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Abstract: Underground thermal imbalance poses a challenge to the sustainability of ground source
heat pump systems. Designing hybrid GSHP systems with a back-up energy source offers a potential
way to address underground thermal imbalance and maintain system performance. This study
aims to investigate different methods, including adjusting indoor heating and cooling setpoints and
dimensioning air handling unit (AHU) cooling coils, heat pump and borehole field, for improving
the long-term performance of a hybrid GSHP system coupled to district heating and an air-cooled
chiller. The system performance, life cycle cost and CO2 emissions were analyzed based on 25-year
simulations in IDA ICE 4.8. The results showed studied methods can significantly improve the
hybrid GSHP system performance. By increasing the AHU cooling water temperature level and
decreasing indoor heating and cooling setpoints, the ground thermal imbalance ratio was reduced by
12 percentage points, and the minimum borehole outlet brine temperature was increased by 3 ◦C in
the last year. However, ensuring long-term operation still required a reduction in GSHP capacity or
an increase in the total borehole length. The studied methods had varying effects on the total CO2

emissions, while insignificantly affecting the life cycle cost of the hybrid GSHP system.

Keywords: hybrid ground source heat pump; district heating; borehole free cooling; long-term
performance analysis

1. Introduction

Buildings account for nearly one-third of global energy consumption and one-quarter
of CO2 emissions [1]. In this context, improving energy efficiency and utilizing renewable
energy technologies are major objectives in climate policies for buildings. One of the avail-
able renewable energy technologies is the ground source heat pump (GSHP) system. Over
the last decade, GSHP systems have been prevalently used in many European countries for
the reasons of high energy performance, reliability, environmental friendliness and easy
integration with other energy systems [2].

A GSHP system utilizes borehole heat exchangers to extract/inject heat from/into
the ground for heating/cooling. In winter, since the brine outlet temperature is not able
to be used directly, the borehole heat exchangers are coupled to the heat pump to raise
the temperature for heating, while in summer, the heat pump process can be reversed to
use the ground as a heat sink for cooling [3]. However, it is also possible to use borehole
heat exchangers directly for free cooling by means of high-temperature cooling terminal
units, which can provide space cooling by using high-temperature chilled water [4]. These
free cooling systems are called direct ground cooling systems [5–7] or borehole free cooling
systems [8,9]. The borehole free cooling system is highly appealing due to its low energy
consumption. It consumes considerably less electricity than the borehole-coupled GSHP
system since it only requires operating circulation pumps in the brine loop. The energy
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efficiency ratio (EER) of the borehole free cooling system is commonly as high as 13–25 [10].
Therefore, in regions with favorable climates and ground conditions, the joint utilization of
active GSHP heating and borehole free cooling can be a highly efficient and profitable.

Sustainable long-term operation of the GSHP system requires the extracted heat for
heating to equal the injected heat for cooling [11]. This can guarantee that the ground annu-
ally restores its initial temperature. However, in regions with heating-dominant climates,
the extracted heat far exceeds the injected heat, which can cause serious underground
thermal imbalance during long-time operation. Many studies reported the underground
thermal imbalance effect of GSHP systems in heating-dominant regions [12–16]. Those
studies have been summarized in the review work by You et al. [17]. The review concluded
the main critical problems caused by underground thermal imbalance, including brine and
soil temperature changes, heating performance deterioration, heating reliability reduction
and even system breakdown.

The brine and soil temperatures can drop significantly with the accumulated heat
extraction. Kurevija et al. [18] reported the soil temperature could even drop below 0 ◦C
in heating months after 30 years, which means the soil moisture near the boreholes will
freeze. When freezing occurs around the borehole heat exchangers, more complex analyses
are required for the GSHP system. On the one hand, freezing soil could benefit the heat
transfer efficiency of the boreholes due to the latent heat produced by phase change [19,20].
Yang et al. [21] found this enhanced heat transfer could help reduce the borehole length
and save on the investment cost. Zheng et al. [22] reported that the outlet temperature of
borehole heat exchangers increased by around 5 ◦C, and the coefficient of performance
(COP) of the heat pump was improved by around 0.5, when freezing was considered.
However, the moisture in the soil will expand during the freezing process. The volume
expansion may cause pipe deformation and displacement [23]. In Nordic countries, as the
boreholes are commonly filled with groundwater instead of grout, the filled water can even
start freezing when the brine temperature is below 0 ◦C [24]. Therefore, avoiding freezing
boreholes is critical for the design of GSHP systems in cold climates.

Applicable solutions are needed in the design phase of the GSHP system to tackle the
underground thermal imbalance problem. The basic solution is to appropriately design
borehole heat exchangers. You et al. [17] summarized potential solutions in the design of
borehole heat exchangers in cold regions. Those solutions include increasing the borehole
spacing/number/length properly and modifying the borehole field layout with a larger
aspect ratio. However, increasing the overall borehole length also results in a higher drilling
cost. In addition, the borehole field design needs to consider the actual land use plan. Large
borehole fields may not be feasible in dense cities with limited available land.

The actual borehole heat exchanger design commonly aims to find the minimum
size of the borehole heat exchanger which can maintain a satisfactory performance of
the GSHP system over the system lifespan. There are different design tools for sizing
borehole heat exchangers. Spitler and Bernier [25] classified these sizing tools into five
levels (L0–L4) based on the resolution of time steps in the design methodology. The tools
at higher levels generally require input building or ground loads in higher levels of time
resolutions. L0 tools (rules of thumb) are mostly used for small system design with only
heating purposes. They use a specific heat extraction rate (W/m) to calculate the total
borehole heat exchanger length. Generic values of specific heat extraction rates have been
used in certain countries. In Switzerland, Germany and Austria, 50–55 W/m is considered
for borehole heat extraction [26]. In Finland, this number is in the range of 30–45 W/m [27].
However, L0 tools do not consider the borehole thermal interaction, which might lead to
inadequate borehole heat exchanger length for large borehole fields. Therefore, they are
more suitable for checking designs via more advanced sizing tools [28], such as classic
sizing equations from ASHRAE (L2 tool) [29] and some commercial software programs
like GLHEPro (L3 tool) [30] and Earth Energy Designer (EED, L3 tool) [31]. Although
high-level sizing tools could improve the accuracy of predicted size requirements, they still
require users to determine the input data accurately, especially the input of building or
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ground load, since it can influence the accuracy of the overall borehole length. Bernier and
Dinse [32] have revealed, in a specific case, that an uncertainty of 10% on the peak, monthly
and annual ground loads can lead to an uncertainty of 8.9% on the overall borehole length.
Therefore, using high-level sizing tools and estimating the input data accurately are both
important for the designs of large borehole fields.

Even if the soil recovery ability can be maximized through the borehole heat exchanger
design, it can be still difficult to eliminate the effect of underground thermal imbalance.
Therefore, combining the GSHP with an auxiliary heating/cooling source is regarded as
another applicable solution. In cold regions, auxiliary energy sources such as boilers, solar
collectors and district heating can maintain the ground load balance and improve the
GSHP performance [33]. Xi et al. [34] compared the long-term system performance of a
hybrid GSHP assisted with solar heating with a conventional GSHP. The results presented
that, after 20 years, the average soil temperature around the borehole heat exchangers was
nearly the same as that in the first year, while the soil temperature dropped by 3.17 ◦C for
the conventional GSHP. In addition, the system COP of the solar-assisted GSHP system
was improved by 26.3% compared to the conventional GSHP. Liu et al. [35] evaluated the
performance and feasibility of a hybrid GSHP using a boiler as the supplementary heating
source in the cold climate zone of China and compared it with a conventional GSHP. They
found that after a 10-year operation, the soil temperature decreased by 0.9 ◦C and 7.7 ◦C
for hybrid and conventional GSHP systems, respectively, which implied a more stable
performance of the hybrid GSHP.

In addition to long-term system performance improvement, hybrid GSHP systems
provide the potential to reduce the initial cost by shortening the overall borehole length and
thus lower the system life cycle cost [36]. Therefore, the heating power ratio of the GSHP
and the auxiliary heating equipment is a critical parameter that must be well designed.
Ni et al. [37] conducted an economic analysis of a hybrid GSHP assisted by a gas boiler
via numerical simulation. They found that when the heat pump meets a higher design
heating load, the initial cost will increase, and the annual operational cost will decrease.
Based on this, the optimum design heat load ratio of 60% for the GSHP can obtain the
minimum present value of costs. Alavy et al. [36] developed a generalized computational
methodology to optimize the GSHP capacity for hybrid GSHP systems based on the
minimum life cycle cost. The methodology was tested for ten buildings with different
building types and heating and cooling load characteristics. The result showed among
these buildings, the optimum capacity ratio of GSHP and the auxiliary energy source varied
between 0.25 and 0.66. Nguyen et al. [38] extended Alavy’s work to consider the effect of
entering fluid temperature (EFT) to the heat pump into the design of hybrid GSHPs. They
carried out the design optimization for ten buildings in Southern Ontario, Canada and
compared the system’s CO2 emissions. The results revealed when the design capacity ratio
was optimized, using the optimum EFT pair for the heat pump can reduce the total cost by
3.6% compared to using a fixed EFT pair. However, to the best of our knowledge, there are
limited studies comparing the solutions of adjusting design capacity ratio of GSHP and
auxiliary heating device with modifying the overall borehole length in consideration of
effects on energy performance, economy and environment.

