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Abstract

A parametric investigation on a ground-coupled CO; heat pump for space and water heating was performed
using a model developed with Modelica. The CO; heat pump, with a tripartite gas cooler configuration, was
modeled using the Thermal Systems library and then calibrated with experimental data, while the Borehole
Heat Exchangers (BHEs) were modeled using the MoBTES library and sized following the ASHRAE
methodology. Different design and operating parameters were varied to see their effects on the system’s
coefficient of performance (COP). Simulations showed that there is an optimal high-side pressure that
maximizes the COP. The evaporator’s water-side mass flow, the BHE’s length, the grout’s thermal
conductivity, and the compressor speed all have an inverse relationship with the COP, while the low-side
pressure of the heat pump and the valve’s throttle area are directly related to it. However, changing these
parameters to increase the COP has limits because doing so decreases the amount of heat that the system can
deliver. This study serves as a starting point for the design and optimization of a bigger system that utilizes
other low-temperature resources with the CO; heat pump.
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1. Introduction

Heating/cooling accounts for around 50% of the total energy consumption in Europe, the majority of which
(~45%) comes from the residential sector [1]. Burning fuels just to provide for the thermodynamically-lower
grade demands of space and water heating, which only requires ~40 - 80 °C, is highly inefficient. It wastes the
thermodynamic potential of combustible fuels, resulting in large exergy losses, and leads to emissions that
could have been avoidable [2]. Heat pumps are devices that can harness heat from low-temperature resources
and increase it to useful temperature levels. Given the substantial consumption associated with residential
heating, displacing the inefficient use of combustible fuels through heat pumps, which also promotes the use
of diversified and local energy resources, can contribute to increasing energy security and to decreasing CO;
emissions.

Most heat pumps nowadays operate through a sub-critical vapor-compression cycle that uses
Hydrofluorocarbons (HFCs) as working fluid. HFCs replaced the once widely-used ozone-depleting
Chlorofluorocarbons (CFCs) because they exhibited similarly good performance, efficiency, low toxicity, and
non-flammability. However, they were later discovered to be very potent greenhouse gases. Recent initiatives
seem to point out the inevitable phase-out of HFCs. The EU’s F-gases regulation (EC517/2014) aims to
gradually decrease the usage of important fluorinated gases in the EU, such as R404A, R410A, R407C, and
R134a to one-fifth of 2014 in 2030 [3]. In addition, in January 2019, the Kigali amendment to the Montreal
Protocol, wherein several countries committed to cutting the production and consumption of HFCs by more
than 80% over the next 30 years, entered into force [4].
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The growing environmental concerns about the use of conventional synthetic heat pump refrigerants have
revived the interest in natural working fluids. Carbon dioxide is one of the few non-toxic and non-flammable
natural refrigerants that have zero effect on ozone layer destruction and a substantially lower global warming
potential (GWP) relative to commercially available alternatives [5]. Lorentzen first proposed the modern use
of CO; in a trans-critical heat pump cycle [6]. One of the notable configurations of the CO- heat pump includes
the tri-partite gas cooler, first proposed by Stene [7], [8], as a way to allow simultaneous and separate
production of space heating and domestic hot water in an integrated design that simplifies the heat pump layout
and piping requirements.

Due to substantial irreversibility during compression and gas cooling, the performance of a CO- heat pump
is generally lower than that of a system using a subcritical cycle [9]. In addition, the reliability of the system
is not as good because of the large performance variations with operating conditions. One of the ways to
improve the performance of the CO; heat pump is by integrating it with borehole heat exchangers (BHES).
Generally, ground temperature down to depths of 5 - 10 m is influenced by solar radiation and ambient air
temperature. Below 15 m, the ground temperature remains undisturbed by seasonal temperature variations [2],
[10]. The undisturbed ground temperature then increases with depth due to the heat from within the Earth’s
core [11]. Stable temperatures on the ground provide a more reliable heat pump performance as compared to
using air as the heat source, given that air temperature varies greatly with the weather. Vertical BHEs are
usually around 50-150 m in depth and may have a single U-type, double U-type, or coaxial configuration [12].

