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H I G H L I G H T S

• A novel heat pump integration method is introduced in a real low-carbon building.
• The new system extracts 27 % more ground heat via a better thermal balanced layout.
• Initial investment rises 11 %, while NPV increases by 20 % over the 20-year horizon.
• Annual heating cost falls by 29 % using a dynamic, seasonally adaptive controller.
• CO₂ emissions drop, reaching 22.6 kg/MWh via a smart hybrid system operation.
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A B S T R A C T

Thermal energy demand in buildings represents one of the largest contributors to global energy use and CO₂ 
emissions. Advanced thermal energy systems, including borehole thermal energy storage (BTES) integrated with 
highly intelligent air handling units, offer promising solutions to reduce emissions while ensuring affordable and 
reliable comfort. This study examines a state-of-the-art commercial building in Uppsala, Sweden, that already 
employs a fossil-free and highly efficient BTES–district heating configuration. Although this system is well- 
designed and operates intelligently, it still has important limitations, including underutilization of borehole 
potential, limited thermodynamic efficiency from direct-use exchange, and a lack of flexibility under varying 
energy tariffs. Therefore, this work aims to make an already smart and efficient system even smarter by inte
grating a ground source heat pump with adaptive seasonal energy management. A comparative benchmarking 
analysis is carried out using validated TRNSYS simulations and real operational data to evaluate performance, 
economic viability, and environmental outcomes. The results show that integrating a clever heat pump system 
enhances the annual heat extraction from the ground by approximately 27 %, resulting in a 29 % decrease in 
overall heating costs, and improves long-term savings by around 20 %, despite an 11 % rise in upfront invest
ment. Environmentally, the enhanced system substantially reduces CO₂ emissions, cutting the annual impact by 
more than 90 % compared to the current configuration, aligning with the Swedish zero-emission targets. 
However, the operational cost savings strongly depend on peak heat (power) costs, which are expected to rise 
under policymakers’ frameworks. This indicates that the long-term viability of adding heat pumps in Sweden is 
shaped not only by technical performance and CO2 savings but also by evolving local energy price structures. Yet, 
the considerable CO₂ savings helped by Sweden’s green electricity mix and the opportunity to enjoy hourly spot- 
price variability through advanced controllers make heat pump integration a compelling option for future- 
proofing ultra-efficient buildings.
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1. Introduction

In alignment with UN Sustainable Development Goal 7, which ad
vocates for affordable and clean energy, it is essential to address heating 
demand in cold climates, particularly in northern Europe and Scandi
navia, where it constitutes approximately 60–70 % of total building 
operational energy use [1,2]. As buildings transition to low-energy or 
nearly zero-energy norms, the imperative to fulfill heating demands 
efficiently while reducing reliance on fossil-fuel-based district heating 
systems intensifies [3]. This necessitates designing and implementing 
intelligent heating, ventilation, and air conditioning (HVAC) systems 
that adjust to variable loads, incorporate more renewable energy sour
ces, and reduce peak energy use and operational expenses [4].

Ground resources in cold climates offer significant potential for 
renewable energy, as they maintain stable and predictable tempera
tures, particularly at depths exceeding 200 m. This characteristic makes 
them an effective medium for both passive and active thermal energy 
exchange. In Sweden, the natural temperature stability allows the 
ground to function as a renewable source for both heating and cooling 
[5]. Drilling boreholes and installing borehole thermal energy storage 
systems enable buildings to utilize stored energy seasonally, allowing for 
the accumulation of excess heat in summer and its extraction during 
winter [6]. Numerous studies have shown the potential and effective
ness of borehole thermal energy storage. For instance, Shah et al. [7] 
created a validated TRNSYS model to evaluate a seasonal solar thermal 
energy storage system utilizing borehole storage in six cold-climate lo
cations. Their findings indicated that the system may satisfy more than 
90 % of annual room heating needs while preserving stable ground 
temperatures through solar charging. Giordano and Raymond [8] 
developed and modeled a borehole thermal energy storage system in 
subarctic Kuujjuaq, Canada, to evaluate its viability under extreme cold 
temperatures. They determined that these systems can recover over 60 
% heat by the third year and substantially decrease diesel use. Ekmekci 
et al. [2] modeled a borehole thermal energy storage system for resi
dential heating in Sweden. By the fifth year, they determined the system 
could fulfill all heating demands using stored energy, providing practi
cally costless and emission-free heating. Fiorentini et al. [9] developed 
an advanced system utilizing borehole thermal energy storage, 
achieving emissions reductions of up to 43.7 % with minimal additional 
costs, thereby enhancing the efficiency and climate responsiveness of 
BTES systems. Saitoh and Yamaguchi [10] introduced a seasonal ther
mal energy storage system that utilizes 100-m-deep boreholes to heat 
and cool high-story buildings. The simulations demonstrated that the 
system efficiently reuses waste heat from summer and cold from winter, 
providing energy efficiency and potential reductions in CO₂ emissions in 
urban environments.

Although passive systems have demonstrated effectiveness, their 
capacity to collect heat is inherently constrained by temperature dif
ferentials. Heat pumps, particularly water-to-water ground source heat 
pumps (GSHPs), exhibit a significant advantage when combined with 
borehole thermal energy storage, due to their elevated coefficient of 
performance (COP) [11,12]. These systems generally attain COP values 
ranging from 3 to 5, indicating that each unit of electricity utilized can 
provide three or more heat units, thus demonstrating high energy effi
ciency. Huo et al. [13] proposed a borehole-driven heating system in
tegrated with a ground-source heat pump to meet the district’s demand. 
The study concluded that employing an equivalent borehole transfer 
function preserves high geothermal heat pump efficiency by ensuring 
stable ground temperatures. Naranjo-Mendoza et al. [14] investigated a 
solar-driven GSHP utilizing boreholes for seasonal heat storage in a 
residential building. The system effectively addressed all heating de
mands and adjusted the ground thermal imbalance; however, en
hancements in control strategies were suggested to optimize 
performance. Fiorentini et al. [15] modeled a borehole thermal energy 
storage system integrated with a heat pump interacting with a district 
heating network. They demonstrated that integrating heat pumps with 

borehole thermal energy storage can lead to emissions reductions of up 
to 43 % compared to a traditional system based on the air-source heat 
pump standalone. Naldi and Zanchini [16] investigated a borehole- 
driven heating and cooling system combined with heat pump systems 
under various design conditions. The study demonstrated that extending 
the borehole length and employing inverter-driven heat pumps can 
significantly improve system efficiency by up to 30 % for heating and 40 
% for cooling. Zhu et al. [17] studied the feasibility of integrating a heat 
pump system with borehole thermal energy storage for a residential 
building in Xi’an. They found that coupling with a heat storage tank 
reduced heating costs by 13 % and improved system COP by over 10 %, 
making it a more economically favorable solution than a standalone 
borehole system.

Recent comparative studies have explored the trade-offs between 
configurations, specifically systems utilizing boreholes combined with 
district heating, and those models combined with ground-source heat 
pumps [18–20]. Minimizing dependence on DH is increasingly critical 
due to fluctuating and seasonally variable tariffs, especially with the 
implementation of peak power-based pricing structures that substan
tially impact operational expenses for commercial buildings [21]. In this 
context, GSHPs present a viable approach to redirecting heating demand 
from the DH network, especially when integrated with boreholes, 
facilitating enhanced utilization of on-site renewable thermal energy 
[22–24]. Hemmatabady et al. [25] assessed the potential of incorpo
rating a heat pump system into a fourth-generation district heating 
system, demonstrating that the borehole thermal energy storage system 
integrated with heat pumps achieves higher efficiency and lower heat
ing and cooling costs than the borehole-only model. Fiorentini and 
Baldini [26] developed a control model to optimize the operation of a 
heat pump-driven borehole thermal energy storage system. The study 
concluded that seasonal variation in electricity carbon intensity signif
icantly influences optimal operating strategies, potentially reducing CO₂ 
emissions by up to 20 % compared to a model based solely on borehole 
thermal energy storage. This effect is more significant in countries 
exhibiting higher or more variable electricity carbon intensity than in 
Sweden. Arghand et al. [27] conducted an analysis on the integration of 
direct ground cooling with ground-source heat pumps and district 
heating systems in office buildings in Sweden. Their research indicated 
that the borehole-driven system, when interacting with the district 
heating network, generally results in reduced electricity usage and lower 
investment and lifecycle costs. Conversely, when ground loads are 
effectively balanced, the borehole + district heating + heat pump sys
tem demonstrates lower total operational costs (heating+electricity). Li 
et al. [20] compared 5th-generation district heating and cooling sys
tems, which are defined by low-temperature distribution utilizing 
borehole thermal energy storage with and without the integration of 
heat pumps. According to their results, the borehole-only system pre
sents reduced investment costs. However, interpreting investment costs 
is context-dependent, as some infrastructure components, such as the 
district heating network, are typically owned by utilities rather than the 
end-user, which complicates direct comparisons of capital costs.

Recent developments in low-carbon Heating, ventilation, and air 
conditioning (HVAC) systems have presented several promising alter
natives, including solar-assisted ground source heat pumps, fifth- 
generation district heating and cooling, and hybrid solutions that inte
grate thermal storage with renewable electricity. Solar-assisted ground 
source heat pump systems enhance self-sufficiency and mitigate sea
sonal imbalances; however, they typically necessitate substantial col
lector area, involve elevated capital costs, and add design complexity 
[28,29]. Similarly, 5th-generation district heating and cooling networks 
offer significant flexibility and overall efficiency, but they depend on 
centralized infrastructure and coordinated energy planning [30].