Apart from appropriate designs of borehole heat exchangers and hybrid GSHP sys-
tems, there are also other solutions to mitigate the underground thermal imbalance. Those
solutions include applying heat recovery to the GSHP, optimizing the ground load bal-
ance by adding borehole free cooling, optimizing the building load balance by chang-
ing the indoor air setpoint or optimizing the building envelope design. For instance,
Javed et al. [39] optimized the design of a GSHP system with a 25-year lifetime in a kinder-
garten building in Norway. They modified the building envelope characteristics to optimize
the solar heat gains and thus reduced the ground thermal imbalance by over 37% compared
to the base case. They even included the ventilation cooling load into the ground, which
further reduced the imbalance ratio by around 54%. Zhai et al. [40] applied two methods,
including using heat recovery in air handling units (AHUs) and optimizing indoor air
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setpoints, to mitigate the underground thermal imbalance of a GSHP system in an archive
building in Shanghai, China. The results revealed the discharging heat to the ground in the
new system decreased by 33.7% compared to the system without heat recovery. In addition,
higher indoor air setpoints can reduce the underground thermal imbalance and the soil
temperature change after 15 years. Allaerts et al. [41] optimized a GSHP system combined
with floor heating, fan coils and a central AHU in a school building in Belgium based
on 15-year simulations. They integrated an extra coil in the AHU which facilitates using
waste heat from the exhaust ventilation air for heating the brine exiting the evaporator.
In addition, they investigated the impacts of borehole free cooling in summer holidays
on the annual energy balance. The results showed implementing heat recovery of the
exhaust ventilation air with free cooling by boreholes can stabilize the ground temperature
and save more energy. However, the aforementioned studies were only conducted for
non-hybridized GSHPs. Zhai et al. [40] only studied the effects of indoor air setpoints on
non-hybridized GSHP long-term performance. Javed et al. [39] and Allaerts et al. [41] also
only focused on enhancing borehole free cooling in non-hybridized GSHPs. In addition,
they did not investigate the potential of enhancing borehole free cooling by increasing the
AHU cooling water temperature level.

Therefore, despite the existing studies, there is still a research gap for investigating the
solutions to improving long-term performance of hybrid GSHP systems. This research gap
is summarized as follows:

• Previous research has not investigated the effects of adjusting the AHU cooling water
temperature level and modifying indoor heating and cooling setpoints on the long-
term performance of hybrid GSHP systems.

• According to the authors’ best knowledge, there are limited studies comparing the
solutions of increasing borehole length with reducing the design heating power ratio
of GSHP and auxiliary heating source for improving the long-term performance of
hybrid GSHP systems.

The aim of this study is to investigate different methods for improving the long-term
performance of a hybrid GSHP system and identify effective methods according to their
effects on system energy consumption, life cycle costs and CO2 emissions. The studied
hybrid GSHP system was assisted by district heating and an air-cooled chiller in a large
educational building. The investigation started with primary methods including increasing
the AHU cooling water temperature level and lowering the indoor cooling and heating
setpoints, and then it progressed to additional methods, such as reducing the nominal
GSHP heating capacity and increasing the borehole number or borehole depth. This study
was carried out based on the validated borehole field model from a previous study [42].
The studied building and the hybrid GSHP system were both modeled and simulated in
IDA Indoor Climate and Energy (IDA ICE) 4.8. and validated against the measured data.
The results of this study can have a referential significance for the future design and control
optimization of hybrid GSHP systems.

2. Methodology
2.1. Building Simulation Tool

The investigation of this study was based on simulations of the target building and
hybrid GSHP system. The building and hybrid GSHP system were modelled separately in
the building simulation tool IDA ICE 4.8. IDA ICE 4.8 is a multi-zone simulation software
capable of modeling building characteristics and various technical systems including the
borehole thermal storage system. It is suitable for the study of thermal indoor climate and
building energy consumption with variable simulation time steps. It was validated against
EN 15255-2007 and EN 15265-2007 standards [43]. Also, it has been used and validated in
many previous studies [42,44,45].

To reduce the computational time, the borehole field model was decoupled from the
combined building and hybrid GSHP system model. The borehole model and combined
building and hybrid GSHP system model were coupled through two interfaces to exchange
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data including the brine mass flow, inlet and outlet brine fluid temperatures and pressures
at each time step of the calculation. The simulations were run separately for the decoupled
models at the same time.

2.2. Building Model Description
2.2.1. Building Geometry and Building Structure

The studied building is a new educational building located in Espoo, Finland. The
building is a 4/5-story building with hundreds of rooms. It was designed with an irregular
geometry. The heated net floor area of the building is 47,500 m2. The simplification
work was conducted in the modeling of the building. The geometry of the building was
simplified into a rectangular single-story building with a room height of 4.6 m (shown
in Figure 1). The building space was divided into five zones. The zoning considered the
different distribution of internal heat gains in the building based on assumptions (see
the next section). The eventual geometry was magnified by a zone multiplier of 18.3 to
obtain the real net floor area. The overview of general parameters of the building geometry,
U-values of the envelope and window properties are shown in Table 1.
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Figure 1. Geometry of the simplified building model.

Table 1. Overview of the building model input parameters.

Parameters Value

Heated net floor area, m2 47,500
Envelope area, m2 51,224

Window to envelope ratio,% 17.3
U-value, W/m2K External walls 0.17

Roof 0.09
Ground slab 0.18

Windows 0.6
Window glazing properties Total solar heat transmittance 0.49

Direct solar transmittance 0.41
Window opening Never open

Air tightness q50, m3/hm2 2 (at 50 kPa)
Solar shading Internal shading Interior roll (Solar radiation > 100 W/m2)

External shading None

2.2.2. Internal Heat Gains

In this study, the simulated five zones were classified into two groups considering
different occupancy densities and heat gains from lighting and equipment. Zones 1–3
represent building areas with a lower occupancy density or utilization of lighting and
equipment, such as halls, office rooms, gymnasiums, shopping areas, etc. Zones 4 and 5
were considered to have a higher occupancy density or utilization of lighting and equip-
ment, such as classrooms, computer rooms, workshops, etc. The values of occupancy
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density and annual internal heat gains from lighting and equipment are listed in Table 2.
The detailed daily occupancy, lighting and equipment profiles can be found in the study by
Xue et al. [46]. In addition, monthly occupancy factors were used to consider the monthly
occupancy variation.

Table 2. Internal heat gains.

Parameters Zones 1–3 Zones 4–5

Occupants Occupancy density 0.186 1/m2 with activity level
of 1 met, clothing level of 0.85 ± 0.25 clo

Occupancy density 0.836 1/m2 with activity level
of 1 met, clothing level of 0.85 ± 0.25 clo

Lighting Average gain 4.35 W/m2, internal gain from
lighting equals 2.7 kWh/m2a

Average gain 19.58 W/m2, internal gain from
lighting equals 12.9 kWh/m2a

Equipment Average gain 2.5 W/m2, internal gain from
equipment equals 1.6 kWh/m2a

Average gain 11.25 W/m2, internal gain from
equipment equals 7.4 kWh/m2a

2.2.3. Heating and Cooling Distribution System

The space heating and cooling energy is distributed by a hydronic four-pipe radiant
ceiling panel system. The design powers for space heating and cooling are 19 W/m2 and
9 W/m2, respectively. The indoor setpoints are 21.5 ◦C for heating and 25 ◦C for cool-
ing. The dimensioning supply/return water temperatures are 45/30 ◦C for heating and
15/18 ◦C for cooling. The supply water temperature for space heating is controlled by the
outdoor air temperature according to the control curve shown in Figure 2.
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2.2.4. Ventilation System

The building has a mechanical balanced ventilation system with heat recovery. The
dimensioning supply/return water temperatures for AHU heating are 50/30 ◦C. The AHU
heating supply water temperature is controlled according to the outdoor air temperature
by the curve shown in Figure 3. The AHU heat recovery efficiency is 60%. A defrost
protection is set in the AHU with a minimum allowed exhaust air temperature of 4 ◦C.
The dimensioning supply/return water temperatures for AHU cooling are 10/16 ◦C. The
ventilation system was modelled with two AHUs in charge of Zone 1 and Zone 2–5,
respectively. The detailed air flow rate setting is shown in Table 3. The total supply air flow
rate of the building is 123 m3/sm2. The fan operation rate was set at the maximum from
7:00 to 21:00 and 33% at other times during weekdays. The detailed fan operation schedule
can be found in the study by Xue et al. [46]. The supply air temperature varies in the range
of 16–18 ◦C as a function of the outdoor air temperature (see Figure 4).