Wang et al. [13] compared the performance of a CO; trans-critical heat pump system that uses a U-tube
BHE with the performance of conventional R22 and R134a systems. Their results suggest that if the system is
applied for space conditioning and tap water heating, where high water temperature is desired, then it could
reach efficiencies similar to that of a conventional R134a cycle. Kim and Chang [14] focused on the
development of a model that could perform a steady-state thermodynamic performance analysis of a CO-
geothermal heat pump system that implements a suction gas heat exchanger (SGHX). The model was
implemented in Digital Visual Fortran with the graphical user interface (GUI) implemented in Visual Basic.
Their simulations indicated that, in cooling mode, the COPs of the cycle with SGHX were 2-6% better than
the typical trans-critical CO2 heat pump cycle COPs. However, in heating mode, the configuration that uses an
SGHX got slightly smaller COPs than those of the basic cycle. Kim et al. [9] performed a simulation study of
a hybrid solar-geothermal CO- heat pump system for residential space heating in the winter. They considered
a system configuration where heat from both the solar collector and heat pump is collected in a thermal energy
storage tank whose temperature is controlled at a designated level. Engineering Equation Solver (EES) was
used to model the system components and calculate the thermodynamic properties of the refrigerant. This study
is also limited to steady-state performance calculations.

Replacing HFCs with alternative refrigerants requires systems with comparable efficiencies. If the new
system has significantly lower efficiency and if the electricity that runs the compressor is mainly generated
with the use of fossil fuels, the replacement of the existing system will just contribute more to global warming
[15]. To push for wider technology uptake, careful investigation of the effects of various design and operating
conditions on the performance and operating characteristics of the system is needed. Bellos and Tzivanidis
[16] performed a parametric investigation on a ground-coupled CO heat pump using steady-state calculations
with EES. Their analysis shows the effects of ten parameters on the system’s coefficient of performance, five
from the heat pump and five from the BHE.

Similarly, this work performs a parametric investigation on a ground-coupled CO, heat pump for
simultaneous space and water heating using a system model developed with the Modelica language [17].
Modelica is an equation-based, object-oriented modeling language that allows dynamic simulations. While
most studies performed steady-state calculations, the model developed here can consider time-varying system
characteristics, particularly the reduction of ground temperature as it is used for space and water heating.
Different design and operating parameters from both the heat pump side and the BHE side were varied to see
their individual effects on the system’s COP. The result of this study serves as a starting point for the design
and optimization of a bigger system that utilizes other low-temperature energy resources integrated with the
CO, heat pump, and the model developed can be utilized for further simulation studies that entail time-varying
inputs and responses.

2. Methods

In this work, the model was developed using Modelica with the Dymola [18] user interface. The CO, heat
pump was modeled using the Thermal Systems library [19] in Dymola and then calibrated with experimental
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data; while the BHEs were modeled using the MoBTES library [20] and then sized based on the ASHRAE
methodology [21].

2.1. CO2 heat pump modeling

The CO; heat pump model developed in this work was based on a 6.5 kW prototype unit constructed and
tested by Stene [7, 8]. It consists of the counter-flow tripartite gas coolers, an evaporator, a compressor, a
throttle valve, an SGHX, a sub-cooler, and a low-pressure receiver. Although the prototype can function in
three modes (space heating only, domestic hot water (DHW) heating only, and simultaneous space and DHW
heating), the model in this work was only calibrated for simultaneous space and DHW heating. Preheating of
the incoming water from the supply line occurs at the first gas cooler while further increasing its temperature
to a useful level is achieved at the third gas cooler. The second gas cooler separately provides the thermal
energy needed for space heating.

This reference system was then converted into a Modelica model using the Thermal Systems library in the
Dymola GUI. The Thermal Systems library, also synonymous with the TIL suite, is a commercial Modelica
library for modeling thermo-fluid systems. It can be used to model various components, such as heat pump
cycles, hydraulic networks, ventilation, and so on. It uses the TSMedia library to calculate the thermophysical
properties of fluid and fluid mixtures [19].

