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 a b s t r a c t

The operating temperature range of borehole fields includes low-temperature levels that may be suitable for 
fifth-generation district heating and cooling (5GDHC) networks, while also enabling bidirectional heat exchange 
and seasonal thermal storage. However, their performance depends on network temperature management, the 
balance between annual heat extraction and injection, and local ground conditions. This study investigates how 
supply- and return-temperature set-points affect short-term heat-pump coefficient of performance (COP) through 
their influence on the borehole entering-fluid temperature; whether cooling-season charging improves winter 
COP and seasonal coefficient of performance (SCOP) while mitigating long-term thermal drift; and whether 
year-round bidirectional operation or explicit summer recharge better supports multi-year thermal stability. An 
integrated TRNSYS model combining a low-temperature network, building-level water-to-water heat pumps, and 
a composite borehole-field model was used to simulate hourly and multi-year operation under three ground con-
figurations, including an idealised representation of groundwater-induced temperature stabilisation. The results 
show that the heat pumps meet building thermal demands within the 5GDHC operating range, achieving SCOP 
values between 3.41 and 3.88. Maintaining a higher borehole entering-fluid temperature through appropriate 
temperature and mass-flow control improves heat-pump COP. Cooling-season charging improves winter per-
formance and mitigates thermal drift when sufficient injected heat is retained in the ground. Balanced thermal-
demand operation therefore provides greater multi-year thermal stability than heating-dominated operation with 
limited recharge.

1.  Introduction

The building sector remains one of the largest energy end-use sec-
tors worldwide. The United Nations Environment Programme (UNEP) 
[1] reported that the buildings and construction sector accounts for 
approximately 32% of global energy consumption and 34% of global 
(CO2) emissions. Similarly, the International Energy Agency (IEA) [2] 
estimated that buildings account for around 30% of global energy de-
mand, with space and water heating representing a major share of resi-
dential energy consumption. Consequently, the decarbonisation of heat-
ing constitutes a key element of the transition towards net-zero energy 
systems. Sadeghi et al. [3] analysed heat-pump deployment and perfor-
mance in Norway, showing that ground-source heat pumps can provide 
higher performance than air-source systems under cold climatic condi-
tions, although at a higher initial cost. At the district scale, Li et al. [4] 
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demonstrated that integrating fifth-generation district heating and cool-
ing (5GDHC) with seasonal borehole thermal energy storage (BTES) can 
improve thermal balancing while reducing peak electricity demand and 
greenhouse-gas emissions. These characteristics make the coordination 
of thermal loads increasingly important for enabling load shifting and 
operational flexibility beyond the individual-building level.

District heating and cooling (DHC) networks can support heat de-
carbonisation by integrating diverse thermal resources and coordinat-
ing energy supply across connected users. Kontu et al. [5] demonstrated 
that incorporating large-scale heat pumps into existing district heating 
systems can reduce fossil-fuel use and diversify heat production, with 
particularly strong potential in smaller networks. Within this context, 
5GDHC networks have emerged as a near-ambient-temperature archi-
tecture. Yao et al. [6] identified distributed end-user heat pumps, near-
ambient network temperatures, and the provision of both heating and 
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Nomenclature

Abbreviations

5GDHC Fifth-generation district heating and cooling
BHE Borehole heat exchanger
BTES Borehole thermal energy storage
COP Coefficient of performance
DHC District heating and cooling
FLS Finite line-source
SCOP Seasonal coefficient of performance
TRNSYS Transient system simulation environment
Greek symbols

𝛼 Thermal diffusivity [m2/s]
Δ Difference or increment in the associated 

variable
𝜀 Heat-exchanger effectiveness [–]
𝜂 Efficiency [–]
𝜆 Thermal conductivity [W/(m K)]
𝜇 Dynamic viscosity [Pa s]
𝜌 Density [kg/m3]
Variables

𝐴 Area [m2]
𝑐 Heat-capacity rate [W/◦C]
𝑐𝑝 Specific heat capacity [J/(kg◦C)]
𝐷 Pipe diameter [m]
𝑓𝐷 Darcy friction factor [-]
𝐻 Borehole depth [m]
𝐿 Pipe length [m]
𝑚 Mass [kg]
𝑚̇ Mass flow rate [kg/s]
𝑁𝑇𝑈 Number of transfer units [-]
𝑝 Pressure [Pa]
𝑃 Electrical power [W]
𝑄 Heat-transfer rate [W]

𝑟 Pipe radius [m]
𝑅 Thermal resistance [◦C/W]
𝑠 Borehole spacing [m]
𝑇 Temperature [◦C]
𝑡 Time [s]
𝑈 Heat-transfer coefficient [W/(m2◦C)]
Subscripts

𝑎𝑏𝑠 Absorbed
𝑎𝑚𝑏 Ambient
𝑏ℎ Borehole field
𝑏𝑡 Buffer tank
𝑐 Cold stream
𝑓 Fluid
𝑔 Ground or grout, depending on context
𝑔𝑟 Grout
ℎ Hot stream
𝐻𝐸 Heat-exchanger interface
ℎ𝑝 Heat pump
ℎ𝑥 Heat exchanger
𝑖 Inlet
𝑖𝑛 Entering
𝐿 Load side or ground layer
𝑚 Main hydraulic pump
𝑜 Outlet
𝑜𝑢𝑡 Leaving
𝑝 Primary hydraulic pump
𝑟𝑒𝑗 Rejected
𝑟𝑒𝑡 Return
𝑠 Secondary hydraulic pump
𝑆 Source side
𝑠𝑢𝑝 Supply
Superscripts

𝑏𝑡 Buffer tank
ℎ𝑝 Heat pump
ℎ𝑥 Heat exchanger

cooling as distinctive characteristics of these systems. Gjoka et al. [7] 
further highlighted that bidirectional energy flows can exploit heating 
and cooling demand synergies between users, while identifying limited 
design guidelines and implementation barriers as continuing challenges 
to wider deployment. Consequently, a key research challenge is to iden-
tify which low-grade thermal resources can most effectively support 
near-ambient network operation while maintaining efficient and stable 
system performance.

Among the candidate resources, shallow geothermal energy is par-
ticularly attractive for 5GDHC networks because it provides access to lo-
cally available low-temperature heat sources and sinks. Buffa et al. [8], 
in their review of 40 operating 5GDHC networks in Europe, identi-
fied geothermal resources among the low-temperature sources that can 
be effectively exploited by near-ambient thermal networks. Boesten 
et al. [9] showed through the Mijnwater system that shallow geother-
mal resources, combined with bidirectional energy exchange and ther-
mal storage, can contribute to balancing renewable heating and cooling 
supply at the urban scale. More recently, Gjoka et al. [10] evaluated 
a ground-based 5GDHC configuration using borehole heat exchangers 
(BHEs), highlighting geothermal energy as one of the potential source–
sink options for 5GDHC operation under mild climatic conditions. Ev-
idence from existing systems also supports this integration: the survey 
of 53 German 5GDHC networks conducted by Wirtz et al. [11] identi-
fied geothermal probes and horizontal geothermal collectors as the most 
frequently adopted thermal sources.

Beyond their role as an immediate heat source or sink, geother-
mal systems can also provide seasonal thermal storage. Zeh et al. [12] 
demonstrated that large-scale shallow geothermal collector systems can 
shift heating and cooling loads seasonally by storing surplus thermal 
energy in the ground. Similarly, Figueira et al. [13] reviewed practi-
cal shallow-geothermal DHC case studies and highlighted their poten-
tial to support low-temperature heating and cooling networks through 
efficient use of the subsurface as both a thermal source and sink. For 
borehole-based storage specifically, Sadeghi et al. [14] showed that in-
tegrating borehole thermal energy storage (BTES) into DHC systems 
can improve system efficiency, while emphasising that its performance 
depends strongly on thermal design and subsurface conditions. Conse-
quently, although borehole fields can operate as a heat source during 
winter and a heat sink during summer, their short-term operation also 
influences the longer-term thermal evolution of the surrounding ground. 
These ground thermal conditions, in turn, determine the temperatures 
available to the decentralised heat pumps and therefore influence both 
instantaneous and seasonal system performance.

The performance of borehole fields must therefore be understood 
across two coupled time horizons: short-term operation, in which 
hourly to daily load variations influence entering-fluid temperature 
and heat-pump coefficient of performance (COP), and long-term oper-
ation, in which seasonal recharge and cumulative thermal imbalance 
determine the evolution of ground conditions. Lanahan and Tabares-
Velasco[15] reviewed BTES modelling and system design, emphasis-
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ing the importance of seasonal storage behaviour and its integration 
with the wider thermal system. Long-term operational evidence is pro-
vided by Sibbitt et al. [16], who demonstrated through five years of 
monitoring at the Drake Landing Solar Community that summer heat 
stored in a borehole field can be effectively recovered during sub-
sequent heating seasons. Mesquita et al. [17] extended this assess-
ment to ten years of operation, confirming the reliable long-term per-
formance of seasonal borehole thermal storage. More broadly, Dang 
et al. [18] identified thermal balancing and operational control among 
the key considerations for effective 5GDHC operation. More recently, 
Zhi et al. [19] investigated a large-scale ground-source heat-pump sys-
tem after nine years of operation and examined the influence of 
building-load characteristics and thermal imbalance on its long-term 
performance. These findings indicate that borehole performance can-
not be assessed solely through annual energy balances or peak design 
conditions; rather, both instantaneous entering-fluid temperatures and 
cumulative thermal balance must remain within acceptable limits over
time.

This requirement has important implications for borehole sizing and 
design. Borehole depth, spacing, and field layout must satisfy peak ex-
traction and rejection demands while maintaining acceptable temper-
ature limits. Kavanaugh and Rafferty[20] presented established design 
procedures and best practices for ground-source heat-pump systems, in-
cluding the sizing and configuration of ground heat exchangers. Ah-
madfard and Bernier[21] proposed a multi-level approach for sizing 
vertical ground heat exchangers, allowing different calculation meth-
ods to be selected according to the information available to the de-
signer. For seasonal storage applications, Gao et al. [22] highlighted that 
BTES performance depends on borehole arrangement, ground proper-
ties, and operating parameters, as well as on the coordination of charg-
ing and discharging with the wider thermal system. More recently, 
Miceli et al. [23] introduced a 𝑔-function-based BTES model with a novel 
load-aggregation scheme that improves computational accuracy during 
rapid transitions between charging and discharging and provides a ba-
sis for future digital-twin applications. Nevertheless, sizing alone is not 
sufficient; operational strategies and temperature control must also be 
considered when analysing short- and long-term borehole performance 
in practice.

To address these issues, modelling approaches must represent both 
the transient thermal response of the ground and the internal heat-
transfer processes within the borehole. Lamarche and Beauchamp[24] 
developed an analytical finite line-source (FLS) formulation for predict-
ing the transient thermal response of geothermal boreholes. Building 
on this approach, Cimmino and Bernier[25] proposed a semi-analytical 
method for generating 𝑔-functions that accounts for variations in heat 
extraction along and between boreholes, while Cimmino[26] subse-
quently introduced similarity-based techniques to reduce the compu-
tational cost of 𝑔-function calculations for large and irregular bore-
hole fields. To represent more realistic geological conditions, Erol and 
François [27] extended the FLS framework to multilayer ground while 
accounting for groundwater-induced advection and dispersion, whereas 
Hu[28] developed a multilayer analytical model incorporating ground-
water flow to evaluate long-term borehole temperature response under 
unbalanced seasonal loads. More recently, Gao and Qadrdan[29] devel-
oped a composite analytical model for stratified ground that accounts 
for ground heterogeneity, borehole thermal interactions, and variations 
in heat flux along the borehole depth.