Buildings 2023, 13, 1825 7 of 26

Buildings 2023, 13, x FOR PEER REVIEW 7 of 27 
 

respectively. The detailed air flow rate setting is shown in Table 3. The total supply air 
flow rate of the building is 123 m3/sm2. The fan operation rate was set at the maximum 
from 7:00 to 21:00 and 33% at other times during weekdays. The detailed fan operation 
schedule can be found in the study by Xue et al. [46]. The supply air temperature varies 
in the range of 16–18 °C as a function of the outdoor air temperature (see Figure 4). 

 
Figure 3. Control curve of supply water temperature for AHU heating. 

Table 3. Ventilation air flow rates. 

Zone Supply and Exhaust Air Flow Rates (m3/sm2) 

Zone 1 
2.85 (at occupied time in May and September); 2.3 (at occupied time in other 

months); 0.94 (at unoccupied time in May and September); 0.76 (at 
unoccupied time in other months) 

Zone 2–5 2.3 (at occupied time); 0.76 (at unoccupied time) 

 
Figure 4. Control curve of supply air temperature for ventilation. 

2.2.5. Domestic Hot Water 
The domestic hot water (DHW) heating energy demand was set as 4 kWh/m2,a. A 

detailed hourly DHW consumption profile can be found in the study by Xue et al. [46]. The 
monthly DHW usage factors were used to consider the monthly DHW usage variation. 

  

Figure 3. Control curve of supply water temperature for AHU heating.

Table 3. Ventilation air flow rates.

Zone Supply and Exhaust Air Flow Rates (m3/sm2)

Zone 1
2.85 (at occupied time in May and September); 2.3 (at occupied time in

other months); 0.94 (at unoccupied time in May and September); 0.76 (at
unoccupied time in other months)

Zone 2–5 2.3 (at occupied time); 0.76 (at unoccupied time)
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2.2.5. Domestic Hot Water

The domestic hot water (DHW) heating energy demand was set as 4 kWh/m2a. A
detailed hourly DHW consumption profile can be found in the study by Xue et al. [46]. The
monthly DHW usage factors were used to consider the monthly DHW usage variation.

2.3. Plant Model Description
2.3.1. Hybrid GSHP System Description and Operation Principles

The heating and cooling for the building are provided by the hybrid GSHP system.
In the hybrid GSHP system, the main components are the heat pump, the borehole field,
the district heating substation, the air-cooled chiller, water storage tanks and pumps. The
whole system was built in the IDA ICE plant model. Figure 5 shows a simplified schematic
of the hybrid GSHP system. The domestic hot water is heated by the heat exchanger (HX1)
in the district heating substation. The supply water for AHU heating and space heating
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comes from the hot tank coupled to the district heating network via heat exchanger (HX2)
and the condenser side of the heat pump. The supply water for AHU cooling and space
cooling is from the cold tank connected to the borehole field via heat exchanger (HX3) and
the air-cooled chiller.
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Figure 5. Simplified schematic of the hybrid GSHP system model.

The operation of the back-up heating/cooling is controlled by the water temperature
in the hot/cold tank. In heating seasons, the GSHP provides basic heating. The district
heating generates auxiliary heat to the hot tank when the water temperature at the top
of the hot water tank is lower than the maximum supply water setpoint of the AHU and
space heating. The supply hot water setpoint from the GSHP is 2 ◦C higher than the
maximum supply water setpoint for the AHU and space heating. The heat pump will
operate at part load condition if the temperature of the hot tank water at 1.6 m reaches
the maximum setpoint. The setpoint of the supply temperature from the district heating
network varies in the range of 70–90 ◦C as a function of outdoor temperature (see Figure 6).
In cooling seasons, the borehole field produces free cooling water to the cold water tank.
The temperature of the free cooling water varies according to the outlet brine temperature
from the borehole heat exchangers. If the free cooling cannot cool the water from the bottom
layer of the cold tank to the minimum supply water setpoint of the cooling network, the
chiller will start operating. The temperature of the supply cold water from the chiller is
2 ◦C lower than the minimum supply water setpoint for the AHU and space cooling.
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2.3.2. Heat Pump Model

The heat pump model used in this study is a brine-to-brine heat pump model from
the standard IDA ICE component library. The model comprises a heat exchanger model for
the condenser and the evaporator and a performance descriptive correlation model for the
compressor [47]. The heat exchanger model is developed based on the NTU method. The
heat pump model allows performance at arbitrary condenser and evaporator temperatures
within the designed temperature limits. In addition, the heat pump model can simulate
part load conditions. The details of IDA ICE heat pump model were described in the study
of Niemelä et al. [48].

In this study, the real GSHP system consists of 9 heat pump modules with each
nominal heating capacity of 87.8 kW and COP of 3.94 at rating conditions of 35/0 ◦C [49].
The 9 heat pump modules were simply modelled as one heat pump in IDA ICE 4.8 with
the nominal COP at rating conditions and an equivalent total heating capacity of 790 kW.

2.3.3. Borehole Field Model

The borehole field was modelled by using the IDA ICE ground heat exchanger (IDA
GHX) model based on the finite difference method. The IDA GHX model consists of a 3-D
field by superposition of cylindrical 2-D temperature fields around each borehole and a 1-D
vertical field for undisturbed ground temperatures including geothermal temperature gra-
dient. A detailed description of the borehole field model and the corresponding validation
result were presented in the study by Xue et al. [42].

The overview of the borehole field parameters is listed in Table 4. The boreholes
are filled with groundwater. The groundwater was regarded as a solid material in the
simulation. The natural convection of the groundwater was considered by using an effective
thermal conductivity of water [42]. The surrounding bedrock is homogenous granite with
negligible fracturing. The groundwater level and granite structure are 8.2–9 m below
the ground surface. The borehole heat exchangers are single U-pipe heat exchangers
using 28% ethanol-water as the working fluid. All heat exchangers are connected in
parallel. The original borehole field was designed in an irregular geometry as shown in
Figure 7a by a consultancy company. According to the validation work in the previous
study [42], the borehole field layout can be simplified into a double-symmetry geometry as
shown in Figure 7b without scarifying the accuracy of the simulation result. The eventual
simulation result of the borehole field was created by duplicating the results of the simulated
21 boreholes marked as red dots in Figure 7b.



Buildings 2023, 13, 1825 10 of 26

Table 4. Input parameters for borehole field model.

Descriptive Parameters Value

Number of boreholes, pcs 74
Equivalent spacing between boreholes, m 13.1

Borehole average depth, m 310
Borehole diameter, mm 115

U-pipe outer diameter, mm 40
U-pipe wall thickness, mm 2.4

U-pipe thermal conductivity, W/mK 0.42
Brine freezing point, ◦C −18.5

Brine thermal conductivity, W/mK 0.417
Brine density, kg/m3 961

Brine specific heat capacity, J/kgK 4243
Brine dynamic viscosity, Pa·s 0.00328

Groundwater effective thermal conductivity, W/mK 1.6 (considering convection)
Groundwater density, kg/m3 1000

Groundwater specific heat capacity, J/kgK 4200
Bedrock thermal conductivity, W/mK 3.3

Bedrock density, kg/m3 2500
Bedrock specific heat capacity, J/kgK 725

Geothermal temperature gradient, ◦C/m 0.0119
Undisturbed ground temperature, ◦C 8.7

Effective borehole thermal resistance, mK/W 0.095 (0.0977 for heat injection)
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2.3.4. Auxiliary Heating and Cooling and Storage Tank Models

The auxiliary heating and cooling are provided by the district heating and the air-
cooled chiller. The district heating substation efficiency is 97%. The energy efficiency ratio
(EER) of the air-cooled chiller is 3.04. The dimensioning power of the back-up district
heating and air-cooled chiller is introduced in the case design in Section 2.7.

The hot and cold water storage tanks were both modelled by using the non-ideal
stratified water tank model in IDA ICE. The water tank model allows users to divide the
height of the storage tank into different layers, and thus, it can simulate the heat transfer
between layers due to the mixing process. The non-ideal water storage tank model was
validated by Alimohammadisagvand et al. [50]. More details of the tank model can be
found in their study. In this study, the volume of the hot water tank was set as 5 m3 with
a height of 2.2 m, and the volume of the cold water tank was set as 3 m3 with a height of
2.0 m. Each tank was divided into 8 layers vertically.