The CO- heat pump model developed is shown in Fig. 1. The control strategy implemented includes: ()
controlling the DHW temperature by adjusting the water pump speed, (b) controlling the supply temperature
for SH by adjusting the water pump speed, (c) controlling the high-side pressure of the heat pump by adjusting
the throttle area of the valve, and (d) controlling the low-side pressure by adjusting the compressor speed. All
of these were implemented in the model using proportional-integral (P1) controllers (Fig. 1).
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Fig. 1. CO, heat pump model developed in Modelica (Dymola) using the Thermal Systems library

Table 1 shows the design conditions of the prototype CO; heat pump unit when utilized for simultaneous
space and water heating. At design conditions, the heat pump unit gives off ~3 kW of heat to a floor heating
system at a supply/return temperature of 35/30 °C and ~3.5 kW to heat to the DHW from ~5 °C to ~60 °C.
The compressor discharge pressure is around 85 to 90 bars, and the evaporation temperature is -5 °C. The
specifications for the compressor used in the prototype are given in Table 2.
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Table 1. Design conditions for the prototype CO, heat pump unit for simultaneous space and water heating (taken from [7])

Component Parameter Value
Suction pressure (-5°C) 3.046 MPa
Suction temperature 0°C
Compressor
Discharge pressure 8.510 9.0 MPa
CO; mass flow rate ~1.40 kg/min
Evaporation temperature -5°C
Evaporator
LMTD ~5K
Space Heating (SH) -Water temperatures 35/30 °C
SH - Heating Capacity ~3 kW
o SH - Temperature approach <0.2K
Tripartite gas cooler
DHW - Water temperatures 5/60 °C
DHW - Heating capacity ~3.5 kW
DHW - Temperature approach <3K

Table 2. Specifications for the rolling piston compressor (prototype) (taken from [7])

Type Hermetic two-stage rolling piston unit operated as a single-stage unit (LP + HP)
Operating range 1800 to 7200 rpm (39 to 120 Hz)

Displacement volume 3.33 cm¥rev (LP) and 1.88 cm®/rev (HP)

Swept volume 1.439 m3/h at 7200 rpm

Max operating pressure 14 MPa

Max discharge temperature 125°C

Motor type Digitally controlled brushless motor — 4 poles

Maximum power input 2500 W

During the calibration of the CO heat pump, the mass flow and temperature of the BHE fluid (propylene
glycol) entering the evaporator were fixed at 0.36 kg/s and 3°C, respectively. These were assumed using some
rule of thumb given in the ASHRAE handbook [21] since this information was not available in the reference
material used.

The measured data for the design condition at 85 bars were used to calibrate the model. The information
available in Stene’s work [7] was used to set the values of some parameters in the different component models,
including the tube diameters of all the tube-in-tube heat exchangers, as well as their weights, material of
construction, and length; the size of the low-pressure receiver; and the compressor displacement and operating
range. The parameters adjusted during calibration include (a) the coefficient of heat transfer in each heat
exchanger and (b) the isentropic and overall efficiencies of the compressor. A compressor model with fixed
efficiencies was utilized for simplicity.

2.2. BHE modeling and sizing

Fig. 2 shows the BHE model developed in Dymola using the MoBTES library [20]. The MoBTES library
is a free and open Modelica library that comprises components for the simulation of BHEs and Borehole
Thermal Energy Storage (BTES) systems. It is built with objects from the Modelica Standard Library (MSL)
for fluid heat flow and heat transfer. MoBTES was developed in accordance with MSL version 3.4, but in this
work, it was revised to work with MSL version 4.0.
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Fig. 2. The BHE model in Dymola (with a portion of the CO, heat pump model to show how they are connected)

The BHE was connected to the CO heat pump model by considering the BHE fluid mass flow rate and
temperatures. The temperature of the fluid entering the heat pump (evaporator’s water side) was assumed equal
to the temperature of the fluid exiting the BHE, while the temperature of the fluid exiting the evaporator’s
water-side was assumed equal to the temperature of the fluid entering the BHE. The mass flow rate of the fluid
circulating through the BHE and the water side of the evaporator was calculated by following the ASHRAE
methodology. For simplicity, the ambient temperature was fixed to a constant value equivalent to the annual
average temperature in Western, Norway.

The sizing of the BHE was implemented using the ASHRAE methodology [21]. In this method, the length
of the borehole required for heating purposes Ly is calculated using the Equation below.

