flux would affect the numerical results, such a
change would simply reflect a different total extraction capacity. The adopted formulation
thus allows a consistent and conservative comparison of district heating-scale loads and
their impact on long-term ground thermal depletion.
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2.5. Mesh and Results-Independence from Grid Concentration Study

To ensure that the numerical results are not affected by the spatial discretization,
a mesh sensitivity analysis [25,26] was performed for the 3D transient thermal model
of the borehole field. The computational domain was discretized using unstructured
tetrahedral elements with local refinement around the boreholes and at the interfaces
between geological layers, where the largest temperature gradients are expected.

Three different meshes were generated: a coarse mesh (M1), a medium mesh (M2),
and a fine mesh (M3). The refinement strategy consisted of reducing the element size in
the vicinity of the borehole walls and gradually coarsening the grid toward the external
boundaries of the domain. Table 2 summarises the main characteristics of the three meshes.

Table 2. Overview of the meshes used in the results-independence from grid concentration study.

Mesh Number of
Elements [-]

Min. Element Size
Near Borehole [m]

Typical Element Size
in Far Field [m]

M1—coarse 2.3 × 106 0.5 10–12

M2—medium 4.1 × 106 0.3 8–12

M3—fine 6.8 × 106 0.2 6–10

The mesh-independence test was carried out under steady-state conditions for the
most demanding extraction scenario (1.00 MW). A constant heat flux corresponding to this
load was imposed on all borehole walls, while the same thermal boundary conditions were
applied at the ground surface and at the outer boundaries as in the transient simulations.

To quantify the influence of mesh density, seven monitoring points P1–P7 were defined,
each located at a radial distance of 2 m from the axis of the central borehole, in the middle
of each geological layer I-VII (Figure 3).

Table 3 presents the resulting steady-state temperatures obtained at these points for
each mesh. The values are representative of the cooled state at the end of the heating season.

Table 3. The influence of mesh density for seven monitoring points P1–P7.

Point/Depth [m] Layer Temperature
M1 [◦C]

Temperature
M2 [◦C]

Temperature
M3 [◦C]

P1—15 m I 4.20 4.01 3.98

P2—33 m II 4.05 3.88 3.85

P3—55 m III 4.12 3.94 3.90

P4—96 m IV 4.33 4.13 4.10

P5—134 m V 4.70 4.48 4.45

P6—155 m VI 5.05 4.83 4.80

P7—205 m VII 5.34 5.08 5.05

The transition from the coarse mesh M1 to the medium mesh M2 leads to temperature
changes of up to 0.2–0.3 K at the monitoring points, corresponding to relative differences
below approximately 3%. The differences between the medium and fine meshes (M2 vs. M3)
are much smaller, not exceeding 0.05–0.06 K at any point (less than 1% relative deviation).
This indicates that the solution is effectively grid-independent for mesh densities equal to
or higher than M2.

The steady-state case corresponds to the highest thermal gradients and therefore
represents the most demanding condition for spatial discretization. The same mesh was
subsequently used in all transient simulations.

https://doi.org/10.3390/su18041719
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Considering the balance between accuracy and computational cost, the medium mesh
M2 was selected for all transient simulations presented in this work. The remaining
numerical uncertainty associated with the spatial discretization is negligible compared
with the temperature differences induced by the different extraction loads and regeneration
periods discussed in Sections 3 and 4.

Previous studies have shown that excessive heat extraction from borehole fields leads
to incomplete seasonal regeneration and cumulative long-term ground cooling [14,24–26].

The present model reproduces these characteristic behaviours, including asymptotic re-
generation and persistent post-regeneration temperature deficits, indicating that it captures
the dominant physical mechanisms governing long-term ground thermal response.

3. Results
The results are presented in the form of temperature distribution maps for heat

extraction rates of 1.0 MW, 0.75 MW, and 0.5 MW and for two regeneration scenarios:
1 month and 6 months. Additionally, the temperature evolution was analysed across
six geological layers at depths ranging from 30 m to 250 m, excluding the topsoil layer.
Figures 8–13 show the temperature field in the analysed soil. Figures 14–16 show the mean
temperature in six layers during the whole year of installation work.

 

Figure 8. Temperature field distribution for the 1 MW case with a 1-month regeneration period at the
centre of the installation.

Figure 9. Temperature field distribution for the 1 MW case with a 6-month regeneration period at the
centre of the installation.
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Figure 10. Temperature field distribution for the 0.75 MW case with a 1-month regeneration period at
the centre of the installation.

 

Figure 11. Temperature field distribution for the 0.75 MW case with a 6-month regeneration period at
the centre of the installation.