2.4. Life Cycle Cost

The life cycle cost (LCC) analysis was conducted for investigating the economic impact
of long-term performance improvement methods. The life cycle period in the LCC analysis
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was assumed to be 25 years. The LCC of the hybrid GSHP system was calculated by
Equation (1):

LCC = ∑ I0, tot + ∑ Mtot + ∑ Rtot + ∑ Etot − ∑ Restot, (1)

where LCC is the life cycle cost over a 25-year time period, EUR; ΣI0,tot is the overall
investment cost of the system, EUR; ΣMtot is the total maintenance cost of the system, EUR;
ΣRtot is the overall renewal cost, EUR; ΣEtot is the total energy cost of the case building,
EUR; ΣRestot is the total residual value of the system, EUR.

In this study, the LCC calculation only considered costs concerning the GSHP, bore-
holes, back-up district heating substation for space and ventilation heating, air-cooled
chiller and AHU cooling coils. The costs of other equipment in the heating and cooling sys-
tem were not calculated since they remained the same for all studied cases. The overview of
specific investment, maintenance, renewal costs and residual values inclusive of the Finnish
VAT of 24% are shown in Table 5. The investment costs were based on cost estimations from
the designers and manufacturers. In the investment cost calculation of AHU’s cooling coils,
the number of AHUs in the actual building was considered even if the building model was
simulated with two AHUs. The maintenance, renewal cost and residual values were based
on the cost data from the study by Niemelä et al. [51] and updated to the relevant market
prices in 2022. It was assumed that renewal of the compressors in the GSHP and chiller
will occur in the 15th year.

Table 5. Investment, maintenance, renewal costs and residual values of different equipment (inclusive
of the Finnish VAT of 24%).

Item Investment Cost Maintenance Cost Renewal Cost Residual Value

GSHP 961 EUR/kW 1% from the investment cost 0.5% from the
investment cost 50% from the investment cost

District heating
substation 21 EUR/kW 0.5% from the investment cost None 60% from the investment cost

Air-cooled chiller 196 EUR/kW 1% from the investment cost 0.5% from the
investment cost 50% from the investment cost

Borehole drilling 74 × 310 m 3.1 EUR/m None None None
>310 m 3.7 EUR/m

AHU cooling coil
(Supply air flow rate of

5 m3/s for each coil)

10/16 ◦C 6000 EUR/coil 0.5% from the investment cost None 60% from the investment cost
15/18 ◦C 8000 EUR/coil

The total maintenance cost of the hybrid GSHP system was calculated by Equation (2):

∑ Mtot =
1 − (1 + r)−n

r
·Ma, (2)

where r is the real interest rate; n is the number of years of the system lifetime, a; and Ma is
the annual maintenance cost of the system, EUR/a.

The total renewal cost of the hybrid GSHP system was calculated by Equation (3):

∑ Rtot =
1

(1 + r)ki
·RM, (3)

where r is the real interest rate; ki is the number of years starting when the renewal is
implemented; and RM is the renewal cost of the renovation measure, EUR.

The total energy cost of the building was calculated by Equation (4):

∑ Etot =
n

∑
i=1

Ei

(1 + re)
i , (4)
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where re is the escalated real interest rate, including an estimated energy price escalation
rate in the future; n is the number of years of the system lifetime, a; and Ei is the annual
energy cost of the system in the ith year, EUR.

Table 6 gives the distribution and power fees of electricity and district heating. The
distribution fee of electricity included the basic fee, power fee and distribution fee in the
daytime in winter and at other times. The basic power fee of district heating was determined
by the maximum power output of the district heating connection in the studied building.

Table 6. Distribution and power fees.

Item Distribution and Power Fees

Electricity Basic distribution fee 333.56 EUR/month
Power fee 2.17 EUR/kW, month

Day time distribution 1 1.9 c/kWh
Distribution at other time 0.83 c/kWh

District heating Basic power fee 35,538 EUR/a
Power fee 29.8 EUR/kW, a

1 Day distribution, winter, Mon–Sat, 7:00–22:00, 1 November–31 March.

The sensitivity analyses were conducted with two scenarios considering the effects
of the Russian–Ukraine war [52] on the Finnish energy market. Scenario 1 was the price
scenario before the war, which was represented by the initial year 2019 of the simulation.
Scenario 2 was the price scenario after the war started, which was represented by the
year 2022. The differences in the real interest rate and energy escalating rate were also
considered in these two scenarios. The energy prices used for the two scenarios are given
in Table 7. The presented energy prices considered all taxes including the Finnish VAT of
24%. The monthly electricity prices were taken from Nord Pool [53]. The monthly district
heating prices were from a local district heating provider. The real interest rate and the
energy escalation rate in Scenario 1 were set as 4.4% and 2%, based on the previous LCC
analysis of a Finnish educational building [54]. A higher real interest rate and a lower
energy escalation rate were assumed in Scenario 2, which were 5% and 1%, respectively.

Table 7. Energy prices including all taxes.

Month
Energy Price (Incl. All Taxes), EUR/MWh

Scenario 1 (Year 2019) Scenario 2 (Year 2022)
District Heating Electricity District Heating Electricity

January 89 83 83 134
February 89 74 83 81

March 80 67 77 86
April 71 69 69 79
May 57 67 57 133
June 35 58 38 140
July 38 73 38 184

August 38 76 38 261
September 60 76 57 215

October 74 74 69 113
November 83 73 77 195
December 91 66 83 246

2.5. CO2 Emissions

The environmental impact was assessed according to the CO2 emissions due to the
energy use of the building. The CO2 emissions of consumed electricity and district heating
during the lifetime of the hybrid GSHP system were calculated by using the corresponding
CO2 emissions factors. The CO2 emissions factor for the electricity consumption was
chosen as 63 kgCO2/MWh, which was the average value in 2021 defined by Finnish
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Energy [55]. The CO2 emissions factor for the district heating consumption was chosen as
118 kgCO2/MWh based on the average value in 2021 from a local district heating provider.

2.6. Model Validation

The validation of the borehole field model was already conducted in the previous
study [42] from March 2018 to February 2021. In this study, the validation of the building
and the hybrid GSHP models were performed with 1-year simulated and measured results
from July 2019 to June 2020. The measured data were obtained from the measurement
and reconstructed by Todorov et al. [56]. The building model was validated through
the comparison of the monthly energy demand of heating, cooling and DHW with the
measured values. The hybrid GSHP system model was validated via the annual ground
thermal imbalance ratio (IR), average heat pump COP and GSHP heating energy ratio (HR)
in the heating season (September–May) and borehole free cooling energy ratio (CR) in the
cooling season (June–August).

The ground thermal imbalance ratio (IR) for assessing the annual thermal balance of
the ground was defined by Equation (5):

IR =
Qext − Qinj

Qmax
× 100%, (5)

where Qext and Qinj are annual accumulated heat extraction and heat injection, respectively,
kWh. Qmax is the maximum value between Qext and Qinj.

The GSHP heating energy ratio (HR) was defined as the ratio of the heating energy
provided by the GSHP to the total space and AHU heating energy demand in the heating
season. It was calculated by Equation (6):

HR =
QGSHP

Qheating, tot
× 100%, (6)

where QGSHP is the total condenser heat of the GSHP in the heating season, kWh; and
Qheating,tot is the total heating energy demand required by space and AHU heating in the
heating season, kWh.

The borehole free cooling energy ratio (CR) was defined as the ratio of the cooling
energy covered by the borehole field to the total cooling energy demand in the cooling
season, which was calculated by Equation (7):

CR =
QBHX

Qcooling,tot
× 100%, (7)

where QBHX is the injected heat to the ground in the cooling season, kWh; and Qcooling,tot is
the total cooling energy demand in the cooling season, kWh.

2.7. Case Design

The input borehole load data used in the previous research presented a higher amount
of extracted heat from the ground, which indicates a potential risk of long-term brine
temperature drop and GSHP performance deterioration [42]. Therefore, in this study,
seven simulation cases were designed and compared for investigating effects of different
improving methods on the hybrid GSHP system. The design parameters of these cases are
listed in Table 8. Case 1 is the reference case based on the actual designs of the building
and hybrid GSHP system. Cases 2–4 are designed for comparing the primary performance
improving methods used on the building side. In Case 2, the AHU cooling water sup-
ply/return temperatures were increased to 15/18 ◦C in order to use more free cooling
energy in cooling seasons. However, it will require larger cooling coils and consequently
increase the coil investment cost. Case 3 is designed based on Case 2, while the cooling
setpoint is reduced to 22.5 ◦C to further increase the ground cooling load. Case 4 is an
improved case of Case 3, in which the heating setpoint is reduced to 21 ◦C in order to
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reduce the ground heating load. Cases 5–7 are designed based on Case 4 for comparing
additional methods applied on the hybrid GSHP system. In Case 5, the nominal GSHP
heating power is reduced by 30%, which indicates less extracted heat from the ground
and more usage of back-up heating. In Cases 6 and 7, the borehole number and the bore-
hole depth are increased by 30%, respectively, which can increase the total heat exchange
per borehole.