— QaRsa + Qh(Rb + PLFmRsm + Fscde) . COPh -1
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Where Q. is the net annual average heat transfer to the ground; PLFy, is the part-load factor for the design
month; Rs,, Rsm, and Rsq are the effective thermal resistances of the ground to the annual pulse, monthly pulse,
and daily pulse, respectively; Fs is the short-circuit heat loss factor; Ry is the overall borehole thermal
resistance; and T, is the temperature penalty for the interference of adjacent bores.

The overall thermal resistance Ry is the sum of the heat exchanger thermal resistance Ry, which is the
average of the thermal resistance of the tube Ruwwe and the film thermal resistance of the fluid Rsim, and the
thermal resistance of the grout Rg.
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Where din, dout, and dpare the inner, and outer diameters of the tube, and the borehole diameter, respectively;
htis the convective heat transfer of the fluid; kwoe and Kgroue are the conductive heat transfer coefficients of the
tube and the grout, respectively; and b and b; are coefficients found in the ASHRAE handbook specific to the
position of the tube in the borehole.

The heat transfer coefficient of the fluid hs is calculated using the Colburn equation [22]. In this work, the
Reynold’s number Re has values in the turbulent regime, so it follows that:

Nu = 0.023Re°'08Prf1/ 3 ()

5
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Re = 4myo/mdinp, ©)
PTf = ,Llpr’f/kf (10)

Where Nu is the Nusselt number; Pr is the Prandtl number; ks is the thermal conductivity of the fluid; ms
is the mass flow of the geothermal fluid in one borehole; ps is the fluid viscosity; and cps is the geothermal
fluid heat capacity.

2.3. Parametric simulation runs

The parametric investigation was implemented by varying the values of chosen parameters one at a time.
Table 3 shows the heat pump and BHE parameters varied, with their default values and the ranges of the
variations implemented. Five of these parameters pertain to the heat pump and the other three pertain to the
BHE. During these simulation runs, the space and water heating demand were fixed to the value used during
the calibration simulation. The mass flow of the BHE fluid was also fixed to the value calculated from the
ASHRAE methodology (0.42 kg/s). Each simulation case was run for 980 hours [21]. Note that this only covers
the full load hours in a year. Since the COP of the system changes with time, given that the input temperature
of the heat source changes with utilization, only the COP values at the end of the simulation time were
compared.

Table 3. Parameters varied during the parametric analysis

Parameter Varied Default Value Range of variation
Heat pump high-side pressure, bar 85 77 - 100

Heat pump low-side pressure, bar 30.37 29.69 - 31

Throttle valve area, x107 m?* 25 21-27
Compressor speed, Hz* 115 108 - 120
Evaporator water-side flow rate, kg/s 0.42 0.3-05

BHE length, m 95 85-110

BHE spacing, m 6 3-10

Grout thermal conductivity, W/m-K 15 1-5

*Varying these parameters requires the removal of the high- and low-side pressure controllers
3. Results and discussions

In this work, the model was developed using Modelica with the Dymola [18] user interface. The CO; heat
pump was modeled using the Thermal Systems library [19] in Dymola and then calibrated with experimental
data; while the BHEs were modeled using the MoBTES library [20] and then sized based on the ASHRAE
methodology [21].

3.1. Calibration of the CO; heat pump model

The heat pump model was calibrated using the measured data at the high-side pressure of 85 bars; this
represents the design conditions of the heat pump. Some component specifications were obtained from the
reference material while some were determined through the calibration process. Table 4 shows the values of
the heat exchanger parameters whileTable 5 shows the parameters for the other heat pump components, such as
the low-pressure receiver and the compressor. During calibration, the values of the heat transfer coefficients
were assumed equal for the two sides of each heat exchanger and then adjusted so that the heat flows and the
available inlet/outlet temperatures (Table 1 (water) and Table 6 (CO,)) and temperature approach data (Table
1) are matched. Some of them required to have different water-side and CO,-side heat transfer coefficients to
match the data. The efficiencies of the compressor were adjusted to simulate measured heat flows, power
consumption and CO; inlet temperature. The effective isentropic efficiency (Table 4) also takes into account
the supplied mechanical power.
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Table 4. CO; heat pump heat exchanger specifications