At the district scale, recent studies have integrated BTES mod-
els with wider thermal-network analyses. Chaudhry et al. [30] pro-
posed a robust-design framework for 5GDHC networks, while Ro-
manov et al. [31] assessed data-centre waste-heat recovery with shal-
low BTES under different network temperature levels. Li et al. [32] 
showed that seasonal BTES can mitigate the temporal mismatch between 
heating and cooling demands in 5GDHC networks, whereas Fioren-
tini et al. [33] examined how BTES size and operating temperature af-
fect storage and connected heat-pump performance. More detailed ap-

proaches have also been developed: Pour Ahmadiyan and Nord[34] 
employed a hybrid 𝑔-function model, and Yang et al. [35] incorpo-
rated 𝑔-functions into a multi-year optimisation framework. However, 
these approaches generally represent the subsurface through effective 
ground properties and do not explicitly resolve stratification, ground-
water flow, or the contribution of individual ground layers. This gap 
motivates layer-resolved analyses that capture both short- and long-term 
borehole behaviour within district-scale simulations. However, the ben-
efits of improved borehole conditions are ultimately realised through 
the heat pump, which converts near-ambient loop temperatures into 
useful heating or cooling. It is therefore necessary to integrate bore-
hole thermal behaviour with heat-pump dynamics within a simulation 
framework that captures operating conditions and seasonal efficiency
metrics.

In 5GDHC systems, decentralised water–to–water heat pumps play 
a central role in determining both instantaneous and seasonal perfor-
mance. Their COP depends strongly on the source-side temperature, 
load-side set-points, and mass-flow control. The use of water–to–water 
heat pumps with boreholes as the energy source follows the same ther-
modynamic principles. Return-temperature management is particularly 
influential: lower load-side return temperatures generally improve the 
heating COP and reduce the immediate thermal stress on the bore-
hole field, but they may also accelerate ground-temperature depletion 
during winter operation. Conversely, higher return temperatures dur-
ing cooling can enhance thermal charging of the ground. This cre-
ates a fundamental trade-off. The same control variables that improve 
short-term heat-pump performance may also alter the long-term charg-
ing and discharging trajectory of the ground, thereby affecting future 
operating conditions. Chaudhry et al. [30] showed through a robust-
design framework that feasible and optimal 5GDHC operating tem-
peratures are sensitive to uncertain energy-market conditions and tar-
iffs. At the operational level, Droste and Schwartz[36] demonstrated 
the emerging potential of data-driven and machine-learning-assisted 
model predictive control (MPC) for 5GDHC operation, although such 
approaches typically focus on relatively short time horizons and do 
not explicitly capture long-term ground thermal drift. Consequently, 
there remains a need for studies that examine how temperature man-
agement influences both heat-pump performance and borehole thermal
evolution.

Despite the growing literature on 5GDHC systems and borehole inte-
gration, the detailed influence of supply- and return-temperature man-
agement on (i) short-term heat-pump performance, (ii) seasonal stor-
age effectiveness, and (iii) multi-year thermal drift in layered ground 
conditions remains insufficiently quantified. Yao et al. [6] identified 
network temperature, distributed heat pumps, and operational con-
trol as key features of 5GDHC systems, while also highlighting con-
tinuing technical and operational research gaps. Chaudhry et al. [30] 
investigated feasible 5GDHC network temperatures within a robust-
design framework, although the effect of load-side return-temperature 
control on borehole thermal conditions was not explicitly isolated. 
For seasonal storage, Miceli et al. [23] demonstrated that BTES per-
formance is sensitive to the temporal distribution of charging and 
discharging loads, particularly during transitions between operating 
modes. These findings indicate that the operating strategy determines 
not only the amount of heat extracted from and injected into the 
ground, but also its long-term thermal evolution. Addressing this gap 
therefore requires an integrated analysis linking network tempera-
ture management, heat-pump COP/SCOP, seasonal borehole charg-
ing, and multi-year ground thermal behaviour under stratified ground
conditions.

Accordingly, this study addresses the following research questions:

• How do the supply and return temperature set-points, through the 
coupled interaction between the heat pumps and borehole field,
influence short-term heat-pump COP and borehole entering-fluid 
temperature?

Energy & Buildings 373 (2026) 118398 

3 



H. Bastida et al.

• To what extent can cooling-season charging improve subsequent 
winter COP and SCOP and mitigate long-term thermal drift, and how 
does this depend on return-temperature management?

• Which operating strategy better supports seasonal performance and 
multi-year thermal stability: using the borehole field as a bidirec-
tional source/sink throughout the year or operating it primarily as a 
seasonal store with explicit summer recharge?

To answer these questions, this paper develops an integrated 5GDHC 
model in TRNSYS that combines an ambient distribution loop with a 
composite borehole-field model. Different ground-layer configurations 
were examined, including cases with groundwater flow, under three 
operating scenarios: a heating-dominated mode, a no-recharge case in 
which cooling-season borehole use was suppressed, and a balanced 
thermal-load case in which cooling demand equals heating demand. Per-
formance was assessed using short-term COP, SCOP, and long-term indi-
cators of borehole thermal behaviour, including thermal drift. By linking 
load-side temperature set-points and mass-flow control to both short-
term efficiency and multi-year thermal stability, the study provides a 
detailed explanation of how heat-pump operating conditions influence 
borehole-field performance.

The remainder of the paper is structured as follows. Section 2 
presents the integrated modelling framework and the main component 
models. Section 3 describes the case study, load profiles, and operat-
ing scenarios. Section 4 reports and discusses the results in terms of 
short-term heat-pump performance, seasonal behaviour, and long-term 
borehole thermal response. Section 5 discusses the broader implications 
of the main findings, together with the limitations of the study. Finally, 
Section 6 summarises the main findings and outlines the implications 
for system design and future research.

2.  System description

This section outlines the integrated simulation framework used to 
represent the interaction among the borehole field, the fifth-generation 
district heating and cooling (5GDHC) system, and the time-varying ther-
mal demands of the connected buildings (Fig. 1). The borehole field is 
connected directly to the two-pipe ambient network loop, without a cen-
tral heat pump, because both operate under compatible low-temperature 
conditions. Thus, the fluid leaving the borehole field can be supplied 
directly to the ambient-temperature network without requiring its tem-
perature to be boosted by a central heat pump. This configuration differs 
from conventional or warm district-heating architectures in which a cen-
tral heat pump raises the network supply temperature. In cold or near-
ambient bidirectional networks, including configurations commonly as-
sociated with 5GDHC, temperature upgrading can instead be performed 
locally by decentralised heat pumps at the building substations [37,38]. 
The network considered here therefore does not seek to maintain a con-
ventional high supply temperature at the central source; rather, the 
borehole field supplies the low-temperature loop, while the building-
level water-to-water heat pumps provide the required temperature lift 
to satisfy the local heating demand. During the heating season, the bore-
hole outlet feeds the warm pipe, from which the buildings extract heat, 
while the cool pipe returns water to the borehole inlet. During the cool-
ing season, these connections are reversed: the borehole outlet feeds the 
cool pipe, while the warm pipe transports heat rejected by the build-
ings to the borehole inlet for seasonal ground recharge. To avoid confu-
sion when presenting and comparing the simulation results, the labels of 
the borehole-field inlet (𝑇bh,𝑖) and outlet (𝑇bh,𝑜) are defined according to 
the heating-season configuration and retained consistently throughout 
the manuscript, including when the network circulation changes during 
cooling operation, as shown in Fig. 1.

Each building is connected to the network through a decentralised 
substation comprising circulation pumps to regulate the flow rate, a heat 
exchanger, a reversible water-to-water heat pump, a storage tank, and 
control valves that switch the flow direction when the operating mode 

changes between heating and cooling. The local heat pumps upgrade the 
network temperature for space heating and transfer heat from the build-
ings to the network during cooling operation, as detailed in Section 2.2. 
The 5GDHC component models and basic configuration were previously 
presented in [39], while the borehole model was presented and vali-
dated in [29]. Therefore, only the principal assumptions, governing in-
teractions, and key equations required to understand the present study 
are summarised here.

The framework was designed to capture both short-term and sea-
sonal behaviour. At short time scales, the model resolves how loop tem-
perature, flow rate, and heat-pump operating conditions affect instan-
taneous heating and cooling delivery and COP. At longer time scales, 
it tracks the cumulative thermal effects of winter heat extraction and 
summer heat injection on borehole temperature evolution, thermal re-
covery, and long-term system balance [7,40]. This multi-time-scale rep-
resentation is essential for 5GDHC systems because the network, heat 
pumps, and borehole field do not operate independently. The borehole 
field determines the source-side temperature available to the network, 
while network operation and building demands determine the thermal 
load imposed on the ground.

2.1.  Borehole model

Heat transfer around each vertical BHE is represented by coupling 
an internal borehole model with an external ground-response model. 
The external domain is described using a finite line-source (FLS) for-
mulation, which captures the transient thermal response of the ground 
with sufficient accuracy for long-term simulations while remaining com-
putationally efficient [24]. Groundwater advection can, in principle, 
be represented using extensions such as the moving finite-line-source 
model. However, groundwater advection was not explicitly solved in the 
present simulations. Instead, the groundwater-influenced scenarios were 
represented using the idealised temperature-stabilisation condition de-
scribed in Section 3.1. This is particularly important in the present work, 
where annual and multi-year behaviour must be analysed across sev-
eral operating scenarios. Details of the multilayer composite formulation 
adopted here are reported in [29]. The internal borehole is represented 
by a resistance–capacitance network that resolves the fluid temperatures 
in the downward and upward legs of the 𝑈 -tube, the grout thermal mass, 
and heat exchange with the borehole wall [41,42]. Fig. 2 illustrates the 
borehole geometry, the 𝑈 -tube configuration, the surrounding soil lay-
ers, and the principal geometric and thermal parameters used in the 
model. A representative nodal energy balance for the downward leg is 
written as follows:

𝑚𝑓 𝑐𝑝,𝑓
𝑑𝑇𝑓1,𝑛
𝑑𝑡

= 𝑚̇𝑓 𝑐𝑝,𝑓
(

𝑇𝑓1,𝑛−1 − 𝑇𝑓1,𝑛
)

+
𝑇𝑓2,𝑛 − 𝑇𝑓1,𝑛

𝑅𝑓𝑓

+
𝑇𝑔,𝑛 − 𝑇𝑓1,𝑛

𝑅𝑓𝑔
.

(1)

where 𝑚𝑓  (kg) is the fluid mass, 𝑐𝑝,𝑓  (J/(kg◦C)) is the fluid specific heat, 
and 𝑚̇𝑓  (kg/s) is the fluid mass flow rate. The variables 𝑇𝑓1,𝑛, 𝑇𝑓2,𝑛, and 
𝑇𝑔,𝑛 (◦C) denote the fluid temperatures in the downward and upward 
legs and the grout temperature at axial node 𝑛, respectively. The equiv-
alent thermal resistance between the two legs of the borehole is denoted 
by 𝑅𝑓𝑓 , while the resistance between the fluid and grout is denoted by 
𝑅𝑓𝑔 (m◦C/W). The borehole-wall temperature is supplied by the exter-
nal FLS solution, thereby linking the short-term internal borehole dy-
namics with the long-term ground response.