Table 8. Properties of studied cases.

Case AHU Cooling Water
Temperatures, ◦C

Heating
Setpoint, ◦C

Cooling
Setpoint, ◦C

GSHP Heating
Power, kW

Borehole
Numbers

Borehole
Depths, m

Case 1 (ref) 10/16 21.5 25 790 74 310
Case 2 15/18 21.5 25 790 74 310
Case 3 15/18 21.5 22.5 790 74 310
Case 4 15/18 21 22.5 790 74 310
Case 5 15/18 21 22.5 553 74 310
Case 6 15/18 21 22.5 790 96 310
Case 7 15/18 21 22.5 790 74 402

The nominal power of the back-up district heating for space and AHU heating was
determined based on the dimensioning heating power for space and AHU heating and the
nominal heating power of the heat pump. The dimensioning heating demand of space and
AHU heating was calculated without internal heat gains under the dimensioning outdoor
temperature (−26 ◦C) of southern Finland. Therefore, the dimensioning heating power of
the back-up district heating substation was determined by subtracting the nominal power
of GSHP from the dimensioning total heating power. The dimensioning of the district
heating power for DHW was not considered in this study since the DHW was heated
separately by a heat exchanger, and the DHW heating demand remained the same for
each case.

As the borehole free cooling power is affected by both the ground and borehole
characteristics, the input nominal power of the air-cooled chiller was not limited for
simulations in this study. The dimensioning cooling power of the air-cooled chiller for
LCC analysis was determined according to the maximum cooling power demand in the
long-term simulation.

2.8. Weather Data and Simulation Period

The simulations of the studied cases were conducted for 25 years from July 2019 to
June 2044. The input weather data were based on the measured data from weather stations
of the Finnish Meteorological Institute nearby the studied building. The input 25-year
weather data were generated by using the measured weather data from 2019 to 2021 as a
period and repeating it for 25 years. Within this period, the outdoor temperature ranges
from −23.9 ◦C to 32.4 ◦C and the annual average outdoor temperature ranges from 6.2 ◦C
to 8.1 ◦C. The time resolution of the weather data is 1 h.

3. Results
3.1. Dimensioning Heating and Cooling Power

The dimensioning back-up heating and cooling powers are shown in Table 9. The
dimensioning heating power demand of space and AHU heating was rounded up to the
next nearest 100 kW at the dimensioning outdoor temperature of −26 ◦C. The dimensioning
heating power of the back-up district heating was calculated by subtracting the nominal
power of GSHP (see Table 8) from the dimensioning heating power. The dimension power
of the back-up chiller was determined based on the maximum chiller power in the simulated
25 years, which was rounded up to the next nearest 10 kW.



Buildings 2023, 13, 1825 15 of 26

Table 9. Dimensioning power of back-up heating and cooling.

Case Back-Up District Heating, kW Back-Up Chiller, kW

Case 1 (ref) 3710 1210
Case 2 3710 760
Case 3 3710 820
Case 4 3710 820
Case 5 3947 820
Case 6 3710 780
Case 7 3710 810

3.2. Building and Hybrid GSHP System Validation

The annual heating, cooling and DHW energy demand during the validation year
were compared between the simulation result of the reference case and the measured
data. The measured results were calculated based on the reconstructed measured data
by Todorov et al. [56]. The measured annual heating energy demand for space and
AHU heating was 3261 MWh, while the simulated annual heating energy demand was
3135 MWh, which presents a discrepancy of 4%. The annual cooling energy demand for
space and AHU cooling was 696 MWh and 708 MWh from the measured and simulated
results, respectively, with a difference of 2%. The measured annual DHW energy demand
was 414 MWh with an insignificant deviation from the simulated DHW demand. Figure 8
shows the comparison of monthly heating, cooling and DHW energy demand from the
measurement and simulation. A good agreement can be observed between the simulated
and measured results. The deviations between the simulated and measured values are
within 5% for the monthly heating energy demand in the heating season and the monthly
cooling energy demand in the cooling season. The deviation in the monthly DHW energy
demand is within 3%.
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The hybrid GSHP system was validated based on the annual ground thermal imbal-
ance ratio (see Equation (5)), average heat pump COP and GSHP heating energy ratio in
the heating season (see Equation (6)) and borehole free cooling energy ratio in the cooling
season (see Equation (7)). The validation results of the hybrid GSHP system are given in
Table 10. It can be seen that the results from the simulation and the measurement match
well. The deviations in ground thermal imbalance ratio, average hourly heat pump COP,
GSHP heating energy ratio and borehole free cooling energy ratio are less than 5%.
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Table 10. Measured and simulated ground thermal imbalance ratio, average heat pump COP, GSHP
heating energy ratio and borehole free cooling energy ratio.

Case Annual Ground Thermal
Imbalance Ratio (IR), %

Average Heat Pump COP
in the Heating Season

GSHP Heating Energy Ratio in
the Heating Season (HR), %

Borehole Free Cooling Energy
Ratio in the Cooling Season

(CR), %

Case 1 (ref) 90 3.80 95 51
Measurement 88 3.76 99 51

The validation of the simplified-geometry borehole field model was conducted in the
previous study [42]. The result showed the accuracy of predicted inlet and outlet brine
temperatures was within 1 ◦C against the measurement during the validation period.

3.3. Hybrid GSHP Performance Analysis

The inlet and outlet brine temperatures of the borehole field were simulated over
25 years. Figure 9 shows the curves of inlet and outlet brine temperatures of the borehole
field with a time resolution of 1 h for Case 1 (reference case). As the figure shows, inlet and
outlet brine temperatures of the borehole field drop severely after 25 years.

Buildings 2023, 13, x FOR PEER REVIEW 16 of 27 
 

The hybrid GSHP system was validated based on the annual ground thermal 
imbalance ratio (see Equation (5)), average heat pump COP and GSHP heating energy 
ratio in the heating season (see Equation (6)) and borehole free cooling energy ratio in the 
cooling season (see Equation (7)). The validation results of the hybrid GSHP system are 
given in Table 10. It can be seen that the results from the simulation and the measurement 
match well. The deviations in ground thermal imbalance ratio, average hourly heat pump 
COP, GSHP heating energy ratio and borehole free cooling energy ratio are less than 5%.  

Table 10. Measured and simulated ground thermal imbalance ratio, average heat pump COP, GSHP 
heating energy ratio and borehole free cooling energy ratio. 

Case 
Annual Ground 

Thermal Imbalance 
Ratio (IR), % 

Average Heat Pump 
COP in the Heating 

Season 

GSHP Heating Energy 
Ratio in the Heating 

Season (HR), % 

Borehole Free Cooling 
Energy Ratio in the 

Cooling Season (CR), % 
Case 1 (ref) 90 3.80 95 51 

Measurement 88 3.76 99 51 

The validation of the simplified-geometry borehole field model was conducted in the 
previous study [42]. The result showed the accuracy of predicted inlet and outlet brine 
temperatures was within 1 °C against the measurement during the validation period. 

3.3. Hybrid GSHP Performance Analysis 
The inlet and outlet brine temperatures of the borehole field were simulated over 25 

years. Figure 9 shows the curves of inlet and outlet brine temperatures of the borehole 
field with a time resolution of 1 h for Case 1 (reference case). As the figure shows, inlet 
and outlet brine temperatures of the borehole field drop severely after 25 years. 

 
Figure 9. Inlet and outlet brine temperatures of the borehole field for 25 years in Case 1 (reference 
case). 

The minimum and average brine temperatures in the heating season (September–
May) and the maximum and average brine temperatures in the cooling season (June–
August) were analyzed to compare different cases. Tables 11 and 12 show the inlet and 
outlet brine temperatures in the first and last years, respectively. In Case 1, the maximum 
outlet brine temperature of 12.2 °C in the first year decreases to 5.6 °C in the last year; and 
the minimum outlet brine temperature during the heating season drops even to −6.0 °C in 
the last year, which is far below the design minimum outlet brine temperature of 0 °C for 
Nordic countries [57]. In Case 2, increasing the AHU cooling water temperature level has 
an insignificant effect on the brine temperatures in the heating season but reduces the 

Figure 9. Inlet and outlet brine temperatures of the borehole field for 25 years in Case 1 (reference case).