Figure 12. Temperature field distribution for the 0.50 MW case with a 1-month regeneration period at
the centre of the installation.
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Figure 13. Temperature field distribution for the 0.50 MW case with a 6-month regeneration period at
the centre of the installation.
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Figure 14. Temperature evolution in six geological layers during system operation at a 1 MW
extraction rate.

The presented temperatures represent volume-averaged values for each geological layer.
Additionally, Tables 4–6 show the difference in the temperature values between

the initial layer temperature and temperature at the end of regeneration time
(1 month—August—and 6 months) for the GSHP 1.00 MW, 0.75 MW, and 0.50 MW.

The numerical simulations clearly show how the ground temperature responds to
the imposed heat extraction rates. For the highest load of 1.0 MW, the temperature field
exhibits a strong and extensive cooling zone surrounding the borehole cluster. In the central
cross-section of the installation (Figure 12), the individual cooling plumes merge into a
single, continuous region of significantly reduced temperature, indicating intense thermal
interference between neighbouring boreholes. Minimum temperatures in the shallow and
mid-depth layers approach 0 ◦C indicating that the imposed extraction rate exceeds the
natural conductive recharge capacity of the subsurface.
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Figure 15. Temperature evolution in six geological layers during system operation at a 0.75 MW
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Figure 16. Temperature evolution in six geological layers during system operation at a 0.50 MW
extraction rate.

Table 4. The temperature differences between the initial temperature and the temperature after the
regeneration [reg.] for the installation at 1.00 MW power.

Layer 1.00 MW (Reg. in August) 1.00 MW (Reg. 6 Months)

1 (30–36 m) 4.22 2.45
2 (36–74 m) 4.27 2.46
3 (74–118 m) 3.60 2.21

4 (118–150 m) 4.13 2.33
5 (150–160 m) 4.27 1.07
6 (160–250 m) 2.04 0.17
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Table 5. The temperature differences between the initial temperature and the temperature after the
regeneration [reg.] for the installation at 0.75 MW power.

Layer 0.75 MW (Reg. in August) 0.75 MW (Reg. 6 Months)

1 (30–36 m) 2.80 1.82
2 (36–74 m) 2.78 1.83
3 (74–118 m) 2.57 1.65

4 (118–150 m) 2.67 1.73
5 (150–160 m) 1.22 0.79
6 (160–250 m) 0.11 0.12

Table 6. The temperature differences between the initial temperature and the temperature after the
regeneration [reg.] for the installation at 0.50 MW power.

Layer 0.50 MW (Reg. in August) 0.50 MW (Reg. 6 Months)

1 (30–36 m) 1.98 1.22
2 (36–74 m) 1.97 1.22
3 (74–118 m) 1.81 1.10

4 (118–150 m) 1.89 1.15
5 (150–160 m) 0.95 0.51
6 (160–250 m) 0.08 0.08

At the depth of 112.5 m (Figure 13), corresponding to the mid-section of the boreholes,
the temperature distribution becomes more uniform, but the cooling remains pronounced.
Temperatures decrease to approximately 2–3 ◦C, compared with the initial profile of about
10–11 ◦C. The one-month regeneration period assigned to August, when ambient tem-
perature and solar irradiance reach their annual maximum, results in only a very limited
rebound of roughly 0.5–1.0 ◦C. This small recovery is insufficient to compensate for the
depletion accumulated during the winter extraction period.

The temporal evolution of temperature in six geological layers (Figure 14) further
confirms this behaviour. In all analysed layers, from 30 m down to 250 m, the temperature
decreases monotonically over the simulation period. The shallow layers show larger short-
term fluctuations due to surface boundary conditions, but the deeper layers, which are most
relevant for GSHP performance, exhibit the strongest long-term decline. In the interval
between approximately 80 m and 200 m, temperatures drop by about 6–8 ◦C relative to
the initial state. Even at 250 m depth, where seasonal variability is normally minimal, a
clear downward trend persists. Importantly, none of the layers approach a quasi-steady
condition; instead, all exhibit a continuous year-on-year temperature fall, demonstrating
that the system is operating in a thermally unsustainable regime.

Extending the regeneration period from 1 month to 6 months (Figure 15) leads to only
a modest improvement. During the April–November interval, representing the period
immediately following the heating season, the ground temperature rebounds by about
1–1.5 ◦C. This recovery is larger than in the one-month case but still far smaller than
the deficit accumulated during winter. The central region of the borehole field remains
significantly cooled, and the trend across all geological layers continues to decline.

The simulations for the reduced extraction rates of 0.75 MW and 0.50 MW (Figures 14–16)
show proportionally weaker cooling, but the overall pattern remains unchanged. The
temperature drops are smaller, yet the system still does not regenerate fully. The ground
temperature after each extraction cycle does not return to the initial value, and the long-term
trend remains negative.