This coupling allows the model to represent two key thermal be-
haviours. First, over minutes to hours, the borehole outlet temperature 
depends on the fluid flow rate, thermal resistances, and the thermal 
capacities of the fluid and grout. These variables directly affect the
heat-pump source temperature and, consequently, the instantaneous 
COP. Second, over weeks to months, the accumulated thermal response 
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Fig. 1. Integrated schematic of borehole field, 5GDHC system, decentralised water-to-water heat pumps, and thermal loads.

Fig. 2. Schematic of a single vertical borehole heat exchanger and associated 
geometric and thermal parameters.

of the surrounding ground determines seasonal charging and discharg-
ing, thermal recovery, and potential temperature drift under imbalanced 
annual loads [16,43].

The borehole field is parametrised by borehole depth 𝐻 (m), spac-
ing 𝑠 (m), radius 𝑟 (m), 𝑈 -tube dimensions, grout properties, and field 
layout. In addition, the ground is modelled as vertically stratified, allow-
ing each soil layer to be assigned distinct values of thermal conductiv-
ity, density, and specific heat capacity. This is important because both 
ground stratification and borehole spacing influence thermal interfer-
ence between neighbouring boreholes and, consequently, the long-term 
temperature available to the network.

2.2.  5GDHC system and building interface

The 5GDHC system was modelled as an ambient-temperature bidi-
rectional loop that connects the buildings and the borehole field through 
warm and cool pipes, as shown in Fig. 1. In contrast to conventional 

high-temperature district heating, the loop operates close to ambient 
temperature, typically within the range of 5–25 ◦C. This reduces distri-
bution losses and facilitates heat sharing between users, although higher 
flow rates may be required to deliver the same thermal capacity [8,9].

At each network node, mass conservation is imposed as
∑

𝑚̇in −
∑

𝑚̇out = 0, (2)

where 𝑚̇in and 𝑚̇out (kg/s) denote the mass flow rates entering and leav-
ing the node, respectively. The pressure drop along each pipe segment 
is evaluated using the Darcy–Weisbach relation:

𝑝in − 𝑝out =
8𝐿𝑓𝐷𝑚̇2

𝑓

1000𝜌𝜋2𝐷5
, (3)

where 𝑝in and 𝑝out (Pa) are the inlet and outlet pressures, 𝐿 and 𝐷 (m) 
are the pipe length and diameter, 𝜌 (kg/m3) is the fluid density, and 
𝑓𝐷 is the Darcy friction factor. Pipe heat exchange with the surrounding 
soil is represented using lumped energy balances based on an equivalent 
thermal resistance that accounts for internal convection, pipe-wall con-
duction, insulation, and external ground resistance. This level of detail 
is sufficient for network-scale studies, where the main interest lies in 
the interaction between temperature set-points, mass-flow control, and 
heat-pump performance, rather than detailed hydraulic dynamics.

Because the network is bidirectional, the flow direction may change 
in individual branches depending on local demand and source condi-
tions. Consequently, the hydraulic and thermal calculations are solved 
iteratively until network-wide mass and energy balances are satisfied 
under the imposed operating set-points, following the methodology de-
scribed in [39].

Each building was connected to the network through a local energy-
transfer interface comprising a heat exchanger, a water-to-water heat 
pump, circulation pumps, and a water tank. A set of control valves lo-
cated between the network loop and the heat exchanger switches the 
hydraulic connections according to the operating mode. During heat-
ing, the heat exchanger is supplied from the warm pipe and returns 
water to the cool pipe; during cooling, it is supplied from the cool pipe 
and returns water to the warm pipe. This arrangement maintains the 
same direction of circulation through the heat exchanger in both op-
erating modes, as shown in Fig. 1. The controller regulates heat-pump 
operation and mass flow rate to satisfy the tank supply-temperature set-
point. Detailed building thermal dynamics are outside the scope of this 
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Fig. 3. Water-to-water heat pump model: (a) schematic of the heat pump unit and (b) model inputs and outputs.

paper. Instead, the building load was imposed through a time-varying 
tank-side mass flow rate, while fixed return temperatures were assumed 
for heating and cooling operation. The fixed return temperatures and 
the corresponding time-varying mass-flow-rate profiles are illustrated 
by the small plots included in the schematic of Fig. 1 to clarify how 
these boundary conditions are imposed at the building interface. These 
assumptions and their implementation are described in further detail in 
the following section.

2.3.  Heat pump

Water-to-water heat pumps provide the temperature lift or drop be-
tween the thermal network and the building heating or cooling circuit. 
Their performance is strongly influenced by the inlet temperatures and 
mass flow rates on both the source and load sides. For this reason, the 
heat pump is represented using performance maps that relate the source-
side inlet temperature 𝑇ℎ𝑝,S,i, load-side inlet temperature 𝑇ℎ𝑝,L,i, and cor-
responding mass flow rates to thermal capacity and electrical power 
[39]. This lookup-table approach captures the non-linear behaviour of 
the vapour-compression cycle at low computational cost, making it suit-
able for annual simulations.

The heat absorbed at the evaporator, 𝑄abs (W), is evaluated from the 
map outputs as
𝑄abs = 𝑄rej − 𝑃ℎ𝑝, (4)

where 𝑄rej is the heat rejected at the condenser and 𝑃ℎ𝑝 is the nominal 
power of the heat pump. The source-side outlet temperature, 𝑇ℎ𝑝,S,o, and 
load-side outlet temperature, 𝑇ℎ𝑝,L,o, are then obtained from standard 
energy balances:

𝑇ℎ𝑝,S,o = 𝑇ℎ𝑝,S,i −
𝑄abs
𝑐𝑝𝑚̇𝑓,S

, (5)

𝑇ℎ𝑝,L,o = 𝑇ℎ𝑝,L,i −
𝑄rej

𝑐𝑝𝑚̇𝑓,L
, (6)

where 𝑚̇𝑓,S and 𝑚̇𝑓,L are the mass flow rates through the source and load 
sides, respectively.

Fig. 3(a) and (b) show the schematic representation of the heat-pump 
model. The model inputs are the source- and load-side inlet tempera-
tures and mass flow rates, while the outputs are the heat-transfer rate, 
electrical consumption, and outlet temperatures. The remaining compo-
nent models, including the water tank, pumps, and heat exchanger, are 
reported in Appendix A.

3.  Case study description

This section defines the case study used to evaluate the integration 
of a borehole field with a 5GDHC system to provide heating and cool-
ing to residential buildings. The objective is to establish a realistic yet 
tractable set of parameters and operating assumptions that supports 
both the short-term verification of component behaviour and the def-
inition of operating-condition boundaries for the subsequent seasonal 
and system-level analyses. First, the short-term thermal response of the 

Table 1 
Borehole and fluid parameters.
 Parameter  Symbol  Value  Unit
 Borehole radius 𝑟𝑔  0.075  m
 Pipe outer radius 𝑟𝑒  0.016  m
 Pipe inner radius 𝑟𝑖  0.013  m
 Shank spacing 𝑠  0.030  m
 Thermal conductivity of pipe 𝜆𝑝  0.39  W/(mK)
 Grout thermal conductivity 𝜆𝑔𝑟  1.528  W/(mK)
 Grout specific heat 𝑐𝑝,𝑓  2121  J/(kgK)
 Grout density 𝜌𝑔𝑟  1900  kg/m3

 Fixed mass flow rate of water 𝑚̇𝑓  0.3  kg/s
 Density of water 𝜌𝑓  1000  kg/m3

 Dynamic viscosity of water 𝜇  0.001  kg/(ms)
 Specific heat capacity of water 𝑐𝑝,𝑓  4180  J/(kgK)
 Thermal conductivity of water 𝜆𝑓  0.599  W/(mK)

borehole is examined. Next, representative residential heating and cool-
ing demand profiles are introduced for the Barry Island network case 
study [44,45]. Finally, the short-term operation and efficiency trends of 
the water-to-water heat pump are assessed under operating conditions 
representative of 5GDHC systems.

3.1.  Borehole performance (Short term)

The composite borehole model used in this work was previously val-
idated in [29] against experimental datasets for boreholes with depths 
ranging from 6.25 m to 100 m [46,47]. This validation was performed 
under controlled inlet-fluid-temperature and mass-flow-rate conditions 
by comparing the simulated and measured outlet temperatures. How-
ever, open-access experimental measurements for deeper community-
scale systems remain limited. Therefore, an additional controlled ver-
ification test was conducted for the present configuration, using de-
fined constant inlet-temperature and mass flow rate conditions to cal-
culate the resulting heat-extraction rate. The simulated extraction rate 
was then compared with indicative heat extraction ratings reported by 
the UK installer Kensa [48], including approximately 20W/m for loose-
stone formations. This comparison forms part of the model-validation 
process and is not intended to represent a time-varying building ther-
mal load.

Three borehole depths were evaluated: 100 m, 150 m, and 200 m. A 
constant circulating-water mass flow rate of 0.3 kg/s was imposed inside 
the 𝑈 -tube to maintain turbulent internal flow. The remaining borehole 
geometry, grout, and fluid properties were set to typical practical values, 
as listed in Table 1, while the thermophysical properties of the loose-
stone formation are given in Table 2. The initial ground temperature 
was taken as 13.5 ◦C. The selected grout thermophysical properties, in-
cluding thermal conductivity, density, and specific heat capacity, were 
based on ranges reported in the literature [49,50].

These assumptions provide a benchmark for assessing the short-term 
heat-exchange capability of the borehole before proceeding to the inte-
grated 5GDHC simulations. Fig. 4 shows the 24 h response for a con-
stant inlet temperature of 4 ◦C. The 100 m borehole produces an out-
let temperature of approximately 6 ◦C, corresponding to Δ𝑇 ≈ 2 ◦C, a 
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Table 2 
Thermophysical properties of loose stones (Saturated 
Limestone).

 Limestone-rich gravel/cobble deposit
 Parameter  Symbol  Value  Unit
 Thermal conductivity 𝜆ls  1.80  W/(mK)
 Specific heat 𝑐𝑝,ls  1140  J/(kgK)
 Thermal diffusivity 𝛼ls 0.75 × 10−6 m2 s−1

 Density 𝜌ls  2100  kg/m3

Fig. 4. Short-term borehole response over 24 h for depths of 100, 150 and 200 m 
(𝑇bh,i = 4◦C).

mean heat extraction of about 2.38 kW, and a specific extraction rate 
of 23.87 W/m. The 150 m case yields a similar temperature rise, with 
a mean heat extraction of 2.92 kW and a specific extraction rate of 
19.5 W/m. For the 200 m case, the outlet temperature rise increases 
to about 2.5 ◦C, giving a mean heat extraction of 3.23 kW and a spe-
cific extraction rate of 16.2 W/m. In all cases, the outlet tempera-
ture decreases by approximately 0.5 ◦C over the 24 h period as the
near-borehole region cools under continuous operation. In practice, in-
termittent demand and variable flow rates would reduce this short-term 
temperature decay. Overall, the obtained exchange rates are consistent 
with UK-relevant ranges, approximately 20 W/m, providing confidence 
for the subsequent integrated simulations.