The minimum and average brine temperatures in the heating season (September–May)
and the maximum and average brine temperatures in the cooling season (June–August)
were analyzed to compare different cases. Tables 11 and 12 show the inlet and outlet
brine temperatures in the first and last years, respectively. In Case 1, the maximum outlet
brine temperature of 12.2 ◦C in the first year decreases to 5.6 ◦C in the last year; and the
minimum outlet brine temperature during the heating season drops even to −6.0 ◦C in
the last year, which is far below the design minimum outlet brine temperature of 0 ◦C for
Nordic countries [57]. In Case 2, increasing the AHU cooling water temperature level has
an insignificant effect on the brine temperatures in the heating season but reduces the brine
temperatures in the cooling season in the last year. The reason for this could be that even if
the free cooling usage time is longer in Case 2, the accumulated injected heat still decreases
as the condensation in AHUs is reduced due to a higher AHU cooling water temperature
level. In Case 3, when the cooling setpoint is lower, the brine temperatures increase not
only in the cooling season but also in the heating season of the last year. The higher brine
temperatures in the heating season could be due to the seasonal storage effect. In Case 4,
reducing the heating setpoint can further increase the brine temperatures in the heating
season but has less effect on the brine temperatures in the cooling season. However, in
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Case 4, the minimum outlet brine temperature in the last heating season can only rise to
−3.1 ◦C, which is still lower than the required minimum outlet brine temperature of 0 ◦C.

Table 11. Comparison of inlet and outlet brine temperatures in the 1st year.

Case Heating Season Cooling Season
Tin, min, ◦C Tin, ave, ◦C Tout, min, ◦C Tout, ave, ◦C Tin, max, ◦C Tin, ave, ◦C Tout, max, ◦C Tout, ave, ◦C

Case 1 (ref) 1.1 4.6 4.4 6.6 13.2 11.4 12.2 10.9
Case 2 1.1 4.7 4.4 6.6 14.6 12.0 12.8 11.2
Case 3 1.8 5.3 4.9 7.1 15.2 12.9 13.1 11.8
Case 4 2.0 5.6 5.1 7.3 15.2 13.0 13.1 11.9
Case 5 3.3 6.0 5.9 7.5 15.2 13.0 13.1 11.9
Case 6 2.4 6.0 5.5 7.7 15.1 12.8 12.8 11.6
Case 7 3.7 6.9 6.9 8.6 15.2 13.1 13.0 12.1

Table 12. Comparison of inlet and outlet brine temperatures in the 25th year.

Case Heating Season Cooling Season
Tin, min, ◦C Tin, ave, ◦C Tout, min, ◦C Tout, ave, ◦C Tin, max, ◦C Tin, ave, ◦C Tout, max, ◦C Tout, ave, ◦C

Case 1 (ref) −8.9 −5.7 −6.0 −3.9 9.9 2.7 5.6 1.6
Case 2 −8.9 −5.7 −6.0 −4.0 9.4 2.5 5.3 1.4
Case 3 −6.1 −2.8 −3.4 −1.2 12.4 6.0 8.5 4.4
Case 4 −5.7 −2.4 −3.1 −0.8 12.4 6.3 8.3 4.7
Case 5 −3.2 −0.5 −0.9 0.9 13.2 7.5 9.5 6.0
Case 6 −3.5 −0.5 −0.7 1.1 12.5 7.0 8.5 5.5
Case 7 −2.7 0.2 0.1 1.8 12.6 7.5 8.6 5.9

As shown in Cases 5–7, the minimum brine temperatures in the last heating season
can be further increased by reducing the GSHP heating capacity or by increasing the total
borehole length. It seems that the minimum outlet brine temperature in the last heating
season increases more significantly by increasing the total borehole length (Cases 6 and
7) than reducing the GSHP heating capacity (Case 5). In addition, the minimum outlet
brine temperature in the last heating season is higher in Case 7 with a longer borehole
depth than in Case 6 with a higher number of boreholes. This could be due to a higher soil
temperature in deepened boreholes (Case 7) or an intensified thermal interaction induced
by extra boreholes (Case 6). In Case 7, the minimum outlet brine temperature in the last
heating season is 0.1 ◦C. Even though in Case 7 the minimum inlet brine temperature is
−2.7 ◦C, the average inlet brine temperature in the last heating season can still reach 0.2 ◦C.

Table 13 gives the ground thermal imbalance ratios (see Equation (5)) in different cases.
It can be seen that the reference Case 1 shows an extremely high thermal imbalance ratio of
90% in the initial year, which means the annual heat in the ground can only recover by 10%.
Based on Case 1, raising the AHU cooling water temperature level can mitigate the thermal
imbalance in the first year to 86% in Case 2. This ratio can be further reduced to 78% in
Case 3 by using a lower indoor cooling setpoint and to 77% in Case 4 by further using a
higher indoor heating setpoint. However, the ground thermal imbalance in the first year
does not change significantly in Cases 5–7 when the change occurred in the GSHP heating
capacity or the total borehole length. This might be due to the accumulated heat extraction
being reduced insignificantly in the initial year.

Table 13. Comparison of ground thermal imbalance ratio in the first and last years.

Case
Ground Thermal Imbalance Ratio (IR), %

First Year Last Year

Case 1 (ref) 90 76
Case 2 86 79
Case 3 78 66
Case 4 77 64
Case 5 75 60
Case 6 75 65
Case 7 77 65
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An obvious decrease in the ground thermal imbalance ratio can be noticed after
25 years in all cases since the decreasing brine temperature results in less heat extracted
in the heating season and more heat injected in the cooling season. In Case 1, the thermal
imbalance ratio is reduced to 76% in the last year. However, in Case 2, the thermal imbalance
ratio in the last year is 79%, which is higher than the reference case. The reason for this may
be that the higher AHU cooling water temperature level reduces the AHU cooling energy
demand due to less condensation on the AHU cooling coil. Therefore, the accumulated
injected heat to the ground in Case 2 is less than that in Case 1. The thermal imbalance
ratio in the last year decreases to 66% in Case 3 by lowering the cooling setpoint and to 64%
in Case 4 by further lowering the heating setpoint. In Case 5, the reduction in accumulated
heat extraction becomes significant due to the reduced GSHP heating capacity, mitigating
the thermal imbalance to 60%. In Cases 6 and 7, when the total borehole length is increased,
the ground thermal imbalance ratio is 1 percentage point higher than that in Case 4. The
reason for this could be that a longer total borehole length results in a greater increase
in heat extraction compared to heat injection, attributed to the lower borehole thermal
resistance in the heating mode.

The hybrid GSHP system performance was analyzed by the average heat pump COP
and the GSHP heating energy ratio (see Equation (6)) in the heating season and the borehole
free cooling energy ratio in the cooling season (see Equation (7)). Tables 14 and 15 show the
hybrid GSHP performance of different cases in the first and last years, respectively. It can
be seen that the average COP of GSHP in the heating season decreases after 25 years. In
Case 1, the average COP in the last heating season is 3.42, which is 9% lower than that in the
first heating season. By increasing the AHU cooling water temperature level and lowering
the cooling and heating setpoint, the average COP in the last heating season is increased by
3% in Case 4 compared to Case 1. In Cases 5–7, the average COP in the last heating season
can be further improved by reducing the GSHP heating capacity or increasing the borehole
number or borehole depth. The highest COP of 3.63 in the last heating season is achieved
in Case 5 with a lower GSHP heating capacity.

Table 14. Comparison of hybrid GSHP performance in the first year.

Case Heating Season Cooling Season

Average
COP of
GSHP

GSHP
Heating
Energy,
MWh

Back-Up
District
Heating
Energy,
MWh

Total
Heating
Energy,
MWh

GSHP Heating
Energy Ratio

(HR), %

Borehole
Free

Cooling
Energy,
MWh

Chiller
Cooling
Energy,
MWh

Total
Cooling
Energy,
MWh

Borehole Free
Cooling

Energy Ratio
(CR), %

Case 1 (ref) 3.76 2984 154 3139 95 217 212 429 51
Case 2 3.76 2983 151 3134 95 290 94.7 385 75
Case 3 3.78 3168 180 3348 95 392 154 546 72
Case 4 3.78 2966 139 3106 96 389 155 544 72
Case 5 3.84 2743 359 3102 88 390 154 544 72
Case 6 3.79 2970 136 3106 96 418 128 546 77
Case 7 3.82 2984 129 3113 96 389 157 545 71

Table 15. Comparison of hybrid GSHP performance in the last year.