Despite extensive research on borehole thermal energy storage and 
ground source heat pump systems, the majority of studies tend to 
concentrate on idealized simulations or analyze these systems in isola
tion. This often results in the oversight of essential real-world factors, 
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including interactions with existing district heating networks, the 
impact of tariff structures and carbon intensity on operational strategies, 
long-term seasonal imbalances in ground temperature, and the practical 
challenges associated with the implementation of advanced control 
systems within buildings and utility frameworks. Limited critical 
assessment exists regarding the extent to which existing systems exploit 
the renewable potential of boreholes, as well as the performance en
hancements achieved through the transition from passive boreholes to 
active heat pump integration. Furthermore, comparative analyses are 
limited and based on simple or idealized system configurations. Spe
cifically, research is lacking that compares systems integrating borehole 
thermal energy storage with district heating to hybrid configurations 
incorporating ground-source heat pumps, particularly in evaluating 
techno-economic performance, operational behavior in real-world sce
narios, and long-term environmental consequences. Although numerous 
studies investigate the control and performance of borehole and heat 
pump systems, there is a lack of research focusing on control-oriented 
factors, such as seasonal borehole charging strategies and dynamic 
heat pump scheduling, that concern key performance outcomes, 
including payback period and CO₂ intensity, within a comprehensive 
and practically applicable framework.

In order to fill these research gaps, this study examines a smart, ultra- 
efficient commercial building in Uppsala, Sweden, which utilizes passive 
borehole thermal energy storage in conjunction with the district heating 
network [31]. Initially developed by Skanska within its Deep Green 
Cooling framework, the system is both fossil-free and innovative; how
ever, it exhibits operational limitations, such as: 

• The utilization of borehole heat extraction is limited by its depen
dence on the air handling unit’s preheating coils, which operate 
solely at low outdoor air temperatures, thereby restricting the 
effective use of ground heat resources.

• Although mechanically straightforward, the current direct heat ex
change configuration exhibits lower conversion efficiency than a 
heat pump system in raising low-temperature ground heat to usable 

levels for space heating with minimal electricity use at an acceptable 
COP.

• A seasonal recharge strategy for the boreholes is lacking, which may 
result in thermal imbalance and a progressive decline in performance 
over time.

• District heating tariffs are fixed seasonally, while electricity prices 
vary hourly in Sweden; this flexibility remains untapped for cost 
optimization, load shifting, and advanced control.

To provide a structured overview of the research context, Fig. 1
summarizes the progression from the identified problem to the contri
butions of this study. This research seeks to address the following 
research questions: 

• What is the extent of additional thermal potential that may be har
nessed from the boreholes through GSHP integration?

• Can a seasonal borehole charging technique sustain long-term ther
mal equilibrium while diminishing reliance on district heating?

• What are the long-term economic and carbon performance trade-offs 
associated with upgrading an already high-performing, low-carbon 
building through smart component integration and seasonal energy 
management?

The remainder of this paper is structured as follows: Section 2 pre
sents the methodology, including a description of the case study, system 
configurations, model development, and stability analysis. Section 3 
reports the results of the comparative performance assessment in terms 
of energy, economic, and environmental outcomes. Finally, Section 4 
presents the key findings and implications, as well as the study’s 
limitations.

2. Method

The performance of two smart heating and cooling system configu
rations in a commercial building in Uppsala, Sweden, is assessed and 

Fig. 1. Conceptual framework of the present work, highlighting the problem, existing solutions, identified research gaps, and the contributions of this work.
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compared in this study using a case-study methodology. The method
ology consists of three key parts: (1) a description of the case study 
building and its location-specific parameters, (2) a comprehensive pre
sentation of the existing smart HVAC system alongside the proposed 
system integrated with a downsized heat pump, and (3) the develop
ment of a dynamic model to simulate and evaluate the performance of 
both systems from various perspectives under realistic boundary con
ditions. This section provides a detailed description of each component.

2.1. Case study

2.1.1. Building and climate
This research’s case study is the property Juvelen, a recently con

structed commercial building located adjacent to the main train station 
in the historic city of Uppsala, Sweden (see Fig. 2). Juvelen is 
acknowledged as one of the most sustainable structures in the Nordic 
region, exemplifying the convergence of creative architecture and su
perior environmental design. Juvelen is a six-story building that in
cludes offices and a restaurant. It has a total area of 10,000 m2. 
Developed by Utopia Arkitekter and designed by Skanska, the building 
attained LEED Platinum certification and is designated as a “Dark 
Green” project within Skanska’s internal sustainability assessment 
framework, finalized in 2019 [31].

Juvelen includes Skanska’s patented Deep Green Cooling technol
ogy, a passive thermal system that removes the necessity for traditional 
chillers or heat pumps [32]. The system employs deep borehole thermal 
energy storage to leverage the earth’s stable temperatures, facilitating 
direct cooling of the building via a closed-loop fluid circuit. Deep Green 
Cooling differs from existing systems that utilize electrically driven 
compressors by circulating a coolant, usually water or a water-glycol 
mixture, where the ground temperature consistently remains low 
throughout the year (typically 8–12 ◦C in Sweden). This low-grade 
thermal energy is adequate for high-temperature cooling applications, 
including chilled beams and post-cooling coils, without mechanical 
compression or active refrigeration. The system demonstrates full 
compatibility with smart HVAC design and achieves notable energy 
performance up to 5–6 times more efficiently than mechanical cooling 
with a self-sufficient and climate-resilience method. This leads to 
considerable decreases in electricity usage, especially in summer, and 
facilitates net-zero or fossil-free building operations. The required data 
needed to model the proposed building, including set points, heat 
transfer coefficient values, window/wall ratio, and glazing details, can 
be found in Table A1 in the Appendix.

Uppsala exhibits a cold temperate climate (Dfb as per the Köppen 
classification), marked by extended, cold winters and mild to warm 
summers [33]. Fig. 3 presents Uppsala’s monthly outdoor temperature 
fluctuations derived from historical data. Fig. 2 illustrates that monthly 
mean temperatures vary from approximately − 5 ◦C during winter to 
17–18 ◦C in summer, with recorded extremes falling below − 10 ◦C and 
exceeding 25 ◦C. The undisturbed ground temperature at borehole depth 
typically aligns with the annual average outdoor temperature, approx
imately 6.5 ◦C in Uppsala. The region’s low and stable ground temper
ature renders it ideal for direct ground cooling, facilitating passive 
thermal solutions that do not require mechanical chillers.

2.1.2. Energy system
Fig. 4 depicts the proposed smart HVAC system operating in Juvelen 

as built, originally integrating boreholes with the district heating 
network to meet the heating and cooling needs of the building. The 
system connects to three air handling units: two for office spaces and one 
specifically for a restaurant. During winter, heat is extracted from the 
boreholes and transferred through a free heating heat exchanger to 
preheat the ventilation air using the preheating coils, which PID con
trollers regulate [31]. When extra heating is necessary for indoor com
fort levels, post-heating coils and radiators utilize heat from the district 
heating network. The district heating network also provides domestic 
hot water via a heat exchanger.

The system functions in passive cooling mode during the summer 
months. The boreholes operate as a heat sink, absorbing surplus thermal 
energy from the building through a free cooling heat exchanger. The 
cooled water exiting the boreholes with moderate temperatures 
(~16 ◦C) from the ground is distributed to either the post-cooling coils 
in the air handling units or the active chilled beams in the office zones. 
Chilled beams are high-temperature cooling devices that operate effi
ciently and moderately, ensuring compatibility with direct ground 
cooling and negating the necessity for mechanical chillers. The cooling 
reserve is a room where heat-generating components, such as com
puters, are located. This hybrid system enables the building to extract 
heat from the ground in winter and reject heat into the boreholes in 
summer, thereby establishing a seasonally balanced storage loop. Inte
grating passive ground-based heating and cooling with the dependable 
support of the district heating network guarantees year-round comfort, 
operational reliability, and reduced electricity usage, all achieved 
without the use of chillers or active refrigeration systems.

The ventilation system includes a recovery heat exchanger (offices), 
a run-around heat exchanger (restaurant), supply and exhaust fans, and 
intelligent controls that oversee supply air temperature, indoor 

Fig. 2. The studied commercial building in Uppsala, Sweden [31]. Fig. 3. The monthly changes in outdoor temperature in Uppsala, Sweden [34].
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setpoints, and comfort thresholds. The run-around heat exchanger is 
used in the air handling unit connected to the restaurant to avoid mixing 
undesirable odors, oils, or smoke from the restaurant’s exhaust air with 
the inlet fresh air. The proposed smart system also features various 
controllers, including ON/OFF and PID, to dynamically regulate fluid 
routing and airflow, ensuring that the comfort and temperature settings 
of different components are met. The controllers consistently react to 
real-time inputs, including indoor temperature, outdoor conditions, the 
status of HVAC components, and occupancy schedules, enabling the 
system to operate efficiently while ensuring thermal comfort. This 
adaptive, demand-responsive control strategy plays a key role in the 
proposed smart HVAC system.

After examining the existing system configuration in detail, it was 
observed that, although the current system already delivers excellent 
performance, three structural limitations remain (see Fig. 5).

The first limitation is that the borehole potential is underutilized in 
the current system. Currently, the boreholes are connected only to the 
preheating coils of the air handling units. During transitional seasons, 
when outdoor air is sometimes warmer than the borehole water, the 
preheating bypasses entirely, leaving much of the borehole capacity 
unused. The second problem is the Limited thermodynamic potential. In 
the current setup, the boreholes are used in a simple direct-exchange 
configuration, where the efficiency is restrained by the temperature 
difference between the two fluids. By contrast, introducing a water-to- 
water ground-source heat pump would significantly raise efficiency. 
With a COP generally above 4, it upgrades low-grade geothermal energy 

to heating supply temperatures with minimal electricity use, greatly 
improving conversion efficiency. The last but not least important limi
tation is the Lack of operational flexibility. District heating prices are 
typically fixed on a seasonal basis, whereas electricity prices in Sweden 
fluctuate on an hourly basis. By integrating a GSHP, the system can take 
advantage of these fluctuations, operating more during low-price hours 
and less during peak times. This creates opportunities for load shifting, 
peak shaving, and dynamic cost optimization, particularly under model 
predictive control strategies. Recognizing these limitations, the study 
proposes an alternative system configuration that integrates a ground 
source heat pump with borehole thermal energy storage and a seasonal 
charging strategy, aiming to overcome inefficiencies, enhance flexi
bility, and unlock the full potential of the existing configuration.