The Barry Island case study in Wales, UK [44,45], motivated the 
adoption of a stratified ground profile incorporating an intermediate 
groundwater-influenced constant-temperature layer. A regional hydro-
geological analysis of South Wales by Boon et al. [51] identified a se-
quence comprising made ground, tidal-flat deposits, glaciofluvial sand 
and gravel, and Triassic Mercia Mudstone. This regional sequence in-
formed the baseline configuration illustrated in Fig. 5(a), which was sim-
plified for modelling purposes into: (i) a 5 m shallow made-ground layer; 
(ii) a 25 m intermediate layer representing the tidal-flat and glacioflu-
vial sand-and-gravel deposits; and (iii) a deeper Mercia Mudstone layer.

The adopted borehole model represents heat transfer through the 
surrounding ground by conduction and does not explicitly solve advec-
tive heat transport caused by groundwater movement. Where ground-
water influence is considered, its thermal effect is represented through 
an idealised temperature-stabilisation condition. The corresponding 
ground-response sections are maintained close to the undisturbed far-
field ground temperature by suppressing their temperature evolution 
in response to heat exchange with the surrounding soil and grout. This 
treatment represents a limiting case of strong external thermal exchange 

Table 3 
Thermophysical properties of soil layers.
 Soil type 𝜆 (W/mK) 𝑐𝑝 (J/kgK) 𝜌 (kg/m3) 𝛼 (m2/s)

 Made ground  1.8  900  1900 1.05 × 10−6

 Soft clay  2.1  850  2400 1.03 × 10−6

 Mudstones  3.0  900  2650 1.26 × 10−6

and is intended to bound the potential influence of groundwater-induced 
thermal replenishment on system-level performance; no groundwater 
mass flow rate, velocity, or flow direction is explicitly imposed. It 
is therefore not intended to reproduce site-specific groundwater-flow 
physics. In configuration 𝑢, this condition is applied only to the desig-
nated intermediate groundwater-influenced layer and is referred to here 
as the partial-groundwater-influenced configuration.

The constant-temperature representation does not explicitly ac-
count for groundwater velocity, flow direction, thermal dispersion or 
asymmetric plume transport. It therefore cannot reproduce upstream-
downstream thermal interference or the dependence of borehole-field 
performance on its orientation relative to the dominant groundwater-
flow direction. Furthermore, because the affected layer is assumed to 
remain close to the undisturbed temperature, the approach may over-
estimate the stabilising influence of groundwater where the actual ad-
vective heat-transfer capacity is limited. The groundwater-related re-
sults should consequently be interpreted as idealised bounding scenarios 
rather than site-specific hydrogeological predictions.

Site investigations undertaken at Barry Waterfront, close to the 
case-study network, identified a complementary geological sequence in 
which made ground overlies very soft to soft estuarine silty clay, fol-
lowed by Mercia Mudstone bedrock in the central and southern parts 
of the site [52]. This local evidence informed the configuration without 
groundwater influence illustrated in Fig. 5(b), referred to here as the no-
groundwater configuration 𝑣. The thermophysical properties of the soil 
layers considered in these configurations are summarised in Table 3.

Finally, an idealised limiting configuration was considered by apply-
ing the same constant-temperature representation over the entire bore-
hole depth, referred to here as the full-groundwater configuration 𝑘 (see 
Fig. 5(c)). This scenario was included to examine the upper-bound ef-
fect of groundwater thermal replenishment on stabilising borehole-wall 
temperatures. The adopted profiles are simplified comparative scenarios 
and are not intended to reproduce a single site-specific borehole log.

3.2.  Thermal network and thermal loads

The case study was based on one branch of the existing Barry Island 
district heating system described by Liu et al. [44] and Pirouti [45]. 
For modelling purposes, the central heat source of the fourth-generation 
district heating system was fictionally replaced by a borehole field, and 
each connection was represented by a single dwelling or a small shop, 
according to its use in the original network (Fig. 6). This simplifica-
tion was introduced to ensure that the annual simulations remained 
computationally tractable due to the significant number of equations 
to be solved by the borehole model (see Appendix B). Representing 
the full-scale buildings using their original heat loads would require a 
substantially larger borehole field and, consequently, greater computa-
tional time. Therefore, representative loads for individual dwellings and 
small shops were used to maintain realistic operating conditions within 
a low-temperature district heating and cooling network while limiting 
the computational burden.

Within this network representation, the dwelling-side temperature 
targets were set at 45/39 ◦C supply/return in heating mode and 
15/20 ◦C in cooling mode, corresponding to representative tempera-
ture differences of approximately 6 ◦C and 5 ◦C, respectively. A reduced 
network section comprising five dwellings was initially simulated to ex-
amine local interactions, as indicated by the shaded area in Fig. 6. The 
complete branch, comprising six dwellings and six small shops, was sub-
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Fig. 5. Ground configurations considered for the Barry Island case study: (a) baseline stratified profile with an intermediate groundwater-influenced layer (𝑢 con-
figuration), (b) profile without groundwater influence (𝑣 configuration), and (c) idealised groundwater-dominated profile (𝑘 configuration).

sequently simulated to assess the scalability of the integrated modelling 
framework when applied to the full case-study configuration.

Its weekday/weekend structure and inter-dwelling variability were 
informed by the household heating heterogeneity reported by Hanmer 
et al. [53] and Pullinger et al. [54]. A representative heating-load scale 
of approximately 6 kW was adopted, consistent with the value reported 
by the UK Department for Energy Security and Net Zero [55] for an aver-
age property in England. Higher-occupancy dwellings (Houses 1 and 3) 
reach weekend peaks of approximately 8 kW (see Fig. 7(a) and (e)), 
whereas the lower-intensity profiles of Houses 4 and 5 peak at approxi-
mately 4–5 kW (see Fig. 7(g) and (i)). Cooling operation was introduced 
from May to September as a prospective scenario, reflecting the emerg-
ing importance of residential cooling in a warming climate. The seasonal 
form of these profiles was informed by the year-round heating and cool-
ing demand profiles for typical British dwellings presented by Corcoran 
et al. [56]. Although the profiles follow common seasonal trends, their 
different magnitudes, timing and peak demands represent the diver-
sity of thermal demand among the connected dwellings. Consequently, 
the aggregated network load accounts for inter-building demand vari-
ation rather than assuming an identical thermal profile for every
dwelling.

For the system-scale analysis, the complete district leg shown in 
Fig. 6 comprised six dwellings and six small commercial shops. Com-
mercial demand profiles were included to introduce additional daily and 
weekly diversity, with some shops operating from Monday to Friday and 
others from Monday to Saturday. For brevity, only the heating and cool-
ing demand profiles of Shop 1 are presented in Fig. 8. To accommodate 
the higher aggregated demand, the borehole field was expanded from 8 
to 16 boreholes, and the additional main branch was resized to DN65.

The loads were linked to the water-tank interface by imposing fixed 
return temperatures, 𝑇ret , of 39 ◦C in heating mode and 20 ◦C in cooling 
mode, with target supply temperatures, 𝑇sup, of 45 ◦C and 15 ◦C, respec-
tively. These temperatures were imposed as boundary conditions at the 
buffer-tank interface rather than calculated using a dynamic building-
envelope model. A time-varying thermal demand can be represented ei-
ther by varying the temperature difference at a constant mass flow rate 
or by varying the mass flow rate at a defined temperature difference. 
The latter approach was adopted in this study. This variable-flow rep-
resentation is consistent with the CIBSE Design Guide: Heat Networks, 
which addresses the control of water flow rates and operating tempera-
tures in hydronic networks and notes that the same principles can also be 
applied to cooling networks [57]. The instantaneous demand was then 
implemented by modulating the tank-side mass flow rate according to

𝑚̇𝑓 = 𝑄
𝑐𝑝Δ𝑇

, (7)

Fig. 6. One leg of the Barry Island district system used as the basis for the 
5GDHC retrofit case study.

where 𝑄 (W) is the thermal demand, 𝑐𝑝 is the specific heat capacity of 
water, and Δ𝑇 = 𝑇sup − 𝑇ret . The defined temperature differences were 
therefore 6 ◦C in heating mode and 5 ◦C in cooling mode. Consequently, 
the temporal variation of each demand profile was transferred to the 
hydraulic model through the corresponding variation in the tank-side 
mass flow rate. Fig. 9 shows the resulting combined signed load, where 
positive values denote heating and negative values denote cooling.

3.3.  Heat pump performance (Short term)

The decentralised water-to-water heat pumps must satisfy the build-
ing supply-temperature targets while maintaining acceptable source-
side operating conditions. The selected unit is representative of a 
residential-scale water-to-water heat pump, with a rated heating ca-
pacity of 6 kW and nominal source- and load-side mass flow rates of 
0.33 kg/s. In heating mode, excessive source-side temperature drops re-
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Fig. 7. Heating demand profiles: (a) House 1, (c) House 2, (e) House 3, (g) House 4 and (i) House 5. Cooling demand profiles: (b) House 1, (d) House 2, (f) House 3, 
(h) House 4 and (j) House 5.

Fig. 8. Typical aggregated heating and cooling demand profiles for small shops 
with commercial schedule of Monday–Friday.

duce the evaporating temperature, lower the COP, and increase the risk 
of freezing. To limit this effect, a reference source-side temperature dif-
ference of Δ𝑇S = 6 ◦C was adopted.

The buffer tank temperature was regulated using an on/off control 
strategy adapted from [39], with a hysteresis band of ±2 ◦C around the 
heating or cooling set-point (Fig. 10). On the demand side, the circu-
lation pump tracks the required tank-side mass flow rate through an 
open-loop proportional controller to satisfy the imposed building load. 
On the source side, a higher proportional gain was used to limit devi-
ations in Δ𝑇S and ensure sufficient network-side flow through the heat 
pump. Because the heat pump is represented by non-linear performance 
maps, the controller gains were tuned heuristically to achieve stable be-
haviour without excessive oscillations.

Representative one-week simulations confirm that the intended con-
trol behaviour is achieved. During the heating season for House 1, 
the tank supply temperature, 𝑇sup, remains close to 45 ◦C, with only 
minor reductions observed during periods of higher weekend demand 
(Fig. 11(a), (b)). The network-side heat exchanger operates with a tem-
perature difference of approximately 2.6 ◦C, defined as the difference 
between the inlet and outlet temperatures, 𝑇𝐻𝐸,S,i and 𝑇𝐻𝐸,S,o, while 
the heat-pump source circuit maintains Δ𝑇S ≈ 6 ◦C (Fig. 12(a)–(c)). This 
behaviour supports efficient operation and limits excessively low return 
temperatures to the borehole loop. During cooling operation, the supply-
temperature target is also achieved despite lower and more variable 
loads. Although the heat exchanger then experiences larger tempera-
ture drops due to reduced mass flow rates (Fig. 11(c), (d)), the source-
side temperature difference remains bounded, indicating effective con-
trol (Fig. 12(d)–(f)). Further details of the heat-pump model and the 
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Fig. 9. Combined signed thermal demand of the five dwellings (positive: heat-
ing; negative: cooling).

heating and cooling performance curves employed in the simulations 
are provided in Appendix C.