Case Heating Season Cooling Season

Average
COP of
GSHP

GSHP
Heating
Energy,
MWh

Back-up
District
Heating
Energy,
MWh

Total
Heating
Energy,
MWh

GSHP Heating
Energy Ratio

(HR), %

Borehole
Free

Cooling
Energy,
MWh

Chiller
Cooling
Energy,
MWh

Total
Cooling
Energy,
MWh

Borehole Free
Cooling

Energy Ratio
(CR), %

Case 1 (ref) 3.42 2801 321 3122 90 420 11.6 432 97
Case 2 3.42 2799 317 3117 90 384 0.1 384 100
Case 3 3.51 3011 332 3343 90 547 4.9 552 99
Case 4 3.51 2840 255 3095 92 546 5.4 551 99
Case 5 3.63 2559 532 3091 83 539 11.5 550 98
Case 6 3.57 2880 216 3096 93 544 6.1 550 99
Case 7 3.59 2889 208 3097 93 543 7.1 550 99

The GSHP heating energy ratio also decreases after 25 years. This is because the
GSHP heating capacity deteriorates over time as a result of the decreasing evaporation
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temperature. In Case 1, the GSHP can cover 95% of the total heating energy demand in
the first year, while in the last year, it can only provide 90% of the total heating energy
demand. In Cases 2 and 3, the GSHP heating energy ratio is not affected by changing the
AHU cooling water temperature level or the cooling setpoint. In Case 4, the lower heating
setpoint helps rise the GSHP heating ratio to 92% in the last year. In Cases 6 and 7, by
increasing the total borehole length, the GSHP heating ratio in the last year can be further
increased to 93%. However, the ratio in the last year decreases to 83% in Case 5 due to a
reduced nominal GSHP heating power.

In contrast to the GSHP heating energy ratio, the borehole free cooling energy ratio
increases significantly after 25 years in all cases. In Case 1, the borehole field can cover half
of the total cooling energy demand in the first year, while in the last year, the borehole free
cooling energy ratio increases to 97%. In Case 2, when the AHU cooling water temperature
level increases, the borehole field can satisfy 75% of the total cooling energy in the first year
and even all the cooling energy in the last year. In Cases 3 and 4, as the cooling setpoint is
lowered, the total cooling demand increases significantly. Therefore, compared to Case 2,
borehole free cooling energy ratios in Cases 3 and 4 are slightly lower, both of which are
72% in the first year and 99% in the last year. However, the borehole free cooling energy
ratio in the last year varies insignificantly with a reduced GSHP heating capacity (Case 5)
or an increased total borehole length (Cases 6 and 7).

3.4. Energy Consumption Analysis

The total energy consumption was calculated and compared for studied cases. The
breakdown of total electricity and district heating consumptions in 25 years is shown in
Table 16. The relative differences between reference Case 1 and improved Cases 2–7 are
also given in the table. In Case 1, the total electricity and district heating consumptions
are 1053 kWh/m2 and 415 kWh/m2, respectively. The GSHP accounts for 42% of the total
electricity consumption, while the air-cooled chiller only uses 1% of the total electricity.
The back-up district heating in Case 1 is responsible for 75% of the total district heating
consumption. In Case 2, increasing the AHU cooling water temperature level leads to a 70%
reduction in the electricity consumption of the air-cooled chiller. However, since the air-
cooled chiller consumes a marginal amount of electricity, the total electricity consumption
is only reduced by 1%. In Case 3, by additionally using a lower cooling setpoint, the total
electricity consumption increases by 2%, which is mainly ascribed to higher electricity
consumption by the GSHP due to a higher heating energy demand. In addition, the
district heating consumption in Case 3 also increases by 2%. The reason for the increasing
energy consumption is that the lower cooling setpoint results in less heat stored in the
envelope as some zones have cooling demand in the occupied time of heating seasons, and
subsequently, more heating is needed for the unoccupied time. In Case 4, the electricity
used for the GSHP and the back-up district heating presents a reduction due to a lower
heating setpoint. Thus, the total electricity and district heating consumption decreases by
1% and 6%, respectively, compared to the reference case. By further reducing the GSHP
heating power, a significant reduction in GSHP electricity consumption is observed in Case
5. The total electricity consumption consequently drops by 6%. In return, the total district
heating consumption is 36% higher than the reference case. In contrast, by installing more
boreholes or drilling deeper boreholes, the GSHP can generate more heating energy. Thus,
the total district heating consumption is reduced by 12% in Case 6 and by 14% in Case 7.

Table 16. Breakdown of total energy consumptions in 25 years.

Case
Electricity Consumption, kWh/m2 District Heating Consumption, kWh/m2 Relative Difference, %

Chiller GSHP Fans Pumps Lighting Equipment Total Electricity Back-Up
Heating DHW Heating Total District Heating Total Electricity Total District Heating

Case 1 (ref) 13.5 442 346 11.6 152 87.6 1053 312 104 415 - -
Case 2 4.0 442 346 11.9 152 87.6 1044 309 104 413 −1 −1
Case 3 8.5 465 346 13.3 152 87.6 1073 322 104 426 2 2
Case 4 8.8 440 346 12.8 152 87.6 1048 287 104 390 −1 −6
Case 5 10.4 378 346 12.3 152 87.6 987 463 104 566 −6 36
Case 6 7.9 440 346 12.9 152 87.6 1047 264 104 367 −1 −12
Case 7 9.4 440 346 12.9 152 87.6 1048 253 104 357 0 −14
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3.5. Life Cycle Cost Analysis

The system LCCs in scenarios 1 and 2 are shown in Tables 17 and 18, respectively.
Compared to scenario 1, the LCC values in scenario 2 are significantly higher due to more
expensive energy costs. However, in both scenarios, the improved cases (Cases 2–7) show
insignificant differences in LCC compared to reference case 1. The minimum LCC in both
scenarios is only 2% lower than that of the reference case. In scenario 1, the minimum LCC
is realized in Case 4 when the higher AHU cooling temperature level and lower heating
and cooling setpoints were both used. In scenario 2, the case with the lowest LCC is Case 5,
in which the GSHP heating capacity is reduced by 30% compared to Case 4.

Table 17. Comparison of life cycle cost (Scenario 1).

Case Investment
Cost, EUR/m2

Maintenance
Cost, EUR/m2

Energy Cost,
EUR/m2

Renewal Cost,
EUR/m2

Residual Value,
EUR/m2 LCC, EUR/m2

Relative
Difference of

LCC, %

Case 1 (ref) 27.3 3.5 102 0.1 4.6 128 -
Case 2 26.4 3.3 101 0.05 4.5 127 −1
Case 3 26.7 3.3 103 0.05 4.5 129 0
Case 4 26.7 3.3 101 0.05 4.5 126 −2
Case 5 22.0 2.6 107 0.04 3.7 128 0
Case 6 27.0 3.3 102 0.05 4.5 128 0
Case 7 27.2 3.3 102 0.05 4.5 128 −1

Table 18. Comparison of life cycle cost (Scenario 2).

Case Investment
Cost, EUR/m2

Maintenance
Cost, EUR/m2

Energy Cost,
EUR/m2

Renewal Cost,
EUR/m2

Residual Value,
EUR/m2 LCC, EUR/m2

Relative
Difference of

LCC, %

Case 1 (ref) 27.3 3.3 160 0.1 3.9 186 -
Case 2 26.4 3.1 158 0.05 3.9 184 −1
Case 3 26.7 3.1 162 0.05 3.9 188 1
Case 4 26.7 3.1 158 0.05 3.9 184 −1
Case 5 22.0 2.5 162 0.04 3.2 183 −2
Case 6 27.0 3.1 159 0.05 3.9 185 −1
Case 7 27.2 3.1 159 0.05 3.9 185 −1

3.6. CO2 Emissions Analysis

The total CO2 emissions for studied cases are shown in Table 19. The total CO2
emissions for 25 years in the reference case was 5479 tons. It can be seen that increasing
the AHU cooling water temperature level can reduce the total CO2 emissions in Case 2.
This is mainly because the CO2 emissions from electricity are reduced by using more free
cooling energy in cooling seasons. However, in Case 3, reducing the indoor cooling setpoint
increases both CO2 emissions from electricity and district heating consumptions due to the
higher heating energy demand. In contrast, in Case 4, lowering the indoor heating setpoint
can reduce the total CO2 emissions as a result of the reduced heating energy demand.
Compared to the reference case, the total CO2 emissions can be reduced by 3% in Case
4. The total CO2 emissions vary differently among Cases 5–7. Case 5 shows reducing the
GSHP power can increase the CO2 emissions, which is mainly attributed to more CO2
emissions from district heating. The total CO2 emissions in Case 5 are 12% higher than that
in the reference case. By contrast, Cases 6 and 7 reveal reductions in total CO2 emissions.
The total CO2 emissions drop by 5% in Case 6 with more boreholes and by 6% in Case
7 with the longer borehole depth. The lower total CO2 emissions in Case 7 are mainly
attributed to a more significant CO2 reduction in district heating.
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Table 19. Comparison of total CO2 emissions in 25 years.