gg;ler 1 gscs)ler 2 gg;ler 3 Evaporator ch)JcIJOI-er SGHX
CO_-side tube length, m 14 15 35 12 6 23
CO,-side tube inner diameter, m 0.006 0.006 0.006 0.008 0.008 0.08/0.12
CO.-side heat transfer coefficient, W/m2-K* 9000 7000 3500 6500 150 550
Water-side tube length, m 14 15 35 12 1 NA
Water-side tube inner diameter, m 0.012 0.018 0.012 0.02 0.025 NA
Water-side heat transfer coefficient, W/m2-K* 9000 7000 5500 4500 150 NA
Wall thermal resistance, K/W (Stainless Steel)  0.00025 0.00025 0.00025  0.00025 0.0001538  0.00025
Mass, kg 13 18 6 17 17 25

*Values determined from the calibration process

Table 5. Other CO, heat pump component specifications

Compressor

Displacement, m® 3.33x10%

Volumetric Efficiency* 0.85

Isentropic Efficiency 0.8

Effective Isentropic Efficiency™ 0.62

Pumps DHW SH
Volume of liquid in pump, m® 1.60x10% 1.00x10%
Volumetric flow rate at nominal speed, m*/s 6.00x10% 6.00x10%
Pressure increase at 0 flow, bar 2 2

Speed, Hz 5-150 5-150
Nominal efficiency 0.4 0.4
Low-pressure receiver

Volume, m3 0.004

Initial filling level 0.5

*Values determined from the calibration process

Table 6 gives the results of the CO; heat pump calibration runs. The model was calibrated against the data
for Pgc = 85 bars, while the other measured data were used to test the calibrated model. Calibration and test
errors were obtained by comparing the measured and simulated COPs. As shown, the error generated by the
calibrated model increases when it is used to simulate an off-design condition (design conditions: 85 to 90
bars, as given in Table 1). This can be partly attributed to the choice of using a simplified compressor model
that assumes constant efficiencies.

Table 6. Results of the calibration CO, heat pump unit at ~60°C DHW temperature, ~35/30°C supply /return temperature for SH ( data
taken from [7]; Qonw = Qcc1 + Qacs, Qacz s the heat for SH, Te is the evaporator temperature in the CO; loop)

oamtpe o e S T S W S TWe T gn cop Ermar
Measured* 85 -5.1 6907 3965 1608 2942 2357 1775 86.40/9.80 1441 3.89 0.26%
Calibrated 85 -5.1 6710 3776 1534 2934 2242 1730 86.56/9.80 1449 3.88
Measured* 89.8 -5 6947 4351 1550 2596 2801 1878 90.60/8.50 1442  3.70 189%
Simulated 89.8 -5 6711 4074 1480 2637 2594 1779 90.76/8.17 1.417 3.77

Measured 80.3 -51 6230 3502 1674 2728 1828 1699 81.60/18.00 1440 3.67
Simulated 80.3 -51 6595 3615 1707 2981 1907 1715 83.82/15.41 1500 3.85

4.90%

*Design conditions
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3.2. Modeling and sizing of the BHE

The parameters assumed to calculate the size of the BHE using the ASHRAE methodology are given in
Table 7. As shown, it was assumed that 4 BHESs are needed to provide the ~6.5 - 7 KW heat required by the
system. A yearly equivalent heating full-load hours of 980 h then was assumed based on the data given in the
ASHRAE handbook for Portland, Maine [21], assuming that the weather there is comparable to that of western
Norway. The ground was assumed to have the characteristics of Slate, one of the common rock types in some
parts of Norway [23] while the thermal gradient was assumed to be 0.0125 K/m, similar to that of some wells
drilled in Bergen, Norway [24].

Following the procedure in the ASHRAE method, a borehole length of 82 m/well was calculated.
Consequently, the calculated BHE length, as well as the assumed BHE parameters, were inputted to the BHE
model, and a simulation was run to see if it can maintain the output of the heat pump system to around 6.7 kW
(value used in the calibration) for the equivalent full-load hours of 980 h.