4.  Simulation results

This section evaluates the coupled behaviour of the borehole field 
and the 5GDHC system under the residential heating and cooling de-
mands introduced in Section 3. The integrated system was simulated 
in TRNSYS over one year for three ground representations and four 
heating-to-cooling ratios. The analysis focuses on: (i) borehole-field inlet 
and outlet temperatures, (ii) soil-layer temperature evolution, (iii) the 
ability of the building interfaces to satisfy the required supply tempera-
tures, and (iv) heat-pump performance through COP and SCOP calcula-
tions. The results are presented in this order to clarify how ground-side 
thermal behaviour propagates through the network and ultimately af-
fects end-use performance and seasonal efficiency.

4.1.  Ground-side thermal response of the borehole field

The borehole layout adopted for the integrated simulations consists 
of one central borehole surrounded by seven equally spaced boreholes 
(Fig. 13). The adopted 4m spacing represents a deliberately compact 
case-study configuration selected to reflect the restricted ground avail-
ability that may arise in urban 5GDHC implementations, rather than a 
generally representative or optimal borehole spacing. The influence of 
borehole spacing is further assessed in Appendix D through additional 
simulations considering spacings of 5, 6, and 8m in comparison with 
the original 4m configuration. Although this layout does not produce 
the highest outlet temperature among the candidate arrangements, Ap-
pendix E shows that it provides a more uniform temperature evolution 
along the borehole depth. In addition, Appendix B shows the effect of 
the selected nodal discretisation on the representation of the stratified 
soil layers. The maximum outlet-temperature difference relative to the 
best-performing layout is only about 0.2 ◦C. Therefore, this geometry 
was selected because it provides a balanced borehole-field response for 
the integrated simulations.

Fig. 14 first presents the results for configuration 𝑘, which repre-
sents an idealised full-depth constant-temperature condition. During the 
heating season, the borehole outlet temperature, 𝑇bh,o,𝑘, remains close to 
11 ◦C, while the inlet temperature, 𝑇bh,i,𝑘, remains near 8 ◦C. During the 
cooling season, the outlet temperature is approximately 20.7 ◦C, while 
the return temperature is about 14.5 ◦C. In both seasons, the borehole 
supply–return temperature difference remains below 6 ◦C. The mass 

flow rate through the system, 𝑚̇𝑓,𝑘, is largely demand-driven: it remains 
close to 1.65 kg∕s during the heating season and varies between approxi-
mately 0.6 and 1.37 kg∕s during cooling, as the cooling demand increases 
and then declines.

Fig. 15 shows the results for borehole configuration 𝑢, which repre-
sents the layered South Wales ground profile with one groundwater-
influenced layer. In contrast to configuration 𝑘, both the inlet tem-
perature, 𝑇bh,i,𝑢, and outlet temperature, 𝑇bh,o,𝑢, now evolve seasonally. 
During the first heating season, the outlet temperature decreases from 
10.9 ◦C to 8.2 ◦C, while the inlet temperature decreases from 7.5 ◦C
to 5.3 ◦C. During cooling, the outlet temperature increases from about 
12.3 ◦C to around 13 ◦C, while the inlet temperature rises from 18.6 ◦C to 
approximately 20 ◦C. Unlike configuration 𝑘, the start of the following 
heating season occurs at slightly higher temperatures than those reached 
at the end of April, indicating partial thermal recharge during summer. 
The mass flow rate, 𝑚̇𝑓,𝑢, remains almost unchanged relative to configu-
ration 𝑘, confirming that the flow is controlled mainly by building-side 
demand rather than by the soil configuration.

The behaviour of configuration 𝑢 is better understood from the soil-
node temperatures shown in Fig. 16; Appendix B provides the reference 
for the layer-node definitions (two nodes for each layer). The thin made-
ground layer exhibits the sharpest response to heat extraction, particu-
larly at node 𝑇𝑏,L1,2,𝑢, which decreases to about 4.5 ◦C. By contrast, the 
deeper mudstone nodes remain warmer, with minimum temperatures 
around 8 ◦C, because of their larger thermal mass. During cooling, all 
active nodes warm up, with the largest increases occurring at 𝑇𝑏,L1,2,𝑢
and 𝑇𝑏,L3,2,𝑢. Overall, the figure shows that summer heat rejection partly 
restores the subsurface thermal state.

The strongest thermal depletion occurs in configuration 𝑣, where the 
groundwater-influenced layer was replaced by soft clay. As shown in 
Fig. 17, the inlet temperature, 𝑇bh,i,𝑣, falls to 3.8 ◦C by the end of the 
first heating season, while the outlet temperature, 𝑇bh,o,𝑣, reaches a min-
imum of approximately 6.2 ◦C. During the cooling season, the outlet 
temperature rises to around 11.8 ◦C, but the system starts this season 
from a colder state than in configurations 𝑘 and 𝑢. After summer, both 
supply and return temperatures increase, indicating partial thermal re-
covery; however, the start of the subsequent heating season remains 
below the corresponding values in the other two configurations. No sig-
nificant changes in mass flow rate are observed compared with config-
urations 𝑘 and 𝑢, confirming that regulation is primarily determined by 
heat-pump operation rather than by the ground-layer configuration.

Fig. 18 confirms that configuration 𝑣 produces greater thermal de-
pletion in the deeper layers, particularly in the mudstone layer, where 
node 1, 𝑇𝑏,L3,1,𝑣, reaches a minimum value of about 7.5 ◦C. This is 
0.7 ◦C lower than the corresponding value in configuration 𝑢, indicating 
stronger net seasonal heat extraction from the soil. Figs. 14–18 show 
a clear ranking of thermal stability: configuration 𝑘 is the most sta-
ble, configuration 𝑢 exhibits moderate seasonal depletion with partial 
recharge, and configuration 𝑣 experiences the largest seasonal drift. Im-
portantly, the borehole-field mass flow rate remains similar across all 
cases. Therefore, the main difference between configurations lies in the 
supply temperature available to the decentralised heat pumps, whereas 
the network hydraulic behaviour, represented by the mass flow rate, 
remains essentially unchanged.

Note: The pronounced temperature variations during the first year 
are primarily associated with the initial thermal transient following the 
start of borehole-field operation. These variations decrease over time as 
the soil-layer temperatures progressively stabilise. After the initial year, 
the annual depletion of the borehole-field outlet temperature is reduced 
to approximately 0.3 ◦C. Further details are provided in the Discussion 
section.

4.2.  Building-side temperature delivery and heat-pump operation

Fig. 19 presents the buffer-tank supply temperature for House 1, 𝑇H1, 
under the three borehole configurations. In heating mode, the controller 
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Fig. 10. Load and source side control structure: tank temperature on/off logic and demand-driven circulation. Note: Nonlinear heat-pump control design is a 
challenging task; gains were tuned heuristically to ensure stable operation.

Fig. 11. House 1 thermal demand conditions: building supply/return temperatures and demand-side tank mass flow rates for (a,b) heating and (c,d) cooling modes.

maintains the 45 ◦C set-point throughout the season, with only short-
duration drops of up to about 2 ◦C during peak demand periods. In 
cooling mode, the 15 ◦C set-point is also maintained, with deviations 
generally below 1.5 ◦C. The three temperature traces almost overlap, 
indicating that the decentralised control strategy can reject moderate 
variations in network temperature and preserve the required service 
level.

The same behaviour is observed for the remaining dwellings 
(Fig. 20). Houses with lower thermal demand, such as Houses 2 and 5, 
show the smallest deviations from the set-point, while Houses 3 and 4 
exhibit slightly larger drops during peak heating periods. Neverthe-
less, all dwellings remain within the controller dead band, and cooling-
season deviations remain small even around the summer peak. These 
results demonstrate that all three borehole representations provide ac-
ceptable thermal performance at the building level.

The mass flow rate, 𝑚̇𝑓 , through the heat-exchanger interface for 
House 1 is shown in Fig. 21. During heating, the flow profiles are al-
most identical for configurations 𝑘, 𝑢, and 𝑣, confirming that the control 
strategy is primarily load-driven. During cooling, configuration 𝑣 pro-
duces a slightly lower flow rate because the colder source side increases 
the temperature difference across the heat exchanger, allowing the same 
cooling duty to be delivered with marginally less circulation. However, 
these differences are small, indicating that the network hydraulics are 
only weakly sensitive to the soil configuration under the adopted control 
strategy.

Fig. 22 presents the instantaneous COP of the heat pump for House 3, 
which has the most demanding heating profile. In heating mode, the 
COP remains broadly between 4.5 and 5.0 for all three cases, indicating 
that the moderate differences in borehole supply temperature do not 
strongly affect instantaneous heating performance at the building side. 
In cooling mode, configuration 𝑘 yields the highest COP because the 

groundwater-stabilised thermal boundary reduces the effective temper-
ature lift. Configurations 𝑢 and 𝑣 begin the cooling season from colder 
ground states and therefore show slightly lower cooling COP values. 
Fig. 23 supports this interpretation by separating heat-pump and pump 
electricity consumption. Here, the subscripts ℎ𝑝, 𝑚, 𝑝, and 𝑠 denote the 
heat pump, main hydraulic pump, primary hydraulic pump, and sec-
ondary hydraulic pump, respectively (see Fig. 1). Configuration 𝑘 tends 
to reduce compressor power slightly, whereas pump power remains sim-
ilar across cases, confirming that the main source of performance vari-
ation is the thermal state of the borehole rather than building-side hy-
draulics.

4.3.  Seasonal efficiency and the role of summer recharge

Table 4 summarises the seasonal coefficient of performance for the 
baseline case. The annual SCOP is highest for configuration 𝑘 (3.69), fol-
lowed by configurations 𝑢 (3.54) and 𝑣 (3.45). This ranking is consistent 
with the ground-side analysis: the more stable the borehole tempera-
ture, the higher the seasonal heat-pump efficiency. However, the differ-
ences remain small, showing that decentralised controls and buffer tanks
attenuate part of the thermal variability before it reaches the building 
supply level. The same trend is observed when separating the first heat-
ing season, SCOP𝑎, from the post-summer heating season, SCOP𝑏; the 
latter is more sensitive to the degree of thermal recovery achieved dur-
ing cooling.

To assess the value of seasonal charging more explicitly, the summer 
cooling demand was reduced to 0, 50, 75, and 100% of the baseline 
cooling load. Fig. 24 shows the outlet temperature, 𝑇o, of the borehole 
field under different cooling demands. Configuration 𝑘 is essentially in-
sensitive to this change because the established constant-temperature 
boundary keeps the borehole temperature nearly fixed. By contrast, con-
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Fig. 12. Heat-pump operating conditions over one week: heat-exchanger inlet/outlet temperatures, source-side inlet/outlet temperatures, and source/load mass flow 
rates for (a–c) heating and (d–f) cooling modes.

Fig. 13. Selected borehole-field layout: one central borehole surrounded by 
seven equally spaced boreholes.

Table 4 
SCOP for the three soil configurations in the baseline 
case.

 Soil layer configuration  SCOPT  SCOP𝑎  SCOP𝑏
𝑘  3.69  3.88  3.65
𝑢  3.54  3.72  3.51
𝑣  3.45  3.63  3.41

figurations 𝑢 and 𝑣 respond clearly to reduced cooling-season heat rejec-
tion. Lower summer charging leads to lower borehole temperatures at 
the start of the next heating season, with a stronger effect observed for 
configuration 𝑣. This indicates that, where the ground is not thermally 
stabilised by groundwater, summer operation affects the thermal state 
available for the following winter.