2.2. The alternative energy system

Fig. 6 illustrates the improved system configuration, wherein the 
groundwater-filled boreholes are coupled with a ground source heat 
pump exclusively (two heat pumps with a capacity of 40 kW each) for 
heating. The primary modification occurs within the heating loop: heat 
extracted from the boreholes is now directed to the heat pump’s evap
orator rather than the preheating coils, thereby enhancing the low- 
temperature energy to a usable level. The condenser output supplies 
the building’s radiator circuit, thereby significantly decreasing the 
building’s dependence on the district heating network for space heating. 
This alternative configuration, commonly employed in Sweden, exem
plifies a hybrid setup in which the ground-source heat pump is inte
grated with district heating, particularly during peak demand periods or 
when the heat pump’s efficiency is compromised. The system facilitates 
more effective and consistent heat extraction by decoupling borehole 
use from direct air preheating, thereby operating independently of 
fluctuations in outdoor air temperature.

This study assesses the thermal behavior of the borehole TES system 
over a one-year operational period; however, the long-term sustain
ability of these systems is significantly affected by the evolution of 
ground temperature over multiple years. Numerous studies indicate that 
imbalanced annual heat extraction, without adequate seasonal 
compensation, may lead to a gradual decrease in borehole temperature. 
This decline subsequently diminishes heat pump efficiency and elevates 
electricity usage [14,36,37]. In order to achieve a long-term thermal 
balance in boreholes, a charging heat exchanger is added to the system 
to transfer heat to the ground during periods of low demand, particu
larly in September. This component is essential for compensating for the 

Fig. 4. The schematic representation of the proposed smart HVAC system operating in Juvelen, based on boreholes interacting with the DH network [35].

Fig. 5. Limitations of the existing borehole–DH system.
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substantial heat loss from the boreholes during winter through the 
ground source heat pump. Continued extraction without recharging 
over multiple seasons may gradually decline borehole temperatures, 
thereby diminishing heat pump efficiency and risking system sustain
ability. The charging process is regulated by a PID controller that 
monitors the average ground temperature and initiates heat injection 
when it drops below a specified reference, typically set to return the 
borehole temperature to its baseline value from the start of the year. The 
heat is obtained from the district heating network, which provides lower 
seasonal tariffs in September, thereby serving as a cost-effective method 
for rebalancing the thermal reservoir while minimizing significant im
pacts on operational costs. The new heating strategy does not alter the 
cooling operation, which continues to utilize boreholes for passive 
cooling via a free cooling heat exchanger linked to active chilled beams 
and cooling coils, especially in office areas.

2.3. Operating strategy for adaptive seasonal thermal management

The suggested alternative system operates under an adaptive control 
strategy designed to maintain seasonal thermal balance while mini
mizing operating costs. The heat pumps are governed through a hier
archical logic: during periods of low to moderate space-heating demand, 
a single 40 kW unit operates at full load to preserve high COP, and the 
second unit is activated only when the radiator demand exceeds the 
capacity of one unit. The radiator supply temperature is regulated by a 
PID controller, which adjusts the heat pump’s output to track the indoor 
thermal setpoints.

The borehole field functions as a seasonal thermal battery, storing 
heat during summer and releasing it during winter. This behavior is 
achieved through a dedicated seasonal management scheme and the 
integration of smart components. The system is also equipped with a 
PID-regulated charging strategy, which was applied in September. 
During this period, the controller monitors the average borehole tem
perature and activates the charging heat exchanger when the measured 
value falls below the January reference level. Heat from the district- 
heating network is injected until the baseline temperature is restored. 

This process ensures long-term thermal stability, maintains favorable 
evaporator inlet conditions, and prevents COP degradation during peak 
winter operation.

The overall operating strategy, therefore, couples short-term load- 
responsive control with long-term seasonal thermal balancing. This co
ordinated interaction among the heat pumps, borehole TES, and district- 
heating network delivers the adaptive behavior highlighted in the 
contribution framework (Fig. 1) and forms a central component of the 
proposed smart seasonal energy management concept.

2.4. System simulation

This study built a detailed simulation model utilizing TRNSYS 18 to 
assess and compare the performance of two smart HVAC system designs 
under actual climatic and operational conditions. The model integrates 
advanced component-level dynamics and has been calibrated with high- 
resolution data obtained from the building management system (Tekla) 
supplied by Juvelen’s property owner, Vasakronan AB. This data con
tains hourly operational metrics of HVAC subsystems and building de
mand profiles throughout the year. Each component is represented by a 
designated TRNSYS type, with its behavior dictated by thermodynamic, 
fluid dynamics, and control system equations as outlined in the TRNSYS 
component manuals (see Table 1). According to the table, in boreholes, 
the simulation incorporates convective heat transfer within the U-tube 
and conduction through the adjacent ground, employing a hybrid so
lution methodology that integrates 1) a global solution for long-term 
ground temperature dynamics, 2) a local solution for thermal in
teractions surrounding individual boreholes, and 3) a steady-state flux 
solution for constant thermal loads. The ground temperature field is 
resolved by finite difference techniques, employing a superposition 
method for combination. This method enables the precise modeling of 
both short-term variations and long-term seasonal influences. The model 
incorporates the thermal resistance of the borehole grout, pipe mate
rials, and the properties of the heat carrier fluid, all of which are 
determined from field data and manufacturer specifications. Type 827 
utilizes catalog-derived performance data to evaluate heating capacity 

Fig. 6. The schematic representation of the alternative system based on the ground source heat pump supplemented by the DH [35].
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and power input under various operating conditions. This encompasses 
fluctuations in brine inlet temperature, heating supply temperature, and 
mass flow rates, facilitating dynamic system simulation throughout the 
year. The model employs non-dimensional performance maps that 
correlate the heat pump’s output with the inlet brine temperature (from 

borehole thermal energy storage) and the outlet setpoint temperatures 
(to radiators). The heat pump functions as a water-to-water system, with 
its evaporator linked to a borehole loop that circulates a 30/70 ethylene 
glycol–water solution. The fluid temperature may occasionally drop 
below 0 ◦C in winter; however, the system avoids frost-related efficiency 
losses due to the absence of air-side heat exchange. Consequently, 
defrosting cycles were excluded from the modeling in this study.

The Appendix provides additional details on the system design and 
input parameters required for completing the simulation. Included are 
airflow schedules, thermal and physical properties, heat pump specifi
cations, and occupancy profiles (refer to Tables A1–A2). It also includes 
the TRNSYS Studio schematics of the modeled system configurations 
(Fig. A1).

2.5. Mathematical modeling and stability of the alternative configuration

To ensure a thorough evaluation of the proposed alternative system 
(Fig. 4), it is essential to augment the schematic representation with a 
comprehensive mathematical formulation and a stability study. TRNSYS 
offers a modular framework in which each component is represented by 
specific Types coded in Fortran and validated/verified by the Solar 
Energy Laboratory at the University of Wisconsin–Madison. This section 
outlines the fundamental thermodynamic relations of the ground source 
heat pump, the energy balance of the condenser-evaporator loop, the 
control algorithms for space heating and seasonal borehole charging, 
and the stability criteria.

This study regulates heat pump operation using a PID controller 
(Type 23), prioritizing logic according to radiator demand and internal 
temperature setpoints. Type 667 is designed to replicate the function of 
enthalpy wheels, which facilitate heat transfer and moisture. However, 
in this specific application, the predominant mode is sensible heat re
covery, attributed to the dry winter conditions. The model computes the 
outlet temperatures of both air streams using user-specified effective
ness values for sensible and latent heat transfer. The PID controller 
consistently evaluates the measured value (e.g., indoor temperature, 
supply fluid temperature) against the setpoint and modifies the control 
signal to reduce the error. This approach guarantees stable system 
control, minimizes overshoot, and enhances energy efficiency by closely 
aligning with thermal comfort and energy objectives. As mentioned 
earlier, the seasonal heat charging strategy is implemented in September 
to prevent long-term temperature drift and ensure the thermal sustain
ability of the boreholes. The control mechanism is regulated by a PID 
controller, which manages heat input from the DH network. The control 
variable is the average borehole TES temperature at time t (Tavg (t)). The 
setpoint temperature (Tset) is the average borehole temperature recor
ded on January 1 of the same year. The calculation of the temperature 
error is as follows: 

e(t) = Tref − Tavg(t) (1) 

The charging power supplied by DH is calculated by: 

Qcharge(t) = Kp.e(t)+Ki

∫ t

0
e(τ) d(τ) − Kd.

de(t)
dt

(2) 

In this equation, Kp, Ki, and Kd are the proportional, integral, and 
derivative gains. The control logic operates only in September and is 
deactivated when the average temperature exceeds the reference 
temperature.

Table 2 describes the mathematical modeling of the ground-source 
heat pump system used in TRNSYS. The formulation includes the en
ergy balance, the coefficient of performance, and the dependence of 
compressor power on critical operating factors, derived from manufac
turer catalog data through interpolation. The energy balance guarantees 
that the heat the condenser provides to charge the radiators is equivalent 
to the total heat removed from the boreholes and the power supplied to 
the compressor. The COP expression measures the heat pump’s 

Table 1 
The TRNSYS component types and their corresponding descriptions.

Type Description

577

It mimics vertical ground heat exchangers, thermally interacting with the 
surrounding soil. This component denotes a U-tube or concentric pipe ground 
heat exchanger, wherein a heat transfer fluid (specifically, a 30/70 Ethylene 
Glycol/Water mixture) circulates through a series of vertical boreholes, 
extracting heat from the ground in winter or rejecting heat back into the 
ground in summer. The boreholes are evenly distributed within a cylindrical 
soil volume, comprising 25 vertical U-tube boreholes, each 250 m in depth 
and separated by 6 m.

