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ARTICLE INFO ABSTRACT
Keywords: The integration of ground-source heat pumps into ultra-low-temperature district heating networks represents a
Ultra-low-temperature district heating promising pathway for decarbonizing urban heat supply and mitigating the shortcomings of conventional high-

Ground-source heat pump
Geothermal energy
Tunnels

temperature district heating systems. However, the feasibility of such systems depends on several technical
factors related to operating conditions, demand characteristics and heat distribution. This study evaluates the
technical feasibility and annual performance of a geothermal heat pump-based ultra-low temperature district
heating system operating at supply and return temperatures of 35/20 °C under realistic boundary conditions. The
investigated system consists of a ground-source heat pump connected to a borehole field comprising 135
boreholes, each 200 m deep, serving a district heating network with a peak demand of 5.2 MW. A system-level
modelling framework implemented in MATLAB/Simulink is used, with district-heating boundary conditions
derived from Leanheat® network simulations, to assess a partial peak-load coverage strategy, geothermal
borefield behaviour, and the influence of network temperature level and distribution environment, including
tunnel based pipe routing, on system performance. The results show that a heat pump sized to cover a fraction of
the peak demand can supply approximately 69% of the annual heat demand while achieving a seasonal per-
formance factor of 3.82. Borefield operation remains thermally feasible throughout the annual cycle, with no
freezing observed at the borehole outlet. A comparative analysis shows that increasing the network temperature
level to 60/40 °C results in similar demand coverage but significantly higher electricity consumption due to
reduced heat pump efficiency. Furthermore, routing district heating pipes through an underground tunnel
environment reduces annual distribution heat losses by approximately 183 MWh without significantly affecting
heat pump performance or hydraulic behaviour. A sensitivity check shows that the tunnel environment partially
offsets the increase in distribution heat losses associated with reduced pipe insulation.

1. Introduction targets, decarbonizing heat supply has become a central challenge,

driving changes in how heating and cooling are produced and distrib-

Heating and cooling are among the most energy- and carbon- uted [3]. In response, energy storage technologies [4], and renewable

intensive sectors in Europe and many other regions [1], accounting for energy sources are increasingly considered to enhance system flexibility
approximately 40% of the EU's total gross final energy consumption [2]. and reduce emissions [5].

As countries pursue ambitious climate goals and carbon neutrality Within this transition, district heating (DH) systems play an
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important role in supplying heat to buildings, particularly in urban en-
vironments [6]. In the Baltic states (Estonia, Latvia and Lithuania), for
example, approximately 64% of residential heat is supplied by district
heating [7]. However, conventional DH systems typically rely on fossil
fuel-based heat sources and operate at high supply temperatures often
exceeding 90 °C, which results in high thermal losses, limited compat-
ibility with modern low-energy buildings that require lower heating
loads [8], difficulty in utilizing renewable and low-exergy heat sources,
and a dependence on centralized infrastructure that limits its flexibility
[3]. In this context, ultra-low temperature district heating (ULTDH),
generally characterized by supply temperatures below 50 °C, has
emerged as a solution to address these inefficiencies and support the
transition to more sustainable, flexible, and low-carbon heating systems
[9].

Shallow geothermal energy is widely used as a low exergy heat
source for ULTDH systems because it is a ubiquitous, relatively stable,
and environmentally friendly heat source that can be harnessed from the
ground, underground structures such as tunnels [10], and other sub-
surface environments using ground source heat pump (GSHP) systems,
and can be applied in a wide range of settings, including residential
districts, mixed-use developments, and retrofit projects [11]. Despite the
growing interest in shallow geothermal-ULTDH, its integration presents
several technical challenges, particularly related to heat distribution
within the network. Distributing geothermal heat at ultra-low temper-
atures requires higher mass flow rates to meet heating demand, resulting
in increased pressure losses and pumping requirements compared with
conventional district heating systems [12]. In addition, flow rate vari-
ations within the network can affect heat pump operation. Depending on
the network operating temperature and end-use requirements, addi-
tional temperature upgrading may also be required, which can increase
electricity consumption and affect overall system performance [13].
Because of these complexities, several studies have focused on advanced
optimization of system design, operation, and control strategies. For
example, Quirosa et al. [14] presented an approach to integrating co-
axial borehole heat exchangers into ultra-low temperature district
heating and cooling networks, demonstrating through a case study in
southern Spain that the proposed system significantly reduces emissions
and operating costs while offering improved performance. Yand and
Svensen [9] conducted an energy, exergy, and economic performance
optimization of an ultra-low temperature district heating system in low
heat density area, combining a central heat pump with local boosters
and comparing its performance to low- and medium-temperature dis-
trict heating configurations. To address the economic inefficiency
associated with the use of building-level booster heat pumps for do-
mestic hot water preparation, Topal and Arabkoohsar [15] proposed an
ULTDH configuration with neighbourhood-scale water-source booster
heat pumps and a triple-pipe distribution network, demonstrating
improved techno-economic performance through a case study. Yang
et al. [16] demonstrated the influence of substation design and supple-
mentary heating strategies on energy use in ULTDH systems by
comparing the relative heat and electricity demand for domestic hot
water preparation across different substation configurations.