The simulations show that the borehole field cannot sustain extraction rates of
0.50–1.00 MW, as all analysed scenarios result in persistent post-regeneration temperature
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deficits. At 1.00 MW, the ground cools rapidly and deeply, with insufficient recovery even
after six months of non-operation. At 0.75 MW and 0.50 MW, the cooling is slower but still
accumulates from year to year. The regenerative capacity of the local geology is therefore
far below what would be required for stable long-term district heating-scale operation.

4. Discussion
In accordance with the state-of-the-art literature on borehole heat exchanger (BHE)

performance, ground thermal depletion is understood as the long-term, non-recoverable
reduction in subsurface temperature caused by excessive heat extraction. Although natural
ground regeneration is a slow but theoretically continuous process, the literature shows
that this recovery becomes increasingly limited when the annual extraction rate exceeds
the regenerative potential of the ground layers. As reviewed by Kirschstein et al. [27], the
regeneration process is strongly asymptotic, meaning that initial temperature recovery
may be visible, but further rebound becomes progressively slower. When the extraction
load is too high, the temperature of the ground does not return to its initial undisturbed
value even after extended regeneration periods, which indicates a thermally unsustainable
operating regime.

Based on the evidence summarised in the literature [14,27–29], the following condi-
tions are commonly interpreted as indicators of insufficient regeneration and the onset of
thermal depletion:

Persistent long-term temperature drops exceeding approximately 0.08–1.22 K after
the regeneration period. Several field studies cited by Kirschstein et al. [27] report sus-
tained reductions of ~0.2–1.2 K or more as a clear sign of thermal imbalance within a
borehole field.

The temperature differences reported in Tables 4–6 provide a clear picture of how the
subsurface reacts to the applied extraction loads. Because the values represent volume-
averaged temperatures within each geological layer, they allow for an unambiguous assess-
ment of the thermal state of the ground after regeneration.

For the 1.00 MW case (Table 2), the temperature drops recorded after the one-month
regeneration period are substantial. In the upper and middle layers (30–150 m), the ground
cools by 3.6–4.3 K relative to the initial state. Even the deepest layer, which is usually less
sensitive to seasonal effects, shows a reduction of about 2 K. Extending regeneration to
six months improves the situation, but the temperature in the main heat-extraction layers
still remains 2.2–2.5 K below the initial profile. These values are large enough to indicate
that the system is operating beyond the regenerative capacity of the ground and would
continue to cool in subsequent years.

The 0.75 MW scenario (Table 3) exhibits the same tendency, albeit at a slightly reduced
magnitude. After one month of regeneration, the upper four layers cool by around 2.6–2.8 K,
while the deepest layer shows only a minor change. After six months, the temperature
deficit in the upper and middle layers remains at 1.6–1.8 K. Although the deeper layers
recover almost fully, the layers responsible for the bulk of heat exchange do not. From the
standpoint of long-term operation, such deficits still indicate an unbalanced thermal cycle.

In the 0.50 MW case (Table 4), the cooling is visibly smaller, but the pattern remains the
same. After one month of regeneration, the temperature in the upper layers is still roughly
1.8–2.0 K below the initial value. Extending regeneration to six months reduces the deficit
to about 1.1–1.2 K. The deepest layer reaches stability almost completely, but the layers that
dominate the heat exchange continue to show more than a 1 K difference. Although this
scenario performs the best, it still does not meet the criteria for full annual regeneration.

Across all tested loads, the key observation is that none of the extraction rates allow
the ground to return to its initial temperature profile after the regeneration period. The
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post-regeneration deficits in the active layers, ranging from about 1.1 K at 0.50 MW to more
than 2 K at 1.00 MW, are consistent with long-term thermal imbalance described in field
studies of overloaded GSHP systems. The behaviour seen here corresponds to a system in
which each annual cycle leaves the ground gradually cooler, with no natural mechanism
compensating for the deficit.

The analyses indicate that, under the analysed conditions, the borehole field cannot
sustain the required extraction rates without long-term thermal imbalance. The system’s
imbalance is not a local effect around individual boreholes but a volume-wide response of
the subsurface, reflected directly in the layer-averaged temperatures.

The long-term behaviour observed here corresponds closely with patterns described
in the literature, where ground regeneration is asymptotic and strongly limited once the
extraction rate exceeds the subsurface’s natural conductive recharge capacity. Indicators
commonly used to identify thermal depletion—such as persistent multi-year temperature
decline, incomplete seasonal recovery, and the absence of a quasi-steady annual cycle,
are all present at the EMPEC Ustka site. For the 1.0 MW case, the deeper layers cool
by approximately 6–8 K and recover by only about 1 K even after six months without
extraction. This imbalance remains visible even when the extraction rate is reduced to
0.75 MW, where the temperature curves continue to drift downward over time.