827

It models a two-stage, water-to-water heat pump utilizing performance maps. 
This component illustrates the functionality of the NIBE F1345 heat pump 
unit, tailored for commercial-scale applications (see Table A3 in the 
Appendix).

667

The energy wheel in this system, modeled with TRNSYS Type 667, functions 
as a rotary heat exchanger that recovers both sensible and latent heat from 
exhaust air to precondition incoming fresh air. This component is essential 
for reducing ventilation-related heating and cooling loads, particularly in 
cold climates such as Sweden, where outdoor air temperatures drop 
significantly during the winter months.

753

It simulates a hot water-based air heating process through a bypass fraction 
method. Warm water circulates through the coil, allowing a portion of the 
incoming air to reach thermal equilibrium with the average fluid 
temperature within the coil. In contrast, the rest of the air bypasses the coil 
without alteration. The heat transfer to the air stream is determined using the 
bypass fraction and the log-mean temperature difference (LMTD) method.

508

The cooling coil is represented using Type 508, which employs a bypass 
fraction method to simulate air cooling and dehumidification. A specified air 
segment bypasses the coil, while the remainder is presumed to be cooled to 
the average fluid temperature and exits the coil under saturated conditions, 
indicating the maximum potential for latent and sensible cooling. The 
component operates in two modes: uncontrolled mode, which maximizes 
heat and moisture removal based on inlet conditions, and controlled 
operation, where a portion of the fluid or air stream is bypassed to maintain 
outlet temperatures below a specified maximum threshold.

91

It models a steady-state, design-independent liquid-to-liquid heat exchanger. 
This component facilitates heat exchange between two fluid streams, 
specifically the borehole circuit and the internal building loop, in contrast to 
air coils. The model employs a fixed effectiveness method, whereby the outlet 
temperatures are established based on the assumed effectiveness and the 
minimum heat capacity rate of the two streams.

22

The iterative feedback controller, modeled with Type 22, maintains a target 
value for a designated system variable by continuously adjusting the input 
until the desired output is achieved. This controller is particularly beneficial 
in HVAC systems, where interdependent variables and nonlinear behaviors 
complicate simple control logic.

23

The proportional–integral–derivative (PID) controller, utilized through 
TRNSYS Type 23, is essential for regulating dynamic system responses, 
particularly in components that exhibit time-dependent behavior, such as 
pumps, heat pumps, and valves.

106

The thermostat controller is a straightforward yet efficient on/off control 
system that operates according to specified temperature thresholds. This 
mechanism activates or deactivates components, including heat pumps or 
valves, based on whether the measured temperature surpasses or drops 
below the specified upper and lower setpoints. This controller employs a 
hysteresis band to mitigate frequent cycling, thereby enhancing the longevity 
and efficiency of mechanical systems. It enhances the dynamic control 
offered by Type 23 and is especially beneficial for threshold-based system 
switching.

744

It simulates a variable-speed fan or blower functioning against a predefined 
pressure drop. The component calculates electric power consumption and 
airflow delivery based on the defined fan curve, which is generally 
characterized by a quadratic relationship between airflow and pressure 
increase.

110

The circulation pumps on the fluid side, which transport water through 
boreholes, heat exchangers, and coils, are modeled with TRNSYS Type 110. 
This component represents a variable-speed pump that calculates the power 
consumption required to circulate a designated fluid at a specified mass flow 
rate against a specified pressure drop.

A. Behzadi et al.                                                                                                                                                                                                                                Applied Energy 406 (2026) 127261 

7 



efficiency by correlating the usable heating output with the electrical 
input required. The relationships are integrated into the TRNSYS 
simulation to assess the dynamic performance and stability of the GSHP 
system under fluctuating operational and seasonal conditions.

The stability of the alternative configuration is assessed through the 
operation of the heat pump, the borehole’s thermal balance, and the 
performance of the control system. For this, the heat pump compressor 
should operate within the manufacturer’s specified performance pa
rameters to prevent fluctuations in source inlet and load outlet tem
peratures from causing instability or inefficiency. The seasonal adaptive 
charging strategy for the borehole’s long-term stability was imple
mented in September. The goal is to annually set the average ground 
temperature to its January baseline. Control stability is achieved via 
regulation of radiator supply and indoor air temperatures. It aims to 
minimize oscillations, reduce heat pump cycling frequency, and ensure 
thermal comfort. Finally, empirical corroboration is carried out by 
keeping the monthly COP consistently within a range of ~4.5–5 
following borehole recharging, with a peak in October, which confirms 
that the system operates in a stable and efficient regime throughout the 
heating season. This framework for structured stability assessment 
guarantees both short-term dynamic behavior and long-term sustain
ability in the GSHP–borehole–DH configuration. The analysis integrates 
theoretical formulations, control-based mechanisms, and simulation 
proofs, establishing a solid basis for performing a comparative techno- 
economic-environmental comparison in Section 3.

2.6. Emission factors and energy pricing

Uppsala’s district heating system is comprehensive and advanced, 
serving over 90 % of the city’s buildings. The system predominantly 
utilizes combined heat and power plants powered by biomass and waste 
incineration. The national electricity grid in Sweden is increasingly 
powered by renewable sources, particularly hydropower, wind energy, 
and nuclear energy, resulting in one of the lowest carbon intensities in 
electricity production in Europe. For this study, the emission indices for 
Uppsala’s electricity and heating networks (SE3) are 27 g CO2e/kWh 
and 45.8 g CO2e/kWh [38]. The overall CO₂ emissions of both systems 
depend on the energy source mix of the power grid and the district 
heating network, as they interact to meet heating and electrical de
mands. Simultaneously, both systems utilize boreholes as a primary 
source of heating and cooling, which is deemed CO₂-free. The following 
equation is employed to quantify the total operational CO₂ emissions: 

CO2 used = Heating index×(Heating purchased from the DH network)
+Electricity index×(Electrcity purchased from the grid)

(3) 

In this equation, the heating and electricity indices are 45.8 gCO2e/ 
kWh and 27 gCO2e/kWh, respectively. In order to further compare and 
normalize the environmental performance of each system, the CO2 
emission index in kg/MWh is calculated as: 

CO2 index =
CO2 used

Heating and cooling generated
(4) 

The total system cost is categorized into three primary components: 
investment cost, operational cost, and maintenance cost. 

Total cost = Investment cost+ operational cost (5) 

The operational cost encompasses the maintenance costs and energy 
costs needed for system operation, including heating from the district 
heating network and electricity purchased from the national electricity 
grid. Fig. 7 depicts the temporal fluctuations in heating and electricity 
prices in Uppsala, Sweden (2023). Fig. 7(a) illustrates the heating costs 
purchased from the district heating network. In Sweden, the cost 
structure of district heating generally comprises two elements: the en
ergy price, which is billed per MWh of heat used, and a peak power cost 
for business customers, represented as a fixed annual fee determined by 
the maximum hourly heat demand, expressed in SEK/kW/year. This 
peak component highlights the importance of ensuring sufficient heat
ing capacity during cold periods, which can significantly impact annual 
heating expenses. The maximum hourly demand determines the fixed 
peak power cost and functions similarly to a transmission or capacity 
reservation fee. This effective power charge substantially influences the 
annual district heating cost, as it dictates the extent of heating infra
structure capacity allocated for the building. Consequently, minimizing 
peak loads, particularly in winter, can result in significant long-term 
savings. According to Fig. 7(a), the monthly district heating price ex
hibits a distinct seasonal trend, peaking at approximately 674 SEK/MWh 
from December to March and declining to around 275 SEK/MWh during 
the summer months (May to August). The figure also indicates that the 
fixed peak power cost equals 950 SEK/kW/year.

Electricity costs in Sweden comprise several components (see Fig. 7
(b) and Fig. 7(c)): the spot market price, which fluctuates hourly, a fixed 
subscription fee charged monthly in SEK, a transmission fee based on 
grid access measured in SEK/kWh, and an effect-based fee calculated in 
SEK/kW/month, depending on the user’s peak power demand. Fig. 7(b) 
illustrates that the monthly spot electricity price in 2023 exhibits a less 
distinct seasonal pattern, with peak average values recorded in February 
and December (approximately 3018 SEK/MWh) and reduced prices 
(ranging from 503 to 704 SEK/MWh) during the summer and early fall 
months. Fig. 7(c) provides a detailed analysis of the hourly variation in 
spot electricity prices, indicating substantial daily cost fluctuations. 
Prices tend to increase during peak hours in the morning (7–9 a.m.) and 
evening (5–8 p.m.), corresponding with increased demand in both 
commercial and residential sectors. The patterns highlight the signifi
cance of demand-side flexibility and intelligent scheduling, particularly 
in heat pump systems. Their operation can be strategically adjusted 
during low-price hours, thereby reducing electricity costs and main
taining thermal comfort.

A Net Present Value (NPV) analysis is conducted to evaluate the long- 
term financial viability of each system. NPV is a widely recognized 
economic measure employed to assess the cumulative value of a 
sequence of cash flows over time, incorporating the time value of 
money. This study employs the NPV method to analyze the cumulative 
cost differential between the proposed and alternative systems over a 
20-year timeframe, assuming an interest rate of 10 %. This analysis helps 
determine the payback period, which is the year when accumulated 
savings exceed the initial investment. A positive NPV signifies that the 
system is financially advantageous throughout its lifecycle, whereas a 
negative NPV indicates a lack of economic viability based on the spec
ified assumptions. When cumulative discounted savings turn positive, 
the year is designated as the payback period, serving as a valuable metric 
for investment recovery. 

Net present value =
∑20

n=1

Product − (Operational)
(1 + interest rate)n − Initial (6) 

A master flowchart is presented in Fig. 8 to provide readers with a 
comprehensive understanding of the current study. The roadmap-style 
flowchart outlines the sequential phases of the research, starting with 

Table 2 
Mathematical modeling of the ground source heat pump system.