Case
CO2 Emissions, ton-CO2/25 years

Relative Difference, %Electricity District Heating Total

Case 1 (ref) 3153 2327 5479 -
Case 2 3124 2314 5438 −1
Case 3 3212 2385 5597 2
Case 4 3135 2188 5323 −3
Case 5 2953 3174 6127 12
Case 6 3134 2058 5192 −5
Case 7 3137 2000 5137 −6

4. Discussion

According to the study, the outlet brine temperature in the reference case dropped far
below the temperature limit of 0 ◦C for Nordic countries [57]. It indicates the simulated bore-
hole field was undersized for the GSHP in the reference case. The undersized dimensioning
borehole field could be attributed to the misestimation of the heating power demand of
the building, ground thermal properties or the groundwater level in the design phase [24].
The undersized borehole field has been noticed by the building owner; some measures
relating to improving the ground thermal balance have already been implemented in the
actual building.

This study compared several cases using different performance improvement methods.
In most studied cases, the brine temperature dropped below 0 ◦C, which means the
groundwater in the borehole could freeze. In this study, the phase change process was
not considered for the groundwater. This may lead to an underestimation of the brine
temperature and the heat pump COP since freezing can bring advantages to the borehole
heat transfer in practice. The freezing process will release significant latent heat. In addition,
the already existing ice will enhance the borehole heat transfer as its thermal conductivity
is nearly three times higher than that of water. And even though the convective flow in the
water increases the heat transfer rate compared to the stagnant water, the ice still presents
a generally higher heat transfer rate than the water in boreholes. The borehole thermal
resistance of the entirely frozen borehole is around 20% lower than that of the borehole at
6 ◦C [58].

However, the freezing process might cause damage to the pipes due to the volume
expansion of water. The damage may happen only when the water is trapped between
two ice blocks [24]. If the water is stuck between two ice blocks and the borehole is
watertight, the overpressure will happen while the water is freezing. The pressure will
deform the U-pipe, reduce the brine mass flow rate, and thus degrade the GSHP perfor-
mance. If the surrounding bedrock has fissures, they can drain the pressure water and
lessen pipe damage. Nevertheless, additional measures are still needed to prevent the
overpressure problem.

The easiest way is to avoid freezing in the borehole. Normally, in practice, the GSHP
system is controlled to be shut down automatically when the outlet brine temperature is
below the temperature limit. In the study, the optimal case can maintain the outlet brine
temperature above 0 ◦C for 25 years, whereas the inlet brine temperature still dropped
below 0 ◦C due to the temperature drop in the evaporator. This indicates the water can be
still partly frozen in the borehole. To fully eliminate freezing in boreholes, the minimum
temperature limit for the GSHP in heating mode could be increased to 2–3 ◦C. Apart from
the GSHP control, additional measures on the borehole side could be implemented. These
measures can be changing the filling of boreholes, blowing air into the borehole, adding
air-filled soft tubes in the boreholes, using perforated casing, etc. [24].

The study implemented lower indoor heating and cooling setpoints to mitigate the
brine temperature drop and improve the heat pump COP. The cooling and heating setpoints
were reduced from 25 ◦C to 22.5 ◦C and from 21.5 ◦C to 21 ◦C, respectively, in some studied
cases. The variation of design heating and cooling setpoints could affect indoor thermal
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comfort. However, as the indoor temperature setpoints were in accord with the temperature
limits given by the Finnish classification of indoor climate [59], the change from the thermal
environment was supposed to be in the comfortable range.

The study showed that increasing the total borehole length is more beneficial to
mitigate the brine temperature drop compared to reducing the nominal GSHP heating
power by the same proportion. The total borehole length was increased by adding extra
boreholes or deepening the boreholes in this study. In the latter case, it was assumed that
deeper boreholes are drilled in the initial drilling phase instead of obtained by deepening
existing boreholes since some boreholes are under the building. In principle, the boreholes
beneath the building are impossible to be extended. In addition, even though boreholes
can be deepened, they might bring about uncertainty in the drilling cost. In this study, the
additional drilling cost was assumed to be 20% of the original cost for the depth under
310 m based on the reference by Gehlin et al. [57]. However, the actual drilling cost could
vary according to the hardness of the rock. A harder rock requires changing the drill bit
and increasing the energy used for drilling, which needs more additional cost. Therefore,
compared to deeper boreholes, drilling more boreholes would be more viable in practice if
there was enough space.

This study only investigated the ratio of 30% for reducing the GSHP heating power
and increasing the total borehole length. This ratio can be further increased to obtain a
more stable performance of the hybrid GSHP system. Further cost optimization work can
even be performed to find the optimal design of the heat pump capacity and the total
borehole length.

According to the analysis of CO2 emissions, the case with a longer borehole depth
revealed the minimum CO2 emissions, while the case with reduced GSHP power showed a
significant increase in CO2 emissions. However, the result was unsurprising since the CO2
emissions factor used for district heating (118 kgCO2/MWh) was much higher than that
for electricity (63 kgCO2/MWh). The variation of CO2 emissions factors can substantially
impact the total CO2 emissions. Currently, the decarbonization of electricity and district
heating generation is ongoing in Finland to realize the carbon-neutral target by 2035 [60].
A more detailed analysis of the hybrid GSHP system could be conducted from the aspect
of different decarbonization scenarios in future work.

The weather data used for the 25-year simulation was developed based on the mea-
sured data from 2019 to 2021. As global warming occurs gradually, the studied building
may have a lowering heating demand and an increasing cooling demand in the future [61].
The variation of the heating and cooling demand may impact the result of long-term sim-
ulation for the hybrid GSHP system. Therefore, a deeper investigation is needed in the
future for the design of hybrid GSHP systems in global warming scenarios.

5. Conclusions

A hybrid GSHP system combined with district heating and an air-cooled chiller was
modelled and simulated in IDA ICE 4.8 to investigate the effective methods for improving
the system long-term performance. Different methods, such as rising the AHU cooling
water temperature level, lowering the indoor cooling and heating setpoints, reducing the
nominal GSHP heating capacity and increasing the borehole number or borehole depth,
were compared based on their effects on the system energy performance, life cycle cost and
CO2 emissions.

The validation result showed the developed building and hybrid GSHP system models
in IDA ICE 4.8 were eligible for simulations. The building model with simplified geometry
and zoning can predict annual and monthly energy demands accurately. In addition,
the hybrid GSHP system model can estimate the system performance with sufficient
accuracy in the annual ground thermal imbalance ratio, average heat pump COP and GSHP
heating energy ratio in the heating season and borehole free cooling energy ratio in the
cooling season.
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In the reference case, the brine temperature dropped significantly over time, resulting
in a heating performance deterioration of the hybrid GSHP system. After the 25-year
operation, the minimum outlet brine temperature in the heating season dropped from
4.4 ◦C to −6 ◦C, indicating a freezing risk of the borehole field. The average heat pump COP
and the GSHP heating energy ratio in the heating season dropped by 9% and 5 percentage
points, respectively, after 25 years. However, the decreasing brine temperature enhanced
the borehole free cooling, which can cover 97% of the cooling energy demand in the last
cooling season.

The freezing risk can be lowered by primary improving methods on the building
side. In the case with a higher AHU cooling water temperature level and lower cooling
and heating setpoints, the annual ground thermal imbalance ratio in the last year was
reduced by 12 percentage points, and the minimum outlet brine temperature in the last
heating season was increased by around 3 ◦C compared to the reference case. In addition,
in the improved case, the average heat pump COP in the last heating season was increased
by 3%, and the GSHP heating energy ratio in the last heating season was improved by
2 percentage points.

However, apart from adjusting the AHU cooling water temperature level and indoor
heating and cooling setpoints, extra improving methods, such as reducing the GSHP
power or increasing the total borehole length, were still needed for guaranteeing long-term
operation. The result showed that increasing the total borehole length was more effective
in maintaining the brine temperature level compared to reducing the GSHP capacity. The
minimum outlet brine temperature can be increased to above 0 ◦C in the last heating season
when the borehole depth was further increased by 30%.

The improving methods had an insignificant effect on the LCC of the hybrid GSHP
system. The relative LCC differences between the improved and referenced cases were all
within 2% in the two analyzed scenarios.

The CO2 emissions of the hybrid GSHP system were affected variously by different
improving methods. By adjusting the AHU cooling water temperature level and indoor
heating and cooling setpoints, the total CO2 emissions for 25 years were reduced by 3%. By
further reducing the GSHP heating power or extending the borehole depth, the total CO2
emissions can be increased by 12% or reduced by 6% compared to the reference case.
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