The integration of energy geostructures with ULTDH systems can
play an important role in enhancing the operational performance.
Tunnels are increasingly studied in the context of district heating, for
example, the Turin tunnel [17], the London Underground (LU) transport
network [18] and the ground around it [19], Grand Paris Express [20],
Shenzhen subway tunnels [21] and Brenner Base Tunnel [22]. Chicherin
et al. [23] estimated that underground car/railway tunnels in Belgium
have heat recovery potential of up to 2.9 GWh annually. Dai et al. [24]
described that thermal output of energy tunnels can vary from 5 to
6 W/m? according to the ground temperature and fluid inlet tempera-
ture. Based on a detailed report describing design and development of
heating and cooling system for a zoo building, utilizing a road tunnel
(ca. 1 km length), Cseszndk et al. [25] showed that heat extraction from
existing tunnels can be carried out with minimal impact on
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environment. According to ARUP Technical Report, the ground heat
exchange rate from a 600 m energy tunnel is similar to that of 35
numbers of 100 m long borehole fields [26]. Barla & Insana carried out
feasibility study for the future Line of Turin Metro and reported a
thermal yield between 400 and 1200 W/m under Italian geographic
conditions [27]. Since the air temperature inside tunnel is higher than
surrounding soil temperatures [28], tunnels also offer a potential
pathway for DH pipe routing. This arrangement can reduce heat losses
from distribution pipes and potentially improve the efficiency of shallow
geothermal ULTDH networks. Most of the existing research focuses on
energy tunnels, where tunnel linings are equipped with heat exchangers
and used directly as geothermal energy sources or sinks [29]. The role of
tunnels as distribution pathways for geothermal heat has received very
limited attention. One existing study examines district heating pipes
routed through a tunnel, but its scope is limited to structural and
durability considerations of the tunnel lining, without addressing the
energy-related aspects of heat distribution [30]. As a result, the
energy-related implications of distributing shallow geothermal heat
through tunnel in ULTDH remain insufficiently explored.

In this context, the present study focuses on an energetic and oper-
ational feasibility assessment of utilizing shallow geothermal energy in
ULTDH networks using realistic district heating demand and tempera-
ture data. A scenario-based modelling and simulation framework is
employed to evaluate geothermal heat distribution under different
operating conditions and network temperature regimes. In addition, the
study examines the performance of utilizing tunnel as distribution
network, in comparison with conventional ground-buried pipe
networks.

The remainder of the paper is organized as follows. Section 2 de-
scribes the integrated system configuration, modeling framework, and
design methodology. Section 3 introduces the case study and the district
heating network boundary conditions. The governing equations and key
performance indicators are defined in Section 4. Simulation results and
their interpretation are presented in Section 5. Finally, Section 6 sum-
marizes the main findings and outlines implications for the integration
of geothermal heat pumps into ultra-low-temperature district heating
systems.

2. System description and design methodology

The proposed methodological framework adopted in this study is
illustrated in Fig. 1. The methodology is based on design and sizing of
GSHP and geothermal borefield for a real-world case study. The per-
formance of the proposed system is analyzed by considering four
different system configurations, including a tunnel-based distribution
network.

2.1. GSHP-ULTDH system configuration

The investigated system consists of a GSHP coupled to ULTDH
network with a peak demand of 5.2 MW and an annual heat demand of
approximately 15 GWh. Heat is supplied by a shallow geothermal
borefield comprising 135 boreholes, each 200 m deep. The system
comprises four main subsystems: the district heating network, the heat
pump unit, the geothermal borefield, and an auxiliary ground thermal
rebalancing mechanism. The heat pump extracts thermal energy from
the geothermal borefield and delivers heat to the district heating
network. District heating demand and operating conditions are imposed
as exogenous boundary conditions derived from DH network model
simulations. The geothermal loop connects the borefield and the heat
pump evaporator, while the condenser side supplies heat to the district
heating system at the prescribed ULTDH temperature level. The
geothermal loop mass flow rate is controlled to maintain a prescribed
temperature difference across the borefield. A proportional-integral
controller adjusts the mass flow rate based on deviations from a refer-
ence temperature difference ATge,rer , Subject to predefined minimum
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Fig. 1. Methodological framework for GSHP-ULTDH system design, modelling, and performance assessment.

and maximum flow limits. Auxiliary heat sources and detailed network
hydraulics are outside the modeling scope.

2.2. Heat pump sizing and operation

The heat pump is intentionally sized to cover only a fraction of the
peak district heating demand. This reflects a practical design approach
in which renewable heat sources are optimized for base and interme-
diate loads, while auxiliary systems are used to meet short-duration peak
demands. The nominal heat pump capacity Qupmax is defined as in
Equation (1)

QHP,max :fHP X QDH.peak (1)

where Qpp peax denotes the peak district heating demand extracted from
Leanheat® data [31] and fyp is the selected peak coverage fraction. The
heat pump performance is modeled using a temperature-dependent
Carnot-based formulation, allowing the coefficient of performance to
vary with source and sink temperatures during the simulation. The heat
pump operates in a load-following mode subject to its nominal capacity
constraint. When the district heating demand exceeds Qup max, the heat
pump output is capped. The remaining demand is assumed to be met by
auxiliary heat sources, which is outside the scope of the present study.
The auxiliary heat sources are assumed to provide the required
peak-load capacity under realistic operating conditions.