Equation Descirption

Qcondenser = Qevaporator + Wcompressor

Energy balance, indicating that the heat 
delivered to the condenser equals evaporator 
heat plus compressor power

COP =
Qcondenser

Wcompressor

Coefficient of Performance: ratio of useful 
heating output to compressor power

Wcompressor =

f
(

Tsource,in,Tload,out , ṁsource

)

Compressor power input as a function of source 
inlet temperature, load outlet temperature, and 
source mass flow rate (interpolated from 
manufacturer catalog)
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the characterization of the case study building (location, climate data, 
and system boundaries) and the specification of two alternative system 
configurations: the current borehole–district heating system and the 
proposed borehole–ground source heat pump system with seasonal 
charging. The workflow proceeds to model development in TRNSYS 18, 
where component-level dynamics, control techniques, and boundary 

conditions are defined. This is followed by model validation against 
measurement data from the building and borehole. The performance 
assessment thereafter assesses the systems from energy, economic, and 
environmental aspects, including thermal efficiency, coefficient of per
formance, investment and operational expenses, payback period, and 
CO₂ emissions. A comparative analysis combines the results to 

Fig. 7. a) averaged Monthly heating price (SEK/MWh), b) averaged monthly spot electricity price (SEK/MWh), and c) hourly spot electricity price fraction 
(normalized) [39,40].

Fig. 8. Master flowchart illustrating the overall workflow of the study.
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emphasize trade-offs and long-term consequences.

3. Validation

A validation study is performed to confirm the accuracy and reli
ability of the simulation model created in TRNSYS, utilizing measure
ment data from the building management system (Tekla). The validation 
emphasizes two main elements: the building and the boreholes. Fig. 9
illustrates a heatmap depicting the daily relative error (%) between the 
building’s simulated and measured thermal demands (heating + cool
ing). This figure presents a detailed overview of model accuracy across 
various months and days. The model demonstrates significant agree
ment, especially during the heating season when thermal demand is 
more stable and prevalent. Higher deviations are noted during the 
shoulder months (spring and autumn), likely due to unpredictable oc
cupancy patterns or rapidly changing outdoor conditions. The distri
bution of relative errors remains within acceptable limits, indicating 
that the simulation accurately represents the building’s dynamic ther
mal behavior.

Fig. 10 depicts the scatter plot comparing the daily simulated and 
measured heat extracted from or injected into the boreholes. The data 
points are tightly grouped around the reference line, signifying robust 
harmony between the model and real system performance. Two prin
cipal statistical indicators are computed: the root mean square error 
(RMSE) is roughly 132 kWh, and the coefficient of determination (R2) is 
0.985. These measures indicate that the simulation model strongly 
correlates with the measured data, capturing nearly all the variance in 
borehole performance. Furthermore, the average prediction error of 132 
kWh/day is negligible, particularly in light of the substantial daily 
heating and cooling demands of commercial buildings, thereby rein
forcing the model’s trustworthiness.

4. Results and discussion

This section thoroughly analyzes and compares the performance of 
the existing borehole-district heating system with the proposed config
uration that integrates a ground source heat pump. The analysis exam
ines essential techno-economic and environmental indicators, including 

heating/cooling production, dependence on the district heating 
network, electricity use, coefficient of performance of the heat pump, 
heating costs, payback time, CO₂ emissions, and others.

4.1. Energy performance and system dynamics

To begin with, Fig. 11 and Fig. 12 comprehensively compare both 
systems’ heating, cooling, and electricity flows through the Sankey di
agram. It includes production, storage, usage, and buying among various 
components, as well as building and heating/electricity networks. Ac
cording to Fig. 11, the district heating network primarily fulfills the 
heating demand in the existing system, supplying 721.5 MWh to radi
ators and 34.2 MWh to post-heating coils. Furthermore, 140 MWh of 
heat is withdrawn from the boreholes for preheating coils, thereby 
reducing dependence on the district heating network to a certain degree. 

Fig. 9. The heatmap of daily relative error between the simulation and measurement of the building’s thermal demand [41,42].

Fig. 10. The scatter plot simulation vs. measurement of daily heat extracted/ 
injected from/into boreholes [41,42].
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Nonetheless, the absence of a heat pump means the DH network is the 
primary heating source. Cooling in both models is the same (see Fig. 11
and Fig. 12), with 90.4 MWh for chilled beams, 77.6 MWh for post- 
cooling coils, and 5.8 MWh allocated as a cooling reserve. In this sys
tem, electricity bought from the grid is only used to run auxiliary 
components like pumps and air handling units, totaling 29.1 MWh.

Compared to Fig. 11, Fig. 12 demonstrates that adding the heat pump 
markedly decreases dependence on the DH network for space heating, 
providing only 260.7 MWh to radiators (a substantial decrease from 
721.5 MWh in the existing system) and 48.1 MWh to post-heating coils. 
The heat pump extracts 378.8 MWh of heat from the borehole thermal 
energy storage to supply radiators. However, this results in increased 
electricity purchased from the grid, requiring 101.3 MWh for the heat 
pump operation and an additional 29.1 MWh for other components. A 
closer look at the figure reveals that in September, 173.03 MWh of heat 
was supplied to the borehole from the district heating network to 
maintain thermal balance and ensure the long-term stability of ground 

temperature levels. The figures further show that the district heating 
network provides the entire domestic hot water demand of 31.5 MWh in 
both systems. According to the comparison of the borehole mechanisms 
in Fig. 11 and Fig. 12, the thermal balance in the boreholes in the 
alternative system is achieved. This improvement is due to the net 
heating removal/storage of boreholes approaching zero (33.8 MWh in 
the existing system vs. 32 MWh in the alternative system). The figure 
further illustrates that despite the rise in electricity usage, the heat pump 
enhances heat extraction efficiency from boreholes, thereby decreasing 
reliance on district heating and resulting in higher exploitation of green 
heating from the ground.

Fig. 13 compares the purchased heat to better understand both sys
tems on the district heating network in different months. The monthly 
values indicate substantial decreases in DH demand because of the heat 
pump operation. In the existing system, district heating purchases 
remain consistently high throughout the heating season, reaching a peak 
of 127.4 MWh in February and 117.5 MWh in December and January. 

Fig. 11. The annual Sankey diagram of heating, cooling, and electricity flow in the existing system in Juvelen.

Fig. 12. The annual Sankey diagram of heating, cooling, and electricity flow in the alternative system based on the ground source heat pump supplemented by 
the DH.

Fig. 13. a) The monthly comparison of the total heat bought from the district heating network in both models, and b) the monthly heat saved.
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Heating demand decreases progressively during spring and summer, 
reaching its lowest levels in July (4.7 MWh) and June (5.5 MWh) to meet 
the domestic hot water need. In the heat pump integrated system, the 
total heat demand from district heating remains consistently lower 
during the heating season, with reductions varying from 30 % to 50 %, 
depending on the month. The most significant absolute savings are 
observed in January, February, and December, with heat savings 
exceeding 62–64 MWh per month.

According to Fig. 13(b), a distinct trend is observed in September, as 
the system with the heat pump exhibits a negative heat buy of − 171.4 
MWh, indicating that heat is being injected into the borehole thermal 
energy storage to maintain seasonal equilibrium. This strategy ensures 
adequate heat storage for future extraction, thanks to the increased 
operation of the heat pump, which extracts more heat from the ground 
compared to the existing system without a heat pump. This seasonal 
charging strategy is crucial for maintaining the effectiveness of bore
holes throughout the year; however, it creates an additional peak in heat 
demand that adversely impacts the system’s economics, primarily due to 
the district heating peak power cost, which is a fixed annual fee deter
mined by the highest hourly demand. Consequently, the heightened 
peak in September may counterbalance some financial advantages 
despite the energy savings achieved. The charging process utilizes dis
trict heating rather than electricity. Consequently, no additional peak 
demand for electricity or time-of-use penalty is added. This finding 
highlights the importance of carefully planning seasonal charging 
events, particularly in systems where electric-based charging may be 
considered in the future. Aligning charging operations with off-peak 
electricity periods can enhance cost efficiency, particularly in markets 
characterized by dynamic electricity tariffs or demand charges. Finally, 
the figure shows that the total heating bought is saved more than 270 
MWh (34.8 % relative reduction).

Fig. 14 illustrates the monthly changes in the share of each subsys
tem from the total heating purchased from the district heating network, 
providing a closer look at the operation of the existing system. In the 
winter months of January to March and November to December, radi
ator demand reaches its highest levels, surpassing 91 MWh in March and 
reaching up to 115 MWh in February. This trend is anticipated, as ra
diators are the primary source for sustaining indoor thermal comfort. 
During these months, the post-heating coils require additional heating to 
reach the air supply temperature that enters the building, achieving the 
desired values based on smart controls, albeit at a reduced scale (be
tween 2.2 and 9.2 MWh) compared to radiators. The demand for do
mestic hot water exhibits relative constancy over the year, with minor 
fluctuations indicative of stable consumption patterns within the com
mercial buildings. The figure further shows that radiator heating 

demand decreases considerably in the warmer months of May through 
September, peaking in July (1.89 MWh), when little space heating is 
needed. Because no extra warming of supply air is required, post-heating 
coil use is totally eliminated from June to September. The demand for 
DHW, however, stays constant throughout, as anticipated.

Fig. 15 illustrates the monthly variation in heating purchased from 
the district heating network in the alternative system based on a ground 
source heat pump. The comparison of Fig. 14 and Fig. 15 depicts that the 
addition of a ground source heat pump within the system significantly 
decreases the district heating demand for radiator heating while 
increasing the need for post-heating coils. During the winter months, the 
demand for radiator DH in the GSHP system decreases by 60–80 % 
relative to the existing system, with January’s demand falling from 
107.7 MWh to 38 MWh and February’s from 115.3 MWh to 48.8 MWh. 
This is rational because the heat pump extracts a greater amount of 
energy from the borehole thermal energy storage, thereby reducing 
dependence on district heating for space heating. However, because the 
boreholes no longer provide preheating coils, the post-heating coils 
require more heat from the network, increasing from 7.2 MWh to 12.5 
MWh in January and from 9.2 MWh to 13.1 MWh in February. Domestic 
hot water demand is consistent across both systems, as it is not influ
enced by space heating and is mainly determined by user consumption.