The result of the simulation shows that a BHE length of 82 m was not enough to maintain the output of the
heat pump system to at least 6.7 kW for 980 h of continuous operation. Of course, in reality, the heat pump is
not expected to be operated continuously for 980 h at full load, so this BHE length might already be enough
for the expected usage. However, it is normal to oversize the BHE to take into account the changes in the
performance that can be expected from the changes in ground temperature upon utilization [25]. Therefore,
the BHE length was increased until simulation shows that it can support at least 6.7 kW by the end of 980 h of
continuous full-load run. From this, a borehole length of 95 m was determined and used as the base value for
the parametric simulation runs.

Table 7. BHE parameters

BHE parameter Value
Average ambient temperature, °C 7
Geothermal gradient, K/m 0.0125
Ground density, kg/m* 2760
Ground specific heat, J/kg-K 920
Ground thermal conductivity, W/m-K 2.1
Layout Rectangle
BHE type Single U
Number of BHEs 4
Borehole diameter, m 0.15
Tube inner diameter, m 0.034
Tube thickness, m 0.003
Tube thermal conductivity, W/m-K 0.4
Shank spacing, m 0.08
Number of BHE in series 1
Grout density, kg/m® 1900
Grout thermal capacity, J/kg-K 1300
Grout thermal conductivity, W/m-K 15
Calculated BHE length, m/well* 82
Adjusted BHE length, m/well** 95

*Calculated using the ASHRAE method **Determined through simulation
3.3. Parametric Simulation Runs

Simulation runs were performed to see the effects of varying some of the heat pump and BHE design and
operating parameters on the COP (Table 3). Before the parametric runs, the performance of the base model,
which uses the default values of the parameters, was determined. Fig. 3 shows the COP, the heat extracted
from the BHE, the total heat from the gas coolers, and the power input to the compressor with the time of the
base model. It can be seen that the heat derived from the BTES and consequently from the gas coolers
decreased with time. This is expected as thermal energy from the ground, as well as its temperature (Fig. 4),
would decrease if it were continuously used to provide the heating demand without recharge. Nonetheless, the

8
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COP throughout the full-load period of 980 h remained between 3.8 and 4.
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Fig. 5 gives the results of the parametric simulation runs. To make the comparison easier, only the
performance values at the end of the 980 h simulation runs were used. It should be noted that the variation in
the compressor speed and throttle valve area were both implemented by removing the PI controllers that
maintain the high-side and low-side pressure at fixed levels. This means that for these two sets of simulation
runs, the high- and low-side pressure varies with the parameter variation, unlike in the other parametric
simulation runs performed here. Stene [7] pointed out that the high-side pressure of the CO, heat pump is
controlled by using the low-pressure receiver and by adjusting the opening of the expansion valve, which
temporarily changes the balance between the mass flow rate in the compressor and the valve. Reducing the
valve opening accumulates more CO; in the gas cooler piping, thereby increasing the high-side pressure until
a new balance point for the mass flow rate in the compressor and the valve is reached. The extra CO, charge
needed to increase the pressure is boiled off from the liquid reservoir in the receiver. On the other hand, opening
the expansion valve reduces the high-side pressure and the surplus CO: is stored as a liquid in the receiver.

It can be seen from Fig. 5a that an optimum high-side pressure that maximizes the COP of the system is
present. In this case, it occurs at the design operating pressure of 85 bars. The compressor speed, the
evaporator’s water-side mass flow, the BHE’s length, BHE spacing, and the grout’s thermal conductivity all
have an inverse relationship with the COP. However, as any of these parameters were lowered to increase the
COP, the amount of heat that the system can deliver also decreased. This points out that they can only be
decreased to certain limits when they could still sufficiently provide the value of the heat demand. On the other
hand, as the low-side pressure of the heat pump and the throttle valve area were increased, the COP also
increased. Similarly, there are also limits on these since increasing their respective values decreases the heat
that could be delivered by the system.

Given the assumed variation range of the parameters, it can also be observed that the performance of the
heat pump is most reactive to the high-side (discharge) heat pump pressure and the throttle vale area, followed

9
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by the low-side (suction) heat pump pressure and the compressor speed. Conversely, it is least reactive to the
variation in the BHE spacing and the grout thermal conductivity.
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4, Conclusion