2.3. Thermal boundary conditions

Ground temperatures for buried district heating pipes were taken
from Estonian Weather Service data and represented using monthly
average values ranging from 3 to 15 °C. These temperatures correspond
to typical district heating pipe installation depths of approximately
1-2 m below ground level. Air temperatures for tunnel-based pipe
routing were obtained from measurements in an underground tunnel in
Dublin, where hourly air temperature was recorded over a full year in
2023 and ranged between 15 and 18 °C [32]. The tunnel is located at
depths of approximately 21-23 m below ground level. It consists of
twin-bores, each approximately 4.5 km long and 11.7 m in diameter.
Ventilation in the tunnel is provided by multiple jet fans, which induce

longitudinal airflow. The data used corresponds to the innermost sensor
located farthest from the tunnel entrance, where ventilation effects are
minimal and the air temperature remains relatively stable and largely
unaffected by outdoor air or local climatic conditions. These tempera-
tures were applied as external thermal boundary conditions for the
respective pipe environments, while pipe geometry and network layout
were kept identical across all cases.

2.4. Geothermal borefield design

The geothermal source is modeled as a vertical borehole field con-
sisting of 135 parallel boreholes, each with a depth of 200 m. The
borefield sizing in this study is based on annual heat demand coverage,
seasonal load variation, and a design-specific heat extraction rate per
unit borehole length. The geothermal system is designed to supply the
base load of the ULTDH network, while peak demand is met by auxiliary
heat sources. Seasonal variations in heat demand and ground thermal
response are explicitly captured through dynamic simulations over the
entire heating period. Consequently, the borefield depth and number of
boreholes are determined to ensure sustainable long-term heat extrac-
tion. The adopted sizing approach is based on simplified GSHP design
methods using specific heat extraction rates, as commonly applied in
system feasibility assessment. The nominal geothermal heat extraction is
estimated as Equation (2)

1
Qgeo,nom = Q_HP.max (1 - CoP ) (2)

where COP,,,, is the nominal heat pump coefficient of performance.
The total required borehole length is then computed using Equation (3)

Ly = Jacosem ®

geo

where q/geo is the target specific extraction rate. The number of bore-
holes is determined from the total required borehole length and the fixed
borehole depth.
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2.5. Borefield thermal model

The borefield thermal behavior is represented using a lumped-
parameter model accounting for heat transfer between the geothermal
fluid, borehole wall, and surrounding ground. The model includes an
effective thermal resistance and thermal capacity to capture seasonal
ground temperature dynamics. Groundwater advection was neglected
and heat transfer was assumed conduction-dominated. While ground-
water flow may influence borefield performance in some geological
settings, the present system-level feasibility analysis focuses on first-
order thermal behavior.

2.6. Scenario development

Four district heating configurations were considered in this study.
The reference configuration is an ULTDH system operating at 35/20 °C
with conventional ground-buried distribution pipes. Keeping it as a base
case, three additional configurations were analyzed: (i) an ULTDH (35/
20 °C) system with tunnel-based distribution, in which the district
heating pipes are routed through an underground tunnel environment;
(ii) a low-temperature district heating (LTDH) system operating at 60/
40 °C with ground-buried distribution pipes; and (iii) an LTDH system
operating at 60/40 °C with tunnel-buried distribution pipes. Pipe insu-
lation class II was used in all four scenarios. A schematic representation
of the tunnel-based distribution configuration (case i) is shown in Fig. 2,
illustrating the integration of the geothermal borefield, central heat
pump, tunnel-based distribution network, and connected buildings.

3. Case study and data collection
3.1. District heating network and operating conditions

The case study represents an urban district heating network oper-
ating under an ultra-low-temperature district heating regime. The
network operates at nominal supply and return temperatures of 35 °C
and 20 °C, respectively. The thermal demand exhibits pronounced sea-
sonal and short-term variability, with peak loads reaching 5.2 MW
during winter and substantially lower demand during summer
operation.

3.2. Network model boundary conditions

The district heating network was modeled using the Leanheat®
Network Software environment [31]. High-resolution boundary condi-
tions were derived from network simulations, providing time series of

Large scale
heat pump

oot aaflfind s
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thermal demand, supply temperature, and mass flow rate at the network
level. These time series are used as exogenous inputs for the GSHP-DH
system model. The network simulations were performed using a
quasi-steady-state hydraulic and thermal modeling approach. For each
operating regime, mass flow rates were calculated to meet the imposed
thermal demand while maintaining predefined supply and return tem-
perature levels corresponding to ULTDH (35/20 °C) and LTDH
(60/40 °C) operation. The district heating demand profile remained
identical across all investigated scenarios. Hydraulic losses and circu-
lation pump electricity consumption were calculated based on network
pressure losses, assuming constant pump efficiency across all scenarios.

Distribution heat losses were calculated for each pipe segment as a
function of the temperature difference between the pipe surface and the
surrounding environment. Since heat losses from DH pipes depend on
the thermal characteristics of its surrounding environment, two pipe
installation environments were considered: ground-buried pipes and
tunnel-installed pipes. For ground-buried pipes, soil temperature was
used as the ambient reference, while tunnel air temperature was used for
tunnel-installed pipes. Two insulation classes (Class I and Class II) were
analyzed to assess the influence of pipe insulation on distribution losses.
Tunnels constitute a distinct thermal environment compared to soil,
exhibiting different temperature dynamics, airflow patterns, humidity
levels, and heat transfer mechanisms [33].

The simulations were carried out for a full-year period with an hourly
temporal resolution, capturing seasonal variations in thermal demand,
ambient conditions, and network operating parameters. The resulting
time series of mass flow rates, supply and return temperatures, distri-
bution heat losses, and pumping electricity consumption were aggre-
gated to obtain annual performance indicators for each investigated
network configuration.

The following boundary condition time series are extracted and used
as external inputs to the GSHP-DH system model:

e District heating thermal load Qjeaq (t)
e District heating supply temperature Ty, (t)
o District heating mass flow rate mpy(t)

All time series are provided at a fixed temporal resolution of 15
-minute and cover a full annual period. These boundary conditions are
treated as exogenous inputs and are not influenced by the operation of
the geothermal heat pump system, ensuring a clear separation between
demand-side behavior and supply-side feasibility assessment.

Fig. 3 illustrates the district heating boundary conditions used to
drive the GSHP-DH system, obtained from district heating network
model time-series data.

\
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Fig. 3. District heating boundary conditions derived from DH network model
including supply temperature Ty, (t), district heating mass flow rate nipy(t),
and thermal load Qpaq (t) over the annual simulation period.

The supply temperature, mass flow rate, and thermal load exhibit
pronounced seasonal and short-term variability, with peak loads
occurring during winter periods and substantially lower demand during
summer operation. Such boundary conditions are representative of
urban district heating systems in cold-climate regions and provide a
realistic operating envelope for subsequent feasibility analysis of
geothermal heat pump integration into ultra-low-temperature district
heating networks.

3.3. Energy demand characteristics

The total annual district heating demand represented by the model
dataset amounts to approximately 15 GWh. The demand profile is
dominated by space heating loads during the heating season, with
comparatively low demand during summer months. The combination of
high peak-to-average load ratios and frequent short-term fluctuations
poses a stringent test for the operational stability and flexibility of the
geothermal heat pump system.

Distribution heat losses within the DH network are represented using
an effective analytical loss model calibrated against network model
outputs. While dynamic thermal storage effects and transition delays are
neglected at this stage, the adopted representation captures the domi-
nant contribution of network losses to the overall energy balance and is
consistent with typical performance levels reported for well-insulated

Renewable Energy 270 (2026) 125920
ULTDH systems.
3.4. Scope and role of the case study

Fig. 4 illustrates the network topology, consumer distribution, and
connection points considered in network modelling. The network con-
sists of residential buildings (blocks of flats and flats), office buildings,
and commercial consumers, resulting in a total peak demand of 5.2 MW.

Fig. 5 presents the distribution of peak thermal demand by consumer
type in the investigated district heating network. In this study, flats refer
to individual small residential buildings, whereas blocks of flats denote
multi-apartment residential buildings with heat demand aggregated at
the building level. The reported values represent the aggregated peak
thermal demand of all buildings within each consumer category in the
case study area. Residential buildings dominate the peak thermal load,
which is characteristic of typical urban district heating systems in cold-
climate regions.

4. Governing equations and performance metrics
4.1. Coupled heat pump model

The ground-source heat pump is modeled as the thermodynamic
coupling element between the district-heating sink loop and the
geothermal source loop. On the district-heating side, the useful heat

delivered by the condenser is determined from the imposed district-
heating boundary conditions as

2,5

2

| I I
1
0 -

Block of flats

Installed thermal capacity [MW]

o
"

Supermarket Flats Office

Fig. 5. Peak thermal demand by consumer type.

Fig. 4. Spatial layout of the investigated district heating network used as a case study.
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Qup out (t) = Mpy ()¢ [Toup (1) — Tree (1)] 4

where mpy (t) is the district-heating mass flow rate, Tgyp (t) and Tre (t)
are the supply and return temperatures, and c;,, is the specific heat
capacity of water. In the present study, these district-heating quantities
are obtained from Leanheat-based network simulations and treated as
exogenous boundary conditions. The heat pump satisfies the instanta-
neous steady-state energy balance

QHP,out (t) = Qgeo(t) + PEI(t) ()

where Qg, (t) is the thermal power absorbed at the evaporator from the
geothermal loop and P (t) is the compressor electrical power. The
instantaneous coefficient of performance is defined as
QHP out (t)
COP(t) =—=—~ (6)
( ) Pel(t)

To capture the influence of temperature lift, the COP is expressed

using a Carnot scaled formulation

TCOn t
COP(t) = anT a(t)

— 7
cond (t) - Tevap (t) ( )

where 1, is an effective heat-pump efficiency factor, Teong (t) is the
effective condenser temperature, and Tey,p (t) is the effective evaporator
temperature. The condenser and evaporator temperatures are approxi-
mated from the sink-side and source-side fluid temperatures as

Tcond (t) = Tsup (t) + ATapp.cond (8)
Tevap (t) = Tgeo.out (t) - ATapp,evap (C)]

where AT,ppcond and ATapp evap are lumped temperature-approach terms
representing finite heat-exchanger temperature differences. Equations
(7)-(9) make the interaction between the district-heating temperature
level and heat-pump efficiency explicit: increasing the district-heating
supply temperature raises the temperature lift and reduces the achiev-
able COP.

4.2. Geothermal source-side model

On the evaporator side, the thermal power extracted from the
geothermal loop is

Qgeo (t) = rhgeo (t) Cp.geo [Tgeo.in (t) - Tgevout (t)] (10)

where myg, (t) is the geothermal-loop mass flow rate, ¢, g, is the spe-
cific heat capacity of the circulating brine, Tgeoin (t) is the borefield
outlet temperature entering the evaporator, and Tgeo,ou (t) is the fluid
temperature returning from the evaporator to the borefield.

The geothermal loop mass flow rate is regulated to maintain a pre-
scribed temperature difference across the borefield,

ATgeo (t) = Tgeo,in (t) - Tgeo.out(t) (1 1)

subject to minimum and maximum flow-rate limits. This control
strategy ensures stable source-side operation while allowing the heat
extraction rate to follow the condenser-side demand imposed by the
district-heating system.

4.3. Borefield thermal response and design constraints

Consistent with standard GSHP design logic, the borefield is char-
acterized by its total active borehole length
Liot = NporeH 12)

where Ny is the number of boreholes and H is the depth of each
borehole.
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The nominal geothermal extraction required at design conditions is
obtained from the heat-pump balance as

Qgeo,nom = QHP,max (1 - m) 13)
which gives the design borehole length requirement
Liot = @ a4

geo

where g, is the target specific heat extraction rate per unit borehole
length.

The borefield thermal response is represented using a lumped
thermal-resistance formulation in which the mean fluid temperature is
related to the ground temperature and extraction load by

Tgeo.in (t) = Tg (t) - Q/geo (t)Reff (15)

where Tg(t) is a representative ground temperature, Q'geo (t) = %{m is

the heat extraction rate per unit borehole length, and R is an effective
thermal resistance accounting for borehole and near-ground thermal
resistance.

To assess source-side feasibility, the peak specific extraction rate is
evaluated as

m;’:lX Qgeo (t)

(16)
Nbore H

qgeo,peak =

and the minimum entering and leaving fluid temperatures are checked
over the annual cycle. These quantities are standard indicators for
determining whether the borefield remains within acceptable operating
limits.

At each simulation time step, the district-heating boundary condi-
tions mpg(t), Teup (t), and Tre; (t) determine the required condenser-side
heat delivery through Eq. (4). The heat-pump model then computes the
corresponding electrical power consumption and geothermal heat
extraction using Egs. (5)-(10). The borefield model updates the source-
side fluid temperatures, which in turn affect the temperature lift and
therefore the instantaneous COP. In this way, the district-heating
network, heat pump, and geothermal borefield are thermodynamically
coupled throughout the annual simulation.

4.4. Annual energy quantities

Annual energy quantities, obtained by time integration of the cor-
responding power signals as defined in Equation (17), are evaluated
over the simulation period:

E.= Q(k)At a7
k

where Q. (k) represents the instantaneous power of interest and At is the
simulation time step.
The following annual energy quantities are evaluated:

Useful heat delivered by the heat pump, Epp out
Heat pump electrical energy consumption, Eg
Total district heating demand, Epy dem

District heating distribution losses, Ejoss pipe-

4.5. Performance Indicators

To assess system-level performance and feasibility, several key per-
formance indicators (KPIs) are defined.

The seasonal performance factor (SPF) of the GSHP is defined as in
Equation (18)
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_ EHP,out

SPF
Eel

18)
The served fraction of the annual district heating demand is
computed using Equation (19)

EHP,out

fserved = (19)

EDH.dem
To assess the intensity of geothermal resource utilization, the peak
specific heat extraction rate is evaluated using Equation (20)

max Qgeo(t)

2
N boreH ( 0)

qgeo,peak =

where Ny is the number of boreholes and H is the depth of each
borehole.

These indicators provide a compact and physically meaningful basis
for evaluating the energetic efficiency, demand coverage, and thermal
feasibility of GSHP integration into ultra-low-temperature district
heating systems.

The integrated GSHP-DH system is implemented in a modular dy-
namic simulation framework and evaluated over a full annual period
using a fixed 15 -minute time step. All subsystem models are executed
sequentially within each time step, enabling time-resolved coupling of
thermal, hydraulic, and control processes. The simulation is imple-
mented in MATLAB/Simulink, and the resulting performance indicators
fall within ranges reported for comparable ultra-low-temperature dis-
trict heating systems in the literature [9]. The key model parameters and
input data used in the simulations are summarized in Table 1.

5. Results and discussion

Results are first presented for the reference ULTDH configuration to
demonstrate the technical feasibility of GSHP integration, followed by
analyses examining how changes in distribution environment and
network temperature level, affect the feasibility margin.

5.1. Borefield thermal feasibility and stability

Fig. 6 shows the temporal evolution of the geothermal borehole inlet
and outlet temperatures together with a representative ground tem-
perature. During periods of high heat extraction, the borehole inlet
temperature drops below 0 °C due to brine operation, while the borehole
outlet and ground temperatures remain above freezing throughout the
simulation period. This indicates thermally feasible borefield operation

Table 1
Model parameters and input data used in the GSHP-ULTDH system simulations.

Symbol Description Value Unit

Hy Borehole depth 200 m

Np Number of boreholes set/computed -

Lot Total drilled length computed m

R, Borehole thermal resistance per 0.09 Kmw!
unit length

kg Effective ground thermal 2.7 Wm ! K!
conductivity

Cyol Ground volumetric heat capacity 2.2 x 10° Jm3K!

Tgo Undisturbed ground temperature 10 °C

e Rated heat-pump thermal capacity — aQpF* w

COPom Nominal coefficient of 4.0 -
performance

COPpin COP bounds 2.0, 6.0 -

COPpax

ATgeo ref Geothermal-loop temperature- 3 K
drop setpoint

Mgeo min Minimum geothermal mass flow 2.0 kgs~!
rate

Tamb (t) Ambient temperature for pipe heat- Climate/ °C

loss model (soil/tunnel) tunnel data
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Fig. 6. Temporal evolution of geothermal borehole inlet temperature Tgy in (t),
borehole outlet temperature T oyt (t), and representative ground temperature
Tg(t) over the annual simulation period.

with no freezing at the borehole wall or in the surrounding ground, as
shown in Fig. 6.

5.2. Geothermal loop control and operational stability

Fig. 7(a) and (b) illustrates the geothermal mass flow rate and the
corresponding temperature difference across the borefield respectively.
The mass flow rate is regulated within predefined bounds to maintain
the target geothermal temperature difference. The temperature differ-
ence closely tracks the reference value over the annual cycle, indicating
stable and well-controlled geothermal loop operation under variable
district heating demand.

5.3. Heat pump performance and electrical demand
Fig. 8 presents the thermal and electrical performance of the heat

pump. The delivered thermal power follows the district heating demand
up to the nominal heat pump capacity, with near full-load operation

60 1 1 1 1 1 1 1 1

(@

Mmin

0 T T T T T T T T
7 1 ! 1 L 1 L L L

(b)

AT

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

Fig. 7. Operational behavior of the geothermal loop over the annual simulation
period; (a) geothermal mass flow rate nig, (t) regulated within prescribed
bounds, and (b) geothermal temperature difference AT, (t) tracking the
reference value AT .
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Fig. 8. Heat pump operational performance over the annual simulation period:
(a) shows the delivered thermal power Qupout (t) and the corresponding elec-
trical power consumption Pg(t), (b) presents the time-varying coefficient of
performance COP(t).

during peak demand periods as shown in Fig. 8. The coefficient of per-
formance (COP) exhibits seasonal variation which is goverened by Eq.
(7), with higher values during periods of reduced temperature lift.
Overall, the heat pump operates within a realistic COP range and
maintains stable performance over the annual simulation period.

5.4. Demand coverage and annual energy balance

Fig. 9 compares the district heating demand with the thermal output
supplied by the geothermal heat pump. While the heat pump is sized to
cover only a fraction of the peak demand, it supplies a substantial share
of the annual energy demand. During peak load periods, the remaining
demand is assumed to be met by auxiliary heat sources outside the scope
of the present model. The ratio of the integrated areas under the two
curves, representing the total annual energy demand and the energy
supplied by the heat pump, is 0.69, indicating that the heat pump covers
69% of the total annual energy demand.

The resulting annual energy balance, calculated from Equation (17),
and the associated KPIs (Equations (18)-(20) are summarized in Table 2
and Fig. 10. The geothermal heat pump supplies 10.37 GWh of useful

5000 4 1 . L 1 1 1 . L
DH demand
4500 — = —HP supplied heat F

4000

0 T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (hours)

Fig. 9. Comparison between district heating demand and heat supplied by the
geothermal heat pump over the annual simulation period.
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Table 2
Annual key performance indicators of the GSHP-DH system obtained from a one-
year simulation under district heating model boundary conditions.

Metric Value

Base case:
ULTDH (35/
20 °C)

LTDH (60/
40 °C)

LTDH (60/
40 °C): DH
pipe in tunnel

ULTDH (35/
20 °C): DH
pipe in tunnel

Useful heat 10370 MWh 10609 MWh
delivered
(HP

condenser),

10576 MWh 10332 MWh

Enp out
Electricity
consumed
(HP), Eqi
Seasonal 3.82 2.36 2.36 3.82
performance
factor,
SPF =
EHP,oul
Eq
DH heat
demand
(Leanheat),
Ep dem
DH mass flow
rate
DH circ. pump
elect.
Served 0.69 0.71 0.71 0.69
fraction,
EHP.out

2715 MWh 4485 MWh 4468 MWh 2701 MWh

14969 MWh 14969 MWh 14969 MWh 14969 MWh

43.6 t/h 29.5t/h 29.5t/h 43.6 t/h

319 MWh 233 MWh 233 MWh 319 MWh

EpH dem
Peak HP heat
output
Peak HP
electric
power
BH mass flow 42.8 33.0 33.0 428
peak/p95 42.4kg 32.8kg 42.4kg

s s s s
BH inlet 2.6 12 1.2 2.6

temperature T —25C T -11°C T 225C
min/p5

BH outlet 34 4.8 4.8 3.4
temperature 3.5C 4.9°C 4.9°C 3.5°C
min/p5

Hours with BH
inlet
temperature
<0°C

Hours with BH Oh 0h Oh Oh
outlet
temperature
<0C

1480.7 kW 1480.7 kW 1480.7 kW 1480.7 kW

418.8 kW 651.5 kW 650.4 kW 417.9 kW

thermal energy, corresponding to approximately 69% of the total annual
district heating demand of 14.97 GWh. The associated electricity con-
sumption amounts to 2.71 GWh, resulting in a seasonal performance
factor of 3.82. District heating distribution losses amount to 543 MWHh,
corresponding to approximately 3.5% of delivered heat. The annual
energy associated with ground thermal rebalancing remains small
relative to the extracted geothermal energy, indicating thermally sus-
tainable borefield operation.

5.5. Performance of the LTDH system at 60/40 °C

To place the ULTDH results in context, a LTDH system operating at
60/40 °C was analyzed under identical demand, sizing, and control as-
sumptions. Two distribution configurations were considered: ground-
buried and tunnel-buried pipes.

Increasing the network temperature level substantially increases the
temperature lift at the heat pump condenser, leading to a marked
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Fig. 10. Annual energy balance of the integrated GSHP-DH system.

reduction in heat pump efficiency as described by Eq. (7). Under LTDH
operation, the seasonal performance factor decreases from 3.82 to 2.36,
while annual electricity consumption increases from approximately
2.7 GWh to 4.5 GWh for comparable useful heat delivery (Table 2).
Although the higher supply-return temperature difference reduces the
required mass flow rate, this hydraulic advantage does not compensate
for the efficilency penalty associated with higher operating
temperatures.

Routing LTDH distribution pipes through a tunnel reduces annual
distribution heat losses from approximately 1120 MWh to 950 MWh,
corresponding to a decrease from 7.0% to 6.0% of delivered heat
(Figs. 11 and 12). However, this reduction remains moderate and does
not materially improve the overall energetic performance of the LTDH
system.

While the LTDH configuration supplies a slightly higher fraction of
the annual district heating demand (0.71 compared to 0.69 for ULTDH),
this is achieved at the expense of substantially higher electricity con-
sumption and increased peak electrical power demand. Overall, the
results confirm that ULTDH provides a more favorable operating regime
for geothermal heat pump integration when the primary objective is to
maximize renewable heat utilization and minimize electricity

8.0
7.0

6.0

Distribution heat losses [% of delivered heat]

LTDH (ground, 1) LTDH (tunnel, I)
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consumption.

5.6. Effect of tunnel-based distribution on system performance

The impact of routing ULTDH distribution pipes through an under-
ground tunnel environment is evaluated relative to the base-case
configuration with ground-buried pipes. The tunnel represents a
distinct thermal environment compared to soil, characterised by higher
and more stable ambient temperatures [28], which can influence heat
losses along the distribution network. By isolating the distribution
environment while keeping all other system parameters unchanged, the
following results quantify how tunnel routing affects system-level per-
formance and the energetic feasibility of geothermal heat pump
integration.

5.6.1. Distribution losses

Routing the district heating pipes through a tunnel environment
reduces annual distribution heat losses from 543 MWh in the base case
to 358 MWh, corresponding to a reduction from 3.5% to 2.3% of
delivered heat (Figs. 11 and 12). The observed reduction in heat losses is
primarily attributed to the smaller mean temperature difference be-
tween the pipe surface and the surrounding tunnel air compared to the
pipe-to-soil temperature difference for ground-buried pipes. The loss
difference is most pronounced during winter periods, when soil tem-
peratures reach their lowest values while tunnel air temperatures
remain comparatively stable.

As a sensitivity check, the ULTDH tunnel configuration was also
evaluated using a reduced pipe insulation level (insulation class I). In
this case, annual distribution heat losses increase to 433 MWh, corre-
sponding to 2.8% of delivered heat. Despite this increase, losses remain
lower than those of the ground-buried ULTDH configuration (3.5%),
indicating that the tunnel environment partially offsets the effect of
reduced pipe insulation (Figs. 11 and 12).

5.6.2. Heat pump performance

The reduction in distribution losses increases the fraction of
geothermal heat that is effectively delivered to the buildings and slightly
reduces the system-level heat production required to meet the same
district heating demand. However, the impact on heat pump perfor-
mance remains marginal. The COP shows no systematic change between
the tunnel-based and base-case configurations, resulting in an essen-
tially unchanged seasonal performance factor of approximately 3.82 in

5.0
4.0
3.0
2.0
1.0
0.0

ULTDH (ground, II)

ULTDH (tunnel, II) ULTDH (tunnel, 1)

Fig. 11. Relative district heating pipe heat losses expressed as a percentage of delivered heat for all investigated scenarios.
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Fig. 12. Annual district heating distribution heat losses by scenario.

both cases (see Table 2). The tunnel configuration nevertheless leads to a
small reduction in annual heat pump electricity consumption (from
2715 MWh/yr to 2702 MWh/yr), which is attributable to reduced dis-
tribution losses.

5.6.3. Mass flow and hydraulic implications

Table 2 shows the relationship between district heating mass flow
rate and the annual electricity consumption of network circulation
pumps for the analyzed configurations. As expected for ULTDH, lower
network temperature operation requires relatively high mass flow rates,
which in turn increase circulation pump electricity consumption.
However, the increase in pumping energy remains modest compared to
the overall system electricity consumption and does not offset the effi-
ciency benefits of ULTDH. The mass flow rate and circulation pump
electricity consumption are identical for the ground-buried and tunnel-
buried ULTDH configurations, indicating that routing distribution pipes
through a tunnel does not affect hydraulic requirements or pumping
energy demand.

5.6.4. Annual energy balance and served fraction

The tunnel-based ULTDH configuration results in an annual useful
heat delivery of 10333 MWh, compared to 10370 MWh in the base-case
configuration, while the served fraction of the district heating demand
remains unchanged at 0.69 in both cases as shown in Table 2. Although
the total useful heat delivered by the heat pump is slightly lower in the
tunnel case, this reflects the reduced need to compensate for distribution
losses rather than a limitation in heat pump operation. Consequently,
partial peak coverage by the GSHP becomes energetically more attrac-
tive when distribution pipes are routed through tunnel environments, as
a larger share of the produced geothermal heat is retained within the
network and delivered to end users.

5.7. Design implications and limitations

The results demonstrate that sizing a geothermal heat pump to cover
only a fraction of the peak district heating demand can yield high annual
energy coverage and efficient operation. This partial peak coverage
strategy enables significant reductions in borefield size and capital in-
vestment while maintaining high utilization of the heat pump. The re-
sults also show that routing distribution pipes through a tunnel improves
the feasibility margin of the system by reducing distribution heat losses,
without requiring changes to heat pump sizing, control strategy, or
hydraulic design.

Several simplifying assumptions were adopted to maintain a system-

10

level focus, including the use of a lumped ground thermal model,
simplified tunnel boundary conditions and heat pump performance, and
omission of detailed hydraulic and auxiliary electrical losses. While
these assumptions limit the resolution of localized effects, they are
appropriate for feasibility analysis and early-stage design assessment.

6. Conclusions

This study evaluated the feasibility of integrating a ground-source
heat pump into an ultra-low-temperature district heating system. It is
based on realistic boundary conditions derived from district heating
network simulations. A system-level modeling framework was applied
to assess annual energy performance, demand coverage, electricity
consumption, distribution heat losses, and geothermal borefield thermal
constraints under highly variable operating conditions.

The results show that a GSHP sized to cover only a fraction of the
peak district heating demand can supply a substantial share of the
annual heat demand. In the investigated case, approximately 69%
(10.33 GWh) of the total annual district heating energy demand is met
while maintaining a seasonal performance factor of 3.8, representative
of efficient large-scale GSHP operation. This confirms partial coverage of
peak DH demand as an effective and practical design strategy for
geothermal integration in district heating systems.

Thermal feasibility of the geothermal borefield is confirmed by the
simulated temperature evolution. Although sub-zero inlet temperatures
occur during peak heat extraction, borehole outlet and ground tem-
peratures remain above freezing throughout the annual cycle, indicating
thermally sustainable operation. The low supply and return tempera-
tures (35/20 °C) of the ULTDH network play a key role in enabling
efficient heat pump performance by minimizing temperature lift.

Comparison with a low-temperature district heating system oper-
ating at 60/40 °C highlights the importance of low network temperature
levels. While the higher-temperature system marginally increases de-
mand coverage, this is achieved at the expense of significantly higher
electricity consumption of 4485 MWh, and reduced heat pump effi-
ciency (COP of 2.36), confirming ULTDH as the more favorable oper-
ating regime for maximizing renewable heat utilization.

Routing ULTDH distribution pipes through an underground tunnel
environment further improves the feasibility margin by reducing dis-
tribution heat losses by approximately 183 MWh annually, without
significant impact on heat pump performance, hydraulic behavior, or
borefield operation. This indicates that tunnel-based distribution can
enhance system robustness when such infrastructure is available.

Overall, the findings demonstrate that GSHP integration into ULTDH
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networks represents a technically viable and energetically efficient
pathway toward low-carbon district heating. The presented framework
provides practical guidance for early-stage system design by quantifying
trade-offs between heat pump capacity, borefield sizing, network tem-
perature level, and distribution environment. Future work may extend
the analysis to multi-year operation and economic assessment to further
support deployment decisions.
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