In September, a significant spike in DH usage is observed. This 
phenomenon is attributable not to space heating demand but to a 
deliberate seasonal borehole charging operation. To maintain long-term 
thermal equilibrium, 173 MWh of heating is intentionally injected into 
the boreholes in September when district heating energy is less expen
sive and environmental conditions are optimal due to the increased heat 
extraction by heat pumps during winter. This singular injection, regu
lated by a PID controller, reinstates the average borehole temperature to 
its baseline and guarantees the thermal sustainability of the system 
throughout the heating and cooling seasons.

The monthly comparison of electricity bought from the grid to run 
each system is shown in Fig. 16. Implementing a ground-source heat 
pump significantly increases electricity usage, as the system requires 
power to operate the heat pumps for space heating purposes. In the 
existing system, electricity usage is consistently low throughout the 
year, primarily restricted to auxiliary components such as pumps and air 
handling units. The peak monthly electricity demand in the existing 
system occurs in February, reaching approximately 3.44 MWh. In 
contrast, during the summer months of June to August, demand de
creases to below 1 MWh, indicating reduced electricity needs when 
heating is unnecessary.

On the other hand, the alternative system demonstrates a marked 
increase in power use, especially during winter when heat pumps 

Fig. 14. Monthly contribution of each component to the heating demand supplied by the district heating network in the existing Juvelen system: (a) absolute values 
in MWh and (b) relative shares in percentage.
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operate more to extract heat from the borehole. The highest electricity 
demand is recorded in January (18.2 MWh), February (17.9 MWh), and 
December (17.8 MWh), with monthly electricity usage rising by 14–15 
MWh relative to the existing system. In transitional months, such as 
October and April, the rise remains significant but less pronounced than 
during the peak winter months. The figure further shows that in the 
warmer months, both systems buy the same values of electricity from the 
grid due to the same cooling cycle operation.

In the proposed alternative system, the operation of the two 40 kW 
heat pumps is dynamically regulated according to the radiator heating 
demand to enhance energy efficiency and sustain indoor thermal com
fort at 22 ◦C. To maximize system efficiency, the control strategy pri
oritizes the full-load operation of a single heat pump since heat pumps, 
like fans and pumps, typically achieve their highest coefficient of per
formance when operating close to their design point. During periods of 
moderate heating demand, one heat pump operates at full capacity 
while the second remains off to avoid inefficient part-load conditions. 
Both heat pumps are activated simultaneously during peak demand 
periods to meet the load. This approach ensures better alignment with 
the heat pumps’ optimal efficiency range and reduces unnecessary 
electricity usage. Both heat pumps are turned off during periods of 
minimal heating demand, and the district heating network supplies the 
system exclusively. Fig. 17 illustrates the monthly variation in heat 
pump operation, detailing the number of hours each unit operates 
actively. This analysis examines seasonal variations in heating demand 

and evaluates its impact on the designed control strategy. According to 
the figure, both heat pumps operate at full capacity for 730 h a month 
(100 % uptime) during the peak heating months of January and 

Fig. 15. Monthly contribution of each component to the heating demand supplied by the district heating network in the alternative system, which integrates ground 
source heat pumps: (a) absolute values in MWh and (b) relative shares in percentage.

Fig. 16. Monthly comparison of total electricity purchased from the grid: (a) absolute electricity use in the existing and alternative models, and (b) relative increase 
in the alternative configuration.

Fig. 17. The monthly changes in heat pump operation.
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February, ensuring an adequate supply of heating to meet the building’s 
demands. During transitional months like March, both heat pumps 
remain operational for most of the time, 701 h. The second heat pump, 
however, operates for only 29 h, reflecting brief intervals of reduced 
demand.

Furthermore, the figure shows that in the warmer months (June
–August), both heat pumps are entirely inactive (730 h off every month) 
as space heating is not required, and the system depends solely on 
passive cooling via boreholes. The transition months (April, May, and 
October) exhibit a combination of operational modes characterized by 
an increase in partial load operation. For example, in May, a single heat 
pump operates for 232 h, whereas both heat pumps function for 328 h, 
indicating reduced heating demand. In October, the heat pumps func
tion more balanced, with 315.5 h of full load and 299.5 h of single-unit 
operation, as temperatures begin to decline. This pattern highlights the 
effectiveness of the control strategy in modulating heat pump operation 
according to seasonal demand, thereby optimizing efficiency and 
minimizing unnecessary electricity usage.

Fig. 18 presents the monthly performance metrics of the GSHP sys
tem, including the heat extracted from the borehole (source heat), 
electricity used by the compressor, heat delivered to the radiators (load), 
the COP, average outdoor air temperature, and average radiator supply 
temperature. Due to low outdoor temperatures, the heating load peaks 
in the coldest months, January, February, and December. In this period, 
the COP exhibits stability, averaging approximately 4.5 to 4.7. Although 
the heat demand is relatively high and stable during these months, 
continued heat extraction causes the ground loop temperature to grad
ually decrease, thereby reducing the temperature difference between the 
condenser and the evaporator. This leads to increased compressor work 
and decreased heat pump efficiency.

Conversely, the COP exhibits improvement during the transitional 
months of April, May, and particularly October. As heating demand 
diminishes and radiator supply temperatures are adjusted, the temper
ature differential between the condenser and evaporator decreases, 
thereby reducing the work required by the compressor. October dem
onstrates the highest COP (5), directly linked to the borehole charging 
that occurred in September. The seasonal heat injection raises ground 
temperature, improving evaporator inlet conditions before the heating 
season begins. Despite a decline in COP in November due to increased 
heating and cooling boreholes, the system exhibits relatively high per
formance year-round. The observations indicate that the smart inte
gration strategy, which includes seasonal borehole balancing, markedly 
improves the energy efficiency and operational stability of the GSHP 
system.

4.2. Economic feasibility and lifecycle costing

Fig. 19 illustrates the investment costs by presenting and comparing 
the initial costs of each subsystem for both models. The investment costs 
associated with boreholes, chilled beams, and energy wheels are the 
same across both existing and alternative systems, as these components 
operate similarly in each configuration. As depicted, the borehole sys
tem, representing the largest investment, is valued at 2,238,853 SEK. 
Furthermore, energy wheels employed for heat recovery are 514,912 
SEK across both models. The alternative system needs further invest
ment in particular components, resulting in an overall increase of 11.1 % 
in total investment costs. The primary addition is the heat pump, which 
costs 347,875 SEK and is not in the existing system. This constitutes the 
fundamental aspect of the new system’s heating strategy, facilitating a 
decrease in district heating usage over time, as well as the increased 
deployment of boreholes, which have such high initial costs.

The figure further illustrates that the additional cost variations arise 
from the modifications necessary to integrate the heat pump. The cost of 
the hydronic system, including valves, fans, pumps, controllers, and 
other components, increases from 67,402 SEK to 171,271 SEK. This 
increase is attributed to the need for additional piping, circulation 
pumps, and system controllers to enhance the heat pump’s functionality. 
Furthermore, the costs associated with heat exchangers increased by 9.9 
%, rising from 49,287 SEK to 54,173 SEK, due to the addition of a heat 

Fig. 18. The monthly changes in key heat pump’s indicators and the outdoor and radiator supply temperatures.

Fig. 19. Comparison of the investment cost distribution across subsystems: (a) 
the existing system in Juvelen and (b) the alternative configuration with ground 
source heat pump integration.
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exchanger to charge the boreholes from DH in September. Long-term 
operational savings resulting from decreased heating costs and 
enhanced efficiency justify the enhanced initial investment. Despite the 
initial financial increase, the alternative system offers a more sustain
able and cost-effective solution, with reduced operational costs and a 
shorter payback time.

Table 3 compares the key metrics, including investment cost, cost of 
purchased heat, cost of purchased electricity, maintenance and opera
tional costs, LCOE, CO2 used and index, and Payback time. The eco
nomic analysis indicates that the alternative system requires a greater 
initial investment (4,563,518 SEK compared to 4,106,894 SEK, an in
crease of 11.1 %), yet it provides significant savings in operational costs, 
especially regarding district heating costs. According to the table, the 
total cost of purchased heat (energy+power) declined by 29 %, from 
740,224 SEK to 524,156 SEK. This reduction is primarily attributed to a 
49 % decrease in energy-related heat costs, demonstrating the heat 
pump’s capacity to extract heat from borehole thermal energy storage. 
Despite the decrease, the power-related DH cost rose by 9 %, increasing 
from 187,896 SEK to 204,057 SEK. The increase is attributed to a new 
peak in heating demand in September, when heat is purchased from the 
district heating network to recharge the boreholes and maintain their 
thermal balance. It demonstrates that this approach enhances system 
sustainability but has an adverse impact on peak-based pricing.

Simultaneously, costs associated with electricity increase markedly 
as a result of heat pump operation. The total electricity costs have risen 
4.3 times, from 31,425 SEK to 135,816 SEK. This increase includes a 4.5- 
fold rise in spot market costs and a 9.8-fold increase in effect-based 
electricity fees, indicative of increased peak electrical loads. Mainte
nance costs rise by 11.1 %; however, the total operational cost declines 
by 9 %, suggesting enhanced cost-effectiveness in long-term operations. 
The total annual cost, including investment and operation, rises by 7.2 % 
(from 5,083,888 SEK to 5,451,661 SEK). The payback period decreases 
marginally from 10.9 to 10.5 years due to recurring savings in heat 
energy costs.