The SCOP values in Table 5 confirm the same pattern. SCOP𝑎 remains 
unchanged because all cases start from the same initial ground condi-
tion, whereas SCOP𝑏 decreases as cooling-season charging is reduced. 
The largest decrease occurs in configuration 𝑣, followed by configura-
tion 𝑢, while configuration 𝑘 remains unchanged. Therefore, the benefit 
of seasonal borehole charging depends strongly on the thermal recov-
ery characteristics of the site and on the balance between winter heat

Fig. 14. Configuration 𝑘: (a) borehole-field inlet and outlet temperatures; (b) 
mass flow rate through the borehole field.

extraction and summer heat rejection. This result is particularly relevant 
for residentially dominated 5GDHC systems, where heating loads may 
substantially exceed cooling loads.

The resulting SCOP values are also consistent with the ranges re-
ported in previous studies of water-to-water and ground-source heat-
pump systems [58,59], supporting the realism of the predicted seasonal 
performance.

4.4.  Extended district-leg analysis

To assess scalability, this subsection presents the simulation results 
obtained for the extended district-leg configuration defined in the Case 
study description section. The analysis evaluates system performance 
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Fig. 15. Configuration 𝑢: (a) borehole-field inlet and outlet temperatures; (b) 
mass flow rate through the borehole field.

Fig. 16. Configuration 𝑢: soil-node temperatures in the made-ground and mud-
stone layers; the groundwater-influenced layer is represented an idealised con-
stant temperature condition of 12.5 ◦C.

Table 5 
SCOP under different cooling-charge levels.
 Config.  Cooling charge (%)  SCOPT  SCOP𝑎  SCOP𝑏
𝑘  0, 50, 75, 100  3.69  3.88  3.65

𝑢

 0  3.50  3.72  3.41
 50  3.53  3.72  3.46
 75  3.54  3.72  3.50
 100  3.54  3.72  3.51

𝑣

 0  3.39  3.63  3.27
 50  3.44  3.63  3.37
 75  3.45  3.63  3.41
 100  3.45  3.63  3.41

Fig. 17. Configuration 𝑣: (a) borehole-field inlet and outlet temperatures; (b) 
mass flow rate through the borehole field.

Fig. 18. Configuration 𝑣: soil-node temperatures in the made-ground, soft-clay, 
and mudstone layers.

Fig. 19. House 1 buffer-tank supply temperature under borehole configurations 
𝑘, 𝑢, and 𝑣.
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Fig. 20. Supply temperature delivered to Houses 2–5 under borehole configurations 𝑘, 𝑢, and 𝑣.

Fig. 21. House 1 mass flow rate through the heat-exchanger interface for bore-
hole configurations: (a) 𝑘, (b) 𝑢, and (c) 𝑣.

under the increased and diversified demand of the complete network 
using the corresponding borehole-field and pipe-sizing assumptions es-
tablished previously.

Given space limitations in the discussion of the extended case study, 
only the most conservative ground condition, namely configuration 𝑣, 

Fig. 22. Heat-pump COP for House 3 under borehole configurations: (a) 𝑘, (b) 
𝑢, and (c) 𝑣.

was selected. Even under this no-groundwater assumption, the bore-
hole field remains capable of supplying the network without reaching 
critically low temperatures during heating operation (see Fig. 25). Al-
though the larger and more diverse demand increases short-term vari-
ability, the decentralised heat pumps continue to satisfy the required 
supply-temperature set-points across the connected dwellings and shops. 
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Fig. 23. Electrical power consumption for House 3: (a) heat-pump compressor and circulation pumps ((b) main pump, (c) primary pump and (d) secondary pump) 
for configurations 𝑘, 𝑢, and 𝑣.

Fig. 24. Borehole-field temperatures under different summer cooling-charge 
levels for configurations: (a) 𝑘, (b) 𝑢, and (c) 𝑣.

This final test therefore indicates that the coupled borehole–5GDHC
framework remains operational when the system is scaled beyond the re-
duced residential case, while also confirming that the no-groundwater 
configuration provides a useful conservative bound for design assess-
ment.

5.  Discussion

The results indicate that integrating a fifth-generation district heat-
ing and cooling (5GDHC) network with a borehole field and decen-
tralised water-to-water heat pumps is technically feasible for the case 

study considered. The simulations show that the required building sup-
ply temperatures can be maintained while operating with source tem-
peratures consistent with residential-scale water-to-water heat pumps. 
However, the extent to which these findings can be generalised depends 
on four practical factors: soil characterisation, heat-pump performance, 
retrofit requirements in existing dwellings, and the annual heating-to-
cooling ratio.

Soil characterisation is the first major source of uncertainty because 
soil properties and groundwater flow directly govern borehole heat ex-
change and long-term thermal recovery. Errors in the assumed ground 
layering, thermal conductivity, heat capacity, or groundwater influence 
propagate into the predicted borehole temperatures and, consequently, 
into COP and SCOP estimates. This effect is evident in the compar-
ison between configurations 𝑘, 𝑢, and 𝑣: the groundwater-influenced 
constant-temperature case maintains the highest and most stable tem-
peratures, whereas the no-groundwater case experiences the strongest 
thermal depletion. In practice, borehole logs, thermal response tests, 
and hydrogeological assessments would be required to reduce this un-
certainty and better constrain layered ground models.

A second important factor is the heat-pump performance adopted in 
the simulations. The performance maps used here show only moderate 
COP variation over the source-temperature range considered, leading 
to relatively stable temperature differences across the heat pump. This 
moderates the thermal stress imposed on the borehole field and helps 
explain the gradual variation in 𝑇bh,o during heating and after summer 
recharge. Therefore, ground thermal evolution depends not only on the 
net extracted and injected loads but also on how strongly the heat-pump 
operating point changes with source-side conditions. In the present case, 
the assumption of a constant load-side inlet temperature of 39 ◦C con-
tributed to this stable behaviour.

The adopted COP range is also consistent with the literature. Bilardo 
et al. [60] reported COP values between 3.4 and 3.7 for water-to-water 
heat pumps in a 5GDHC system with source inlet temperatures between 
5 and 10 ◦C. Viviescas et al. [61] reported COP values between 4.0 
and 4.3 for source temperatures between 10 and 15 ◦C, while Ohtani et 
al. [62] showed similarly small COP variations with source temperature. 
Comparable values were also reported by Emmi et al. [58,59]. These 
studies support the realism of the heat-pump representation adopted 
here.

Third, retrofit requirements remain an important limitation for 
application in the existing housing stock. Even when the borehole 
field and ambient loop provide suitable source temperatures, many 
dwellings would still require an interface substation, low-temperature 
emitters, and, in some cases, fabric improvements or emitter upgrades. 
Domestic hot-water provision may introduce additional complexity 
through storage, pasteurisation, or auxiliary electric boosting, thereby 
increasing electricity demand and affecting both network and bore-
hole operation. The present results should therefore be interpreted 
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Fig. 25. Borehole field inlet and outlet temperatures for whole district heating system with 6 residential buildings and 6 shops.

as evidence of system-level feasibility under the assumed building-
side conditions, rather than as being directly applicable to all existing
homes.

The most critical issue for long-term operation is the annual heating-
to-cooling ratio. To examine its effect, balanced and unbalanced condi-
tions were compared using the no-groundwater configuration, 𝑣. The 
balanced case was created by imposing a hypothetical constant cooling 
demand so that the annual heating-to-cooling ratio became 1:1, mean-
ing that winter heat extraction was approximately offset by summer heat 
injection. Fig. 26 shows the resulting balanced load profile.

The effect of this balance becomes clear in Fig. 27. Under heating-
dominated operation, with a heating-to-cooling ratio of 2.1:1, the bore-
hole field exhibits progressive thermal drift over three years. Although 
the largest temperature variation occurs during the initial year of opera-
tion, the annual depletion of the borehole-field outlet temperature sub-
sequently decreases to approximately 0.3 ◦C (see Fig. 27). This reduced 
rate is associated with the progressive stabilisation of the soil-layer tem-
peratures shown in Fig. 28 and supports the potential for an extended 
operating lifetime. Nevertheless, the continuing downward trend con-
firms that the imbalance between heat extraction and injection still af-
fects long-term thermal performance. If maintained over longer periods, 
this imbalance would increase the likelihood of approaching freezing 
conditions near the borehole.

By contrast, the balanced case remains much more stable. In 
Fig. 27(b), 𝑇bh,o,𝑟 remains close to its initial value of about 10.5 ◦C after 
the first charging season, while 𝑇bh,i,𝑟 stays near 7.5 ◦C. This shows that, 
when summer heat injection offsets winter heat extraction, the borehole 
field can maintain acceptable thermal conditions and long-term drift is 
substantially reduced.

The same conclusion is supported by the soil-node temperatures in 
Fig. 28. Under balanced operation, the node temperatures remain ap-
proximately stable after the first annual cycle. Under heating-dominated 
operation, the soil-layer temperature variations become substantially 
smaller after the initial year, indicating that the borehole field progres-
sively approaches a more stable thermal regime. However, the deeper 
nodes continue to decline gradually, demonstrating that thermal stabil-
isation does not eliminate the cumulative effect of the annual energy 
imbalance.

Fig. 26. Combined signed thermal demand used to impose the balanced case 
with a heating-to-cooling ratio of 1:1.

An additional practical consideration is the response of the system 
during periods of high aggregated heating demand or progressive re-
duction of the borehole-field temperature. In the present configuration, 
a central heat pump is not required to maintain the building supply 
temperature because the temperature lift is provided by the decen-
tralised water-to-water heat pumps. Consequently, a reduction in the 
borehole outlet temperature reduces the temperature available to the 
decentralised water-to-water heat pumps at the building substations, 
increasing the required temperature lift and electrical consumption and 
ultimately reducing their COP. Within the operating range investigated 
here, including the extended district-leg case with six dwellings and six 
shops, for which the borehole-field capacity was increased to accom-
modate the higher aggregated heating demand, and the conservative 
no-groundwater configuration, the decentralised heat pumps remained 
capable of maintaining the required building supply-temperature set-

Energy & Buildings 373 (2026) 118398 

16 



H. Bastida et al.

Fig. 27. Three-year borehole-field temperatures for the no-groundwater configuration: (a) heating-dominated operation; (b) balanced operation after seasonal 
recharge.

Fig. 28. Three-year soil-node temperature evolution for the no-groundwater configuration under balanced and heating-dominated operation: (a) Layer 1, (b) Layer 2, 
and (c) Layer 3.

points without the borehole field reaching critically low temperatures. 
However, this result should not be interpreted as implying unlimited 
heat-extraction capability. If higher peak loads beyond the design con-
ditions were to reduce the borehole temperature below the admissible 
operating range of the decentralised water-to-water heat pumps, addi-
tional thermal input, load management, increased borehole capacity, or 
an auxiliary heat source would be required.

Overall, the results suggest that the long-term value of borehole ther-
mal storage in 5GDHC systems depends less on short-term feasibility, 
which was achieved in all simulated cases, and more on whether the an-
nual energy balance allows the ground to recover. The reduced outlet-
temperature depletion after the initial year indicates the potential for 
extended operation; however, maintaining a suitable balance between 
heat extraction and injection remains essential for limiting long-term 
thermal drift. In practice, this balance may be improved not only by 

space-cooling demand, but also by solar-assisted charging, low-grade 
waste-heat recovery, or operational strategies that promote summer 
heat injection. For heating-dominated residential networks, the heating-
to-cooling ratio should therefore be treated as a key design and opera-
tional parameter.