The above conclusions are not based solely on the numerical simulations presented in
this paper. They are consistent with an independent optimisation study conducted for the
same district heating system, which indicated that the available ground heat exchanger
capacity is insufficient to act as a standalone heat source and requires complementary
air-source operation.

The comparison with air-source heat pumps is made at the system level and does not
influence the ground thermal simulations presented in this work.

The analysed regeneration durations represent limiting cases rather than an exhaustive
parametric study. The objective was to assess feasibility under favourable assumptions
rather than to optimise the system configuration.

The results presented in this study indicate that the analysed ground-coupled ammonia
heat pump configuration is thermally unsustainable under the investigated extraction loads
and site constraints. Importantly, this conclusion does not invalidate the GSHP concept
itself but rather highlights a mismatch between the required district heating-scale load and
the regenerative capacity of the local geological formation.

The simulations show that long-term feasibility is governed primarily by the annual
thermal balance of the ground. Persistent post-regeneration temperature deficits arise
when the imposed extraction exceeds the conductive recharge capacity of the surrounding
formations. Consequently, reliable operation can only be achieved by modifying one or
more of the governing parameters that control this balance.

In particular, the results indicate that feasibility could be improved by the following:

1. Reducing the annual extraction load to a level compatible with long-term thermal
equilibrium, allowing the GSHP to operate as a partial or base-load heat source;

2. Increasing the total ground-side heat-exchange capacity through a larger number of
boreholes, greater borehole depth, increased spacing, or a larger available land area,
thereby reducing thermal interference;

3. Extending or intensifying regeneration, including the application of active regenera-
tion strategies rather than relying solely on passive conductive recovery; and

4. Adopting hybrid system configurations in which the ground-coupled heat pump is
complemented by other low-emission heat sources or thermal storage.

The regeneration durations analysed in this study (1 month and 6 months) were
intentionally selected as limiting cases representing favourable boundary conditions. In-
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termediate regeneration scenarios would fall between these bounds and, based on the
observed trends, would not qualitatively alter the feasibility conclusions for the tested
extraction capacities. Meaningful improvement would therefore require structural changes
to system configuration rather than minor adjustments of operating periods.

5. Conclusions
A key novelty of this work is that, demonstrating based on real geological data, even

a large and densely spaced borehole field may be incapable of sustaining the required
heat extraction. This finding challenges the common assumption that GSHP systems
can be scaled upward indefinitely and highlights the fundamental importance of ground
regeneration dynamics in district heating decarbonization.

Although the numerical model adopts standard engineering simplifications, such as
representing each borehole by an equivalent cylindrical exchanger and assuming purely
conductive heat transfer, the large-scale cooling trends observed in the results are robust.
These simplifications do not alter the main conclusion: the subsurface regeneration rate is
insufficient to offset the imposed extraction loads.

The simulations carried out for the EMPEC Ustka site show that the analysed borehole
field cannot sustain the heat extraction levels required for the planned high-temperature
ammonia heat pump. In all tested variants, 1.00 MW, 0.75 MW, and 0.50 MW, the ground
cools noticeably during the heating season and does not return to its initial state during the
regeneration period. The post-regeneration temperature differences visible in Tables 2–4,
together with the spatial distributions in Figures 8–13, indicate that the annual thermal
balance is not achieved even under the most favourable operating conditions.

Although the 0.50 MW case shows the smallest disturbance, the active layers still
remain more than 1 K cooler after six months of regeneration. This means that the system
would continue to lose temperature over successive years, leading to a gradual decline in
heat pump performance. The key limiting factor is the regenerative capacity of the local
geology: the heat inflow from surrounding formations is simply too small to compensate
for the extraction required for district heating operation.

The numerical model used in this study includes several standard simplifications,
such as representing each borehole by an equivalent cylindrical exchanger and assuming
purely conductive heat transfer. These choices reduce computational cost but do not change
the overall picture. The temperature deficits observed after regeneration occur across the
full thickness of the geological layers and are large enough that more detailed modelling
would not reverse the main conclusion.

Because the borehole geometry is represented by an equivalent boundary condition,
the present model is not intended for accurate estimation of borehole thermal resistance or
short-term fluid temperatures.

Based on the numerical results, the analysed GSHP configuration cannot serve as
the primary heat source in the analysed configuration. Other low-emission technologies,
particularly air-source heat pumps, combined if necessary with photovoltaic systems and
thermal storage, are more realistic options for this site and should be considered in the next
steps of the system’s modernisation.

The negative feasibility outcome reported in this study applies strictly to the analysed
configuration and boundary conditions. A reliable long-term operation would require a
reduced extraction load, an increased ground heat-exchange capacity, active regeneration,
or a hybrid system concept. These findings provide a clear strategic framework for future
system redesign and implementation.
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