The table further shows that the alternative system demonstrates 

superior environmental performance compared to existing systems by 
markedly decreasing CO₂ emissions. The annual total CO₂ used 
decreased from 38.3 to 26.9 t, representing a 29.8 % reduction. The CO₂ 
index per heating/cooling unit was also enhanced by 35.1 %, changing 
from 34.8 to 22.6 kg/MWh. This illustrates the heat pump’s capacity to 
deliver cleaner energy by reducing dependence on the electricity grid, 
which is greener than the district heating network in Sweden. In essence, 
despite the alternative system’s increased initial and electricity costs, its 
reduced heating expenses, environmental advantages, and enhanced 
payback period make it a more economically viable and sustainable 
option over time. However, it may increase exergy losses relative to the 
original configuration. This arises from the compression process of the 
heat pump and the additional heat exchanger for borehole recharging 
from district heating in September. The objective of this study is not to 
minimize exergy loss, but rather to achieve practical, clever integration 
and smart seasonal energy management for further cost reduction and 
environmental benefits. The electricity powering the heat pump in 
Sweden is predominantly derived from fossil-free sources, and the 
enhanced ground heat extraction leads to a 76 % increase in the utili
zation of renewable energy. Consequently, despite the exergy penalty, 
the alternative system presents a feasible and climate-aligned 
enhancement compared to the existing configuration.

Fig. 20 illustrates the long-term financial comparison of both systems 
to see how they perform over 20 years after installation. The net present 
value analysis over two decades underscores the long-term financial 
benefits of the alternative system, albeit with its increased initial cost. At 
time zero, the existing system meets with an investment of 4,106,894 
SEK, whereas the alternative system costs 4,563,518 SEK, indicating 
11.1 % greater initial costs. As operational savings grow, the budgetary 
gap between the two models diminishes considerably over time. By year 
10.5, the alternative system achieves break-even, attaining a positive 
NPV, whereas the existing system requires 10.9 years to reach the same 
threshold. The reduced payback period for the alternative system un
derscores its cost-effectiveness, demonstrating that diminished opera
tional costs result in swifter returns despite the elevated initial expenses.

After the payback period, the alternative system exhibits enhanced 
long-term financial sustainability. By year 20, the system achieves a net 
present value of 1,586,230 SEK, compared to 1,321,804 SEK for the 
existing system, indicating an almost 20 % difference in long-term 
profitability compared to the existing system. This signifies that the 
alternative system not only recoups its investment more rapidly but also 
consistently yields enhanced financial advantages over time.

Fig. 21 compares the payback time and profit variation after 20 years 
for both systems, varying the interest rate. With the rise in interest rates 
from 6 % to 12 %, both systems encounter prolonged payback periods 
and diminished profitability. The alternative system consistently per
forms better than the existing configuration across all interest rates. The 
alternative system, at a discount rate of 6 %, results in a payback period 
of 8.18 years and a profit of approximately 3,720,000 SEK, whereas the 
existing system yields a payback period of 8.41 years and a profit of 
3,190,000 SEK. Under a 12 % interest rate, the alternative model 
demonstrates financial viability, exhibiting a payback period of 12.54 
years and a profit of 830,000 SEK, surpassing the existing system’s 
payback period of 13.15 years and profit of 650,000 SEK. The robustness 
of the alternative system underscores its superior long-term economic 
performance and enhanced resilience to financial uncertainty, thereby 
confirming its suitability for smart, low-carbon HVAC retrofits. Future 
research could extend this analysis by incorporating uncertainties 
related to energy prices, building load variations, and ground temper
ature fluctuations, thereby facilitating a more probabilistic assessment 
of system performance.

4.3. Carbon footprints

In order to compare both systems’ environmental facets, Fig. 22
comprehensively investigates the monthly changes in CO2 used and the 

Table 3 
The comparison of the main economic and environmental metrics of the existing 
system against the alternative system based on the ground source heat pump.

Indicator Unit Existing Alternative Relative 
increase/ 
decrease (%)

Investment cost [SEK] 4,106,894 4,563,518 11.1
Cost of purchased 

heat (energy) [SEK] 471,381 239,156 − 49

Cost of purchased 
heat (power)

[SEK] 268,843 285,000 6

Total cost of 
purchased heat

[SEK] 740,224 524,156 − 29

Cost of purchased 
electricity (spot) [SEK] 16,337 73,921 +4.5 times

Cost of purchased 
electricity (fixed) [SEK] 7800 7800 0

Cost of purchased 
electricity 
(transmission)

[SEK] 3288 14,735 +4.4 times

Cost of purchased 
electricity (effect)

[SEK] 4000 39,360 +9.8 times

Total cost of 
purchased 
electricity

[SEK] 31,425 135,816 +4.3 times

Maintenance cost [SEK] 205,345 228,171 11.1
Operational cost [SEK] 976,994 888,143 − 9
Total cost [SEK] 5,083,888 5,451,661 7.2

LCOE
[SEK. 
MWh− 1] 4527 4804 6

CO2 used [Tonne] 38.3 26.9 − 29.8

CO2 index
[kg. 
MWh− 1] 34.8 22.6 − 35.1

Payback time Year] 10.9 10.5 − 4
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usage differences. According to the figure, the trends in CO₂ emissions 
for both configurations underscore the substantial environmental ad
vantages of incorporating borehole thermal energy storage as a deep 
green heating and cooling resource. In the existing system (Fig. 22(a)), 
CO₂ emissions reach their maximum during the winter months, peaking 
at 5.9 t in February and 5.6 t in January and December, primarily due to 
a significant dependence on district heating for space heating. Emissions 
progressively decrease in spring and summer, reaching their lowest 
point in June (0.4 t) and July (0.3 t), when heating demand is minimal.

Conversely, the alternative system (Fig. 22(b)) exhibits markedly 
reduced CO₂ emissions year-round, particularly during winter. Emis
sions peak in February (3.4 t), January (2.9 t), and December (3.0 t), 
representing nearly a 50 % reduction compared to the existing system. 
The system’s increased dependence on electricity rather than district 
heating leads to reduced carbon intensity, while the heat pump’s 

superior efficiency reduces CO₂ emissions per unit of heat generated. 
The most notable distinction occurs in September, when the alternative 
system demonstrates a negative CO₂ impact of − 6.57 t (Fig. 22(c)), due 
to heat being transferred into the borehole TES, which efficiently stores 
low-carbon and cheaper heat for further utilization. The yearly decrease 
in CO₂ emissions, from 38.3 to 26.9 tons (approximately 30 % lower), 
demonstrates the ongoing environmental benefits of the alternative 
system, making it a more sustainable option for heating and cooling 
while advancing climate objectives.

Fig. 23 presents a detailed comparison of CO2 emissions between the 
existing system and the alternative system, including the annual carbon 
dioxide savings resulting from renewable utilization and the annual 
usage associated with purchasing electricity/heating from the grid. The 
existing system utilizes 313.8 MWh of renewable energy yet generates 
38.3 t of CO₂ per year, resulting in a net CO₂ effect of 23.9 tons after 

Fig. 20. The comparison of the net present value and payback period of the existing system and the alternative system based on the ground source heat pump.

Fig. 21. The sensitivity analysis: variation of payback time and profit over the investment horizon with the interest rate for both systems.
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considering savings.
On the other hand, the alternative system exhibits markedly 

enhanced carbon efficiency, utilizing 552.6 MWh of renewable energy 
through borehole TES and reducing annual CO₂ emissions to 26.9 t, 
resulting in a net CO₂ effect of only 1.6 t. This is primarily due to the 
superior energy efficiency of the heat pump, which recovers more heat 
from renewable borehole thermal energy storage and reduces depen
dence on district heating. This system reduces CO₂ emissions by 25.3 t 
annually, approximately twice the reduction achieved by the existing 
system (14.4 t per year). The figure suggests that the alternative system 
aligns more closely with zero-emission objectives, interpreting it as a 
more sustainable and environmentally friendly option for heating and 
cooling applications.

5. Conclusions

This article introduces a cutting-edge smart heating and cooling so
lution designed to further reduce operational costs and CO2 emissions 
while enhancing energy conversion in commercial buildings, including 

offices and a restaurant in Uppsala, Sweden. The concept’s heart is an 
innovative yet smart strategy of integrating a heat pump into borehole 
thermal energy storage to further harness the ground’s natural heat 
potential. After performing a techno-environmental and economic 
assessment, a comprehensive comparison of the proposed solution is 
conducted against the existing system, which primarily relies on the 
district heating network and natural ground heating and cooling. The 
key outcomes could be outlined as follows: 

• The alternative system substantially reduces reliance on district 
heating by shifting heating demand to borehole thermal energy 
storage through the integration of heat pumps. Although electricity 
use increases and leads to a modest 6 % rise in the cost of purchased 
heat (power), the high efficiency of the GSHP offsets these expenses. 
Overall, total operational costs are reduced by approximately 9 %, 
and the net present value improves by around 20 % over a 20-year 
period.

• A second key difference is in borehole performance. By applying a 
seasonal charging strategy in September, the system offsets the 
additional extraction from the ground source heat pump, prevents 
long-term ground temperature depletion, and achieves a more 
balanced thermal profile compared to the existing system.

• From an environmental perspective, the benefits are even more 
striking. The heat pump integration enhances borehole utilization, 
increases renewable energy contribution, and cuts net CO₂ emissions 
by about 93 % compared to the existing system, fully supporting 
Sweden’s net-zero targets.

While the findings confirm the potential of GSHP–BTES integration, 
several limitations should be acknowledged. 

• The operational cost savings are highly sensitive to peak heat 
(power) tariffs. Policymakers have designed this factor, which is 
expected to rise. Therefore, the long-term viability of heat pump 
integration depends not only on technical performance and CO₂ re
ductions, but also on the development of local energy price 
structures.

• The results are context-specific, as they rely on Sweden’s green 
electricity mix and unique tariff structure; therefore, the outcomes 
cannot be directly generalized to other countries with different grid 
carbon intensities or pricing structures.

• The modeling framework captures system dynamics with validated 
TRNSYS components. However, real-world operational un
certainties, such as occupant behavior, extreme weather events, and 
equipment degradation, remain beyond the present scope.