6.  Conclusions

This paper developed and applied an integrated modelling frame-
work to evaluate seasonal borehole heat exchangers (BHEs) within a 
fifth-generation district heating and cooling (5GDHC) network supply-
ing decentralised water-to-water heat pumps. The framework, imple-
mented in TRNSYS, simulates both short-term operation and seasonal in-
teractions between the borehole field, the bidirectional low-temperature 
network, building-level substations, and residential heating and cooling 
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demands. In this way, the study links hourly operational behaviour with 
the longer-term thermal evolution of the ground.

A real network layout in Barry Island, Wales, was used as the case 
study, with the existing thermal source replaced by a borehole field cou-
pled to decentralised heat pumps. The results confirmed strong thermal 
coupling between the ground and the network. The borehole supply 
temperature was governed by the aggregated network return temper-
ature, while the network return temperature was shaped by local heat-
pump operation, control strategy, and source-side conditions. Despite 
this coupling, the decentralised water-to-water heat pumps were able to 
maintain the required building supply temperatures in both heating and 
cooling modes, showing that local control can provide effective energy 
management within a low-temperature 5GDHC architecture.

The comparison of the three soil configurations showed that sub-
surface conditions strongly influence borehole-field behaviour. The ide-
alised groundwater influenced, temperature-stabilised configurations 
produced the most stable borehole temperatures, whereas the no-
groundwater influenced temperature case exhibited the strongest sea-
sonal depletion. Nevertheless, the three-year simulation of this most un-
favourable configuration showed that the pronounced first-year thermal 
response was followed by an annual borehole-field outlet-temperature 
depletion of approximately 0.3◦C. This reduced rate coincided with pro-
gressively smaller variations in the soil-layer temperatures, indicating 
partial thermal stabilisation after the initial operating year and the po-
tential for an extended operating life. However, the continuing down-
ward trend under heating-dominated conditions confirms that the an-
nual imbalance between heat extraction and injection still affects long-
term performance. The results also showed that the borehole field can 
operate both as a short-term source/sink and as a seasonal thermal store. 
Heat rejected during the cooling season partially recharged the ground 
and increased the source temperature available for the following heat-
ing season. This seasonal benefit was modest under the baseline loads 
but became more evident when the heating-to-cooling ratio was varied.

Heat-pump COP and SCOP remained within realistic ranges and 
showed only moderate sensitivity to the source-temperature variations 
predicted in the simulations. This indicates that the proposed concept is 
technically robust under the operating conditions considered. However, 
the results also highlighted the importance of local control. Regulating 
the mass flow rate to maintain bounded source-side temperature dif-
ferences was essential to avoid excessive thermal depletion, preserve 
heat-transfer capacity, and satisfy building loads.

Overall, the study shows that integrating BTES with a 5GDHC net-
work and decentralised water-to-water heat pumps is technically feasi-
ble. However, its long-term performance depends on appropriate heat-
pump performance over the expected operating range, effective decen-
tralised control, and a sufficiently balanced annual heating-to-cooling 
ratio. Although the reduced depletion after the initial year supports the 
potential for extended operation, it does not eliminate the cumulative 
effect of a persistent thermal imbalance. For residentially dominated 
systems, where heating demand exceeds cooling demand, supplemen-
tal summer charging is likely to be required to avoid long-term thermal 
drift in the borehole field.

Future work should therefore focus on alternative charging strate-
gies, including solar-assisted heat injection and the recovery of low-
grade waste heat, together with techno-economic assessment. In addi-
tion, incorporating the dynamic thermal behaviour of residential build-
ings would improve the accuracy of the analysis by providing a more 
realistic representation of interactions with building demand. These as-
pects are needed to quantify the operational and lifecycle value of sea-
sonal BTES in practical 5GDHC deployments.
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Appendix A.  Mathematical models of main 5GDHC network 
components

This appendix summarises the mathematical models used for the 
main auxiliary components of the 5GDHC network, namely the buffer 
tank, heat exchanger, and hydraulic pump. These component models 
are not developed here in detail, as they are adopted from [39]. For 
completeness, only the main governing equations and assumptions are 
presented, while the reader is referred to [39] for further derivation and 
implementation details.

The buffer tank is modelled as a fully mixed volume; therefore, 
its temperature is assumed to be uniform at each time step. A finite-
difference energy balance is used to update the tank temperature from 
time 𝑡 to 𝑡 + Δ𝑡:

𝑇 𝑏𝑡
𝑡+Δ𝑡 = 𝑇 𝑏𝑡

𝑡 +

(

𝑄ℎ𝑝 −𝑄𝑏𝑡
o + 𝑈 𝑏𝑡𝐴𝑏𝑡(𝑇 𝑎𝑚𝑏 − 𝑇 𝑏𝑡

𝑡
))

Δ𝑡
𝑐𝑝𝑚𝑏𝑡 , (A.1)

where 𝑇 𝑏𝑡
𝑡  is the tank temperature at the start of the time step, 𝑄ℎ𝑝 is 

the heat-transfer rate from the heat pump to the tank, which is negative 
in cooling mode, 𝑄𝑏𝑡

o  is the heat extracted from the tank by the load 
side, 𝑚𝑏𝑡 is the water mass in the tank, 𝑈 𝑏𝑡 is the overall tank heat-
transfer coefficient, 𝐴𝑏𝑡 is the tank surface area, and 𝑇 𝑎𝑚𝑏 is the ambient 
temperature surrounding the tank.

The heat exchanger is modelled as a counter-flow unit using the 
effectiveness–NTU method. The heat-exchanger effectiveness is defined 
as

𝜀 = 𝑄ℎ𝑥

𝑐ℎ𝑥min

(

𝑇 ℎ𝑥
ℎ,i − 𝑇 ℎ𝑥

𝑐,i

) , (A.2)

where 𝑄ℎ𝑥 is the heat-transfer rate, 𝑐ℎ𝑥min is the minimum heat-capacity 
rate between the hot and cold streams, and 𝑇 ℎ𝑥

ℎ,i  and 𝑇 ℎ𝑥
𝑐,i  are the inlet 

temperatures of the hot and cold streams, respectively.
For a counter-flow heat exchanger, the effectiveness is given by

𝜀 =

⎧

⎪

⎨

⎪

⎩

1 − exp [−𝑁𝑇𝑈 (1 − 𝑟)]
1 − 𝑟 exp [−𝑁𝑇𝑈 (1 − 𝑟)]

, 𝑟 < 1,

𝑁𝑇𝑈
1 +𝑁𝑇𝑈

, 𝑟 = 1,
(A.3)

with

𝑟 =
𝑐ℎ𝑥min

𝑐ℎ𝑥max
, (A.4)

and

𝑁𝑇𝑈 = 𝑈ℎ𝑥𝐴ℎ𝑥

𝑐ℎ𝑥min

, (A.5)
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where 𝑈ℎ𝑥𝐴ℎ𝑥 is the overall heat-transfer conductance.
Once 𝑄ℎ𝑥 is obtained, the outlet temperatures of the hot and cold 

streams are calculated as

𝑇 ℎ𝑥
ℎ,o = 𝑇 ℎ𝑥

ℎ,i −
𝑄ℎ𝑥

𝑐ℎ𝑥ℎ
, (A.6)

𝑇 ℎ𝑥
𝑐,o = 𝑇 ℎ𝑥

𝑐,i + 𝑄ℎ𝑥

𝑐ℎ𝑥𝑐
, (A.7)

where 𝑐ℎ𝑥ℎ  and 𝑐ℎ𝑥𝑐  are the heat-capacity rates of the hot and cold streams, 
respectively.

The hydraulic pump is represented through its pressure-rise require-
ment and electrical power consumption. The pump power is calculated 
from the water mass flow rate, 𝑚̇, the pressure increase across the pump, 
Δ𝑝, the water density, 𝜌, and the overall pump efficiency, 𝜂:

𝑃 =
𝑚̇Δ𝑝
𝜌𝜂

. (A.8)

This formulation gives the electrical power required to deliver the pre-
scribed mass flow rate through the hydraulic circuit. The models pre-
sented above are sufficient for the integrated annual simulations carried 
out in this work.

Appendix B.  Stratification effect on the accuracy results

Although the composite borehole model was previously validated 
in [29], a sensitivity analysis of the number of nodes was carried out 
here to justify the reduced discretisation adopted in the main study, 
particularly in the thickest soil layer, Layer 3, which is 170 m deep. 
In the finite line-source (FLS) formulation, increasing the number of 
nodes also increases the size of the algebraic system solved at each time 
step. For the eight-borehole field considered here, the baseline six-node 
model requires approximately 287 equations and around 180 min of 
computing time for one year of simulation in TRNSYS on a computer 
with a 13th Gen Intel Core i5-1335U processor at 1.30 GHz and 16 GB 
RAM. By contrast, refining Layer 3 to 20 nodes, giving 24 nodes in total 
(Fig. B.29), increases the system size to approximately 1295 equations 
and the simulation time to about 48 h. This comparison highlights the 
need to balance thermal resolution against computational cost.

Figs. B.30 and B.31 compare the soil-node temperatures predicted 
by the six-node model, denoted by subscript 𝐴, and the 24-node model, 
denoted by subscript 𝐵. In Layers 1 and 2, the effect of refinement is lim-
ited. The maximum deviations are about 0.5 ◦C in Layer 1 and 0.62 ◦C in 
Layer 2. The refined discretisation produces a slightly smoother thermal 
response.

The largest differences appear in Layer 3 (Fig. B.31), where the re-
fined discretisation resolves the vertical temperature evolution more 
clearly during summer charging. In particular, the 24-node model cap-
tures a change in the ordering of node temperatures with depth, as mid-

Fig. B.29. Axial discretisation schemes used to assess the effect of stratification: 
baseline six-node model and refined 24-node model.

layer nodes warm more rapidly than deeper nodes during the charging 
period. This behaviour is less evident in the six-node model because the 
coarser discretisation smooths the axial temperature gradient. However, 
the overall seasonal trend remains similar in both models.

Despite these node-level differences, the impact on the main system-
level outputs is small. Fig. B.32 compares the borehole-field inlet and 
outlet temperatures predicted by both models. Because the heat-pump 
on/off controller responds to supply temperatures, differences between 
the two discretisations are most apparent during summer operation and 
seasonal transitions. To quantify these differences, filtered inlet and out-
let temperature signals were compared for the six-node model, 𝐴′, and 
the 24-node model, 𝐵′. The maximum inlet-temperature error is about 
1.5 ◦C, occurring mainly during the transition from heating to cooling, 
with a mean squared error of 0.28. For the outlet temperature, the max-
imum error is about 0.8 ◦C, with a mean squared error of 0.27.

Overall, the baseline six-node discretisation is adequate for the 
system-level analysis carried out in this work. Although the refined 
24-node model provides greater detail in representing axial tempera-
ture gradients, especially in the thickest layer during summer charging, 
its influence on borehole inlet and outlet temperatures is limited rela-
tive to the substantial increase in computational cost. Therefore, the re-
duced discretisation offers an appropriate compromise between numer-
ical resolution and simulation efficiency for annual integrated-system
studies.
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Fig. B.30. Comparison of soil-node temperatures between the six-node and 24-node borehole models for: (a) Layer 1 and (b) Layer 2.

Fig. B.31. Temperature of the nodes in layer 3 of the 6 and 24 nodes borehole 
models.

Appendix C.  Heat-pump model and performance curves

Each building was connected to the 5GDHC network through a de-
centralised single-stage water-to-water heat pump represented using 
TRNSYS Type 927. The heat pump employed in the analysis has a rated 
heating capacity of (6 kW) and nominal source- and load-side mass flow 
rates of (0.33 kg/s). The source side is connected to the ambient network 
and borehole field, whereas the load side supplies heating or cooling to 
the building-side buffer tank.

Separate heating and cooling performance maps define the load-side 
thermal capacity and electrical power consumption as functions of the 
source-side entering-fluid temperature, load-side entering-fluid temper-
ature, source-side mass flow rate, and load-side mass flow rate. At each 
simulation time step, Type 927 interpolates within the corresponding 
performance map using the instantaneous operating conditions. The 
heating and cooling coefficients of performance are calculated as (COP𝐻
= 𝑄𝐻∕𝑃𝐻 ) and (COP𝐶 = 𝑄𝐶∕𝑃𝐶 ), where (𝑄𝐻 ) and (𝑄𝐶 ) are the useful 
heating and cooling capacities, respectively, and (𝑃𝐻 ) and (𝑃𝐶 ) are the 
corresponding electrical power inputs. Consequently, the model does 
not assume a constant COP; instead, the heat-pump capacity, electrical 
consumption, and COP vary with the source- and load-side operating 
conditions.

Fig. C.33(a) presents the heating performance map of the water-to-
water heat pump used in this study. The map comprises four curves cor-
responding to constant load-side entering-fluid temperatures of 35◦C, 
40◦C, 45◦C, and 50◦C. The source-side entering-fluid temperature range 

Fig. B.32. Comparison between the six-node and 24-node borehole models for 
borehole-field inlet and outlet temperatures: (a) filtered temperature signals; (b) 
resulting error between both discretisations.

from 5◦C to 10◦C, which represents the operating region relevant to the 
annual simulations, is highlighted by dashed lines. Within this region, 
the COP values relevant to the simulated operating conditions range 
from approximately 3.95 to 4.70 for the 40◦C curve. For a given load-
side temperature, the COP increases as the source-side temperature rises 
because the required temperature lift is reduced. Conversely, at a given 
source-side temperature, the COP decreases as the load-side temperature 
increases.

Fig. C.33(b) shows the influence of the source- and load-side mass 
flow rates at source-side entering-fluid temperatures of 6◦C, 8◦C, and 
10◦C, and a load-side entering-fluid temperature of 39◦C. The sub-
scripts 𝑎, 𝑏, and 𝑐 denote constant load-side mass flow rates of 0.10 kg/s, 
0.20 kg/s, and 0.33 kg/s, respectively, while the source-side mass flow 
rate varies from 0.10 kg/s to 0.33 kg/s. Because both inlet tempera-
tures remain constant within each set of curves, the observed COP in-
crease is attributable to the higher mass flow rates. Overall, the hy-
draulic conditions produce a COP variation of approximately 0.7–0.8
units.
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Fig. C.33. Heating-mode COP performance: (a) temperature performance map and (b) mass-flow-rate performance curves.

Fig. C.34. Cooling-mode COP performance: (a) temperature performance map and (b) mass-flow-rate performance curves.

Fig. C.34(a) presents the cooling COP curves for constant load-side 
entering-fluid temperatures of 10◦C, 15◦C, 20◦C, and 25◦C, while the 
source-side entering-fluid temperature varies from 10◦C to 25◦C. This 
source-temperature range covers the borehole-field outlet temperatures 
encountered during summer operation. At a load-side temperature of 
20◦C, the COP decreases from 5.45 to 4.80 as the source-side tempera-
ture increases from 10◦C to 15◦C, because heat rejection becomes less 
favourable and the temperature lift increases.

Fig. C.34(b) shows the influence of the mass flow rates at a constant 
load-side entering-fluid temperature of 20◦C and source-side temper-
atures of 10◦C, 12.5◦C, and 15◦C. The subscripts 𝑎, 𝑏, and 𝑐 denote 
constant load-side mass flow rates of 0.10kg∕s, 0.20kg∕s, and 0.33kg∕s, 
respectively, while the source-side mass flow rate varies from 0.10kg∕s
to 0.33kg∕s. Because both inlet temperatures remain constant within 
each set of curves, the observed COP variation is attributable to the 
mass flow rates. The COP increases with the source-side mass flow rate, 
while higher load-side mass flow rates shift the curves towards higher 
COP values. Overall, the hydraulic conditions produce a COP variation 
of approximately 0.8–0.9 units.

Appendix D.  Effect of inter-borehole spacing

To assess the influence of the compact 4 m spacing adopted in the 
main analysis, additional simulations were performed for inter-borehole 
distances of 5, 6, and 8 m using the Option 4 field arrangement defined 
in Appendix E. All cases were simulated under identical operating con-
ditions using configuration 𝑣, without groundwater influence, as this 
represents the most thermally challenging ground condition considered 
in the study. Since the objective of this work is the integration of the 

borehole field with the 5GDHC system rather than optimisation of bore-
hole spacing, the comparison was limited to the most relevant ground-
side variables: borehole-field inlet and outlet temperatures and soil-
layer temperatures. A broader sensitivity analysis including network- 
and building-side variables would require a substantially larger para-
metric study and is therefore beyond the scope of the present work.

Fig. D.35 compares the borehole-field outlet and inlet temperatures 
for spacings of 4, 5, 6, and 8 m. The subscripts 4m, 5m, 6m, and 8m de-
note the corresponding inter-borehole distances. As expected, increasing 
the spacing reduces thermal interference and results in higher borehole 
outlet temperatures. The differences are more noticeable during the ini-
tial thermal transient; however, as the ground approaches a more sta-
ble seasonal response, the differences relative to the 4 m case become 
comparatively small. By the end of the second heating season, the out-
let temperature is approximately 0.2 ◦C higher for 5 m spacing, 0.5 ◦C 
higher for 6 m, and 0.8 ◦C higher for 8 m.

Fig. D.36 shows the corresponding temperature evolution of the six 
soil nodes. Increasing the borehole spacing reduces the thermal inter-
action between neighbouring boreholes, with the 8 m case showing the 
smallest temperature disturbance. Nevertheless, after the initial tran-
sient, the soil temperatures also progressively approach a more stable 
seasonal behaviour, and the difference at the deepest node, 𝑁6, remains 
approximately 1 ◦C between the 4 and 8 m cases. Although larger spac-
ing improves thermal performance, urban borehole installations may be 
constrained by available ground area. The results therefore indicate that 
the adopted 4 m spacing provides acceptable thermal conditions under 
the restrictive conditions considered, supporting its use as a compact 
case-study configuration rather than as a generally optimal borehole 
spacing.
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Fig. D.35. Effect of inter-borehole spacing on borehole-field temperatures: (a) outlet temperature and (b) inlet temperature for spacings of 4, 5, 6, and 8 m.

Fig. D.36. Effect of inter-borehole spacing on the temperature evolution of the 
six soil-layer nodes for spacings of 4, 5, 6, and 8 m.

Appendix E.  Borehole field configuration

A borehole spacing of 4m was adopted in the present case study as a 
compact configuration intended to represent the spatial constraints that 
may arise in urban 5GDHC implementations. This value is not intended 
to represent a generally applicable or optimal borehole spacing; rather, 
it provides a restrictive configuration for assessing whether acceptable 
thermal performance can be maintained when the available ground area 
is limited. The influence of this assumption is further assessed through 
additional simulations with borehole spacings of 5, 6, and 8m. For com-
pleteness, five eight-borehole field arrangements were also assessed in 
the present work, including the layout selected for the main analysis: 
Option 1, with one central borehole surrounded by seven peripheral 
boreholes.

To isolate the influence of borehole-field geometry from the ad-
ditional assumptions associated with the simplified groundwater rep-
resentation, the layout comparison was conducted using the no-
groundwater configuration, configuration 𝑣. The comparison there-
fore represents conduction-dominated conditions only and does not ac-
count for direction-dependent thermal-plume transport or upstream-
downstream interference caused by groundwater advection. The four 
alternative layouts are shown in Fig. E.37: a near-matrix arrangement 
(Option 2), a triangular arrangement (Option 3), a diamond-shaped ar-
rangement (Option 4), and two rows of four boreholes (Option 5). All 
configurations were simulated over one year under identical operating 
conditions.

Fig. E.37. Alternative eight-borehole field configurations evaluated: (a) Option 
2, (b) Option 3, (c) Option 4 and (d) Option 5.

Since each arrangement contains eight boreholes and each borehole 
is discretised into six axial nodes, a complete node-by-node comparison 
would be unnecessarily extensive. Instead, three global indicators were 
used to compare the layouts: (i) the minimum soil-node temperature, 
(ii) the maximum soil-node temperature, and (iii) the borehole outlet 
temperature. For indicators (i) and (ii), the extreme values may occur 
in different boreholes within the same configuration.

Figs. E.38 and E.39 present the minimum and maximum soil-node 
temperatures for each layout, where the subscript optX identifies the 
corresponding option. The results show only slight differences between 
configurations, indicating that the field arrangement has a relatively 
limited influence under the conditions analysed. Among the five op-
tions, Option 4 exhibits the strongest spatial non-uniformity, with both 
the lowest minimum temperatures and the highest maximum temper-
atures across the field. Option 5 gives the warmest minimum tem-
peratures, whereas Option 1 gives the lowest maximum temperatures. 
The range of maximum soil-node temperatures is small, approximately 
0.12–0.37 ◦C, while the difference in minimum temperature is larger, 
around 0.33–0.8 ◦C. Overall, these results suggest that layout mainly 
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Fig. E.38. Minimum soil-node temperatures over the annual simulation for the 
five borehole-field configurations.

Fig. E.39. Maximum soil-node temperatures over the annual simulation for the 
five borehole-field configurations.

affects the uniformity of the thermal field rather than producing major 
differences in average thermal performance.

The comparison of borehole-field outlet temperatures in Fig. E.40 
leads to the same conclusion. In heating mode, where a higher outlet 
temperature is desirable, the sensitivity to layout is limited: the differ-
ence between the best case, Option 5, and the least favourable case, Op-
tion 4, is only about 0.25 ◦C. Under the heat-pump performance assumed 
in this study, such a difference is too small to produce a meaningful 
change in COP and is therefore secondary compared with other uncer-
tainties, such as soil properties or seasonal load imbalance. In cooling 
mode, the relative ranking is partially reversed, with Option 4 giving the 
warmest outlet temperature and therefore the least favourable cooling 
performance.

Given these small differences, Option 1 was selected for the main 
analysis because it provides intermediate behaviour between the most 
and least favourable cases, while also promoting a relatively uniform 
thermal response across the field. Therefore, under the operating con-
ditions considered in this work, the overall conclusions are negligi-

Fig. E.40. Borehole outlet temperature over the annual simulation for the five 
borehole-field configurations.

bly sensitive to the eight-borehole arrangement. Therefore, under the 
conduction-dominated conditions represented by configuration 𝑣, and 
for the borehole spacing and operating conditions considered in this 
study, the system-level results show limited sensitivity to the five in-
vestigated eight-borehole arrangements. This conclusion should not be 
extrapolated to sites with significant directional groundwater advec-
tion. Option 1 was consequently selected as a representative and ther-
mally balanced arrangement for the subsequent system-level simula-
tions, rather than as a groundwater-specific optimum.
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