Building on these findings, future research could include the 
assessment of different building typologies and climatic contexts to test 
the broader applicability of the results. It could also analyze the un
certainty and sensitivity testing on tariffs, policy shifts, and climate 
variability to assess the robustness of techno-economic results. The 
deployment of advanced predictive controllers, such as forecast-driven 

Fig. 22. Monthly CO₂ emissions of (a) the existing system, (b) the alternative 
system with ground source heat pump integration, and (c) the monthly differ
ences in CO₂ emissions between the two configurations (in tonnes).

Fig. 23. The detailed CO2 emission comparison of the existing system against the alternative system based on the ground source heat pump.
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control, could be another suggestion to optimize system operation by 
using hourly electricity price variability and managing seasonal thermal 
balance more intelligently.
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Appendix A. Appendix

To improve the reproducibility of the study, comprehensive input data and schedules implemented in TRNSYS simulations are presented in 
Tables A1–A4. The parameters include building envelope specifications, borehole and system details, occupancy and airflow schedules, and the 
technical aspects of the ground-source heat pump. Table A1 outlines the essential input parameters necessary for simulating the thermal dynamics of 
the building and the functioning of the HVAC system. The inputs are categorized into thermodynamic, heat transfer, thermo-physical, and occupancy- 
related parameters. According to the figure, the heat transfer fluid entering the borehole system is a 30/70 Ethylene Glycol/Water mixture, char
acterized by a density of 1048 kg/m3 and a specific heat capacity of 3.6 kJ/(kg⋅K). Collectively, these variables establish the basis for thermal and 
energy modeling, guaranteeing a precise depiction of building performance in existing and alternative systems.

Table A1 
The main input parameters to model the building and HVAC systems.

Parameter Value Parameter Value

Room temperature (heating), ◦C 22 Air change (offices), 1/h 2
Room temperature (cooling), ◦C 24 Window ratio of north façade (%) 30
Window’s heat lost coefficient, W/(m2.K) 1 Concrete ratio of north façade (%) 70
Roof/floor’s heat lost coefficient, W/(m2.K) 0.65 Window ratio of east façade (%) 26
Wall’s heat lost coefficient, W/(m2.K) 0.6 Concrete ratio of east façade (%) 74
Total boreholes 25 Window ratio of southwest façade (%) 28
Occupant density (restaurant), m2/person 6 Concrete ratio of southwest façade (%) 72
Occupant density (offices), m2/person 17 The total depth of each borehole, m 250
Occupants’ heat gain (restaurant), W/m2 19.7 Space between each borehole, m 6
Occupants’ heat gain (offices), W/m2 7 The radius of each borehole, mm 70
Equipment’s heat gain (restaurant), W/m2 4 The outer/inner radius of the pipe, mm 16/14
Equipment’s heat gain (offices), W/m2 12 Fill thermal conductivity, W/(m.K) 0.8
Lightning’s heat gain (restaurant), W/m2 20 Fluid heat transfer coefficient kJ/(kg.K) 3.6
Lightning’s heat gain (offices), W/m2 12 The density of the fluid, kg/m3 1048
Air change (restaurant), 1/h 6 The thermal conductivity of the pipe, W/(m.K) 0.38

Table A2 presents the hourly airflow schedule for the three air-handling unit lines in the proposed smart HVAC system, categorized by day type and 
zone. The system comprises Line 1 and Line 2, which serve office areas, and Line 3, which supplies the restaurant zone. The table presents detailed 
patterns for weekdays and weekends, indicating that Line 1 sustains a baseline night airflow of 5 m3/s, which rises to 7.5 m3/s during occupied 
daytime hours. Line 2 is inactive on weekends and increases from 0 to 7.5 m3/s during weekdays, indicating occupancy-driven control. Line 3 exhibits 
significant variability, categorized by day type, with distinct patterns observed on Mondays and Tuesdays, Wednesdays and Thursdays, Fridays, 
Saturdays, and Sundays. Airflow reaches a maximum of 4.2 m3/s during peak meal service hours. The schedules function as essential boundary 
conditions in the simulation model, determining thermal load distributions and ventilation energy needs across zones and time, thus affecting heating, 
cooling, and control logic in HVAC systems.
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Table A2 
The schedule detailing the air flowrate in m3 per second entering air handling units.

Hour Line 1 Line 2 Line 3

Week Weekend Week Weekend Monday&Tuesday Wednesday&Thursday Friday Saturday Sunday

0 5 5 0 0 0 0 0 0 0
1 5 5 0 0 0 0 0 0 0
2 5 5 0 0 0 0 0 0 0
3 5 5 0 0 0 0 0 0 0
4 5 5 0 0 0 0 0 0 0
5 5 5 0 0 0 0 0 0 0
6 7.5 5 7.5 0 0 0 0 0 0
7 7.5 5 7.5 0 0 0 0 0 0
8 7.5 5 7.5 0 0 0 0 0 0
9 7.5 5 7.5 0 4.2 4.2 4.2 0 0
10 7.5 5 7.5 0 4.2 4.2 4.2 0 0
11 7.5 5 7.5 0 4.2 4.2 4.2 0 0
12 7.5 5 7.5 0 4.2 4.2 4.2 4.2 4.2
13 7.5 5 7.5 0 4.2 4.2 4.2 4.2 4.2
14 7.5 5 7.5 0 4.2 4.2 4.2 4.2 4.2
15 7.5 5 7.5 0 4.2 4.2 4.2 4.2 4.2
16 7.5 5 7.5 0 4.2 4.2 4.2 4.2 4.2
17 7.5 5 7.5 0 2 4.2 2 4.2 4.2
18 7.5 5 7.5 0 2 4.2 2 2 2
19 7.5 5 7.5 0 0 4.2 2 2 2
20 7.5 5 7.5 0 0 4.2 4.2 4.2 0
21 5 5 0 0 0 4.2 4.2 4.2 0
22 5 5 0 0 0 4.2 4.2 4.2 0
23 5 5 0 0 0 2 2 2 0
24 5 5 0 0 0 2 2 2 0

Table A3 presents the technical specifications of the proposed ground source heat pump in the enhanced system configuration. The NIBE F1345 
model is a water-to-water heat pump tailored for larger commercial applications and utilizes refrigerant R407C. The heat pump’s performance is 
evaluated under various inlet brine and outlet heating temperature conditions. According to the table, under standard test conditions of 0/35 ◦C, the 
unit provides a heating capacity of 39.94 kW with a power input of 8.9 kW, resulting in a coefficient of performance (COP) of 4.49.

Table A3 
The technical specifications of the proposed heat pump 
system [43].

Parameter Value

Heating capacity (0/35), kW 39.94
Supplied power (0/35), kW 8.9
COP (0/35), − 4.49
Heating capacity (0/45), kW 38.9
Supplied power (0/45), kW 10.61
COP (0/45), − 3.67
Heating capacity (10/35), kW 51.71
Supplied power (10/35), kW 9.81
COP (10/35), − 5.27
Heating capacity (10/45), kW 50.79
Supplied power (10/45), kW 11.82
COP (10/45), − 4.3
Type of refrigerant R407C
Max system pressure brine, MPa 0.6
Brine min flow, l/s 1.59
Brine nominal flow, l/s 2.09
Heating medium min flow, l/s 0.64
Heating medium nominal flow, l/s 0.93

Table A4 presents the working hour schedule for the office and restaurant zones, which is critical for precisely modeling internal heat gains, 
ventilation needs, and control logic across daily and weekly periods. The offices exhibit a weekday occupancy pattern, operating from 07:00 to 18:00 
on weekdays and remaining closed on weekends, consistent with standard business practices. The restaurant’s schedule exhibits greater variability, 
featuring extended weekday operating hours. Occupancy schedules have a significant impact on airflow setpoints, internal load profiles, and HVAC 
system operations, enabling a dynamic response to actual usage patterns across various building zones.
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Table A4 
The working hour schedule of the offices and the restaurant.

Hour Offices Restaurant

Week Weekend Monday&Tuesday Wednesday - Friday Saturday Sunday

0 Closed Closed Closed Closed Closed Closed
1 Closed Closed Closed Closed Closed Closed
2 Closed Closed Closed Closed Closed Closed
3 Closed Closed Closed Closed Closed Closed
4 Closed Closed Closed Closed Closed Closed
5 Closed Closed Closed Closed Closed Closed
6 Closed Closed Closed Closed Closed Closed
7 Open Closed Closed Closed Closed Closed
8 Open Closed Open Open Closed Closed
9 Open Closed Open Open Closed Closed
10 Open Closed Open Open Closed Closed
11 Open Closed Open Open Closed Closed
12 Open Closed Open Open Closed Closed
13 Open Closed Open Open Closed Closed
14 Open Closed Open Open Closed Closed
15 Open Closed Open Open Closed Closed
16 Open Closed Open Open Closed Closed
17 Open Closed Closed Open Closed Closed
18 Open Closed Closed Open Open Closed
19 Closed Closed Closed Open Open Closed
20 Closed Closed Closed Open Open Closed
21 Closed Closed Closed Open Open Closed
22 Closed Closed Closed Open Open Closed
23 Closed Closed Closed Closed Open Closed
24 Closed Closed Closed Closed Closed Closed

Fig. A1 illustrates the TRNSYS Studio schematics of the modeled system configurations. It includes the complete building energy system, including 
air handling units, zones, chilled beams, district heating exchangers, and borehole integration. Fig. A1(b) presents the existing borehole–district 
heating configuration. In this figure, boreholes are used in a direct free-heating/free-cooling mode without active seasonal management. Fig. A1(c) 
illustrates the proposed alternative configuration, featuring ground source heat pumps and a September charging strategy, which enables improved 
borehole utilization, higher efficiency, and long-term thermal balance.  
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Fig. A1. TRNSYS Studio representation of the studied configurations: (a) overall building energy system, (b) existing system, and (c) alternative system with in
tegrated heat pumps and seasonal charging strategy.
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Data will be made available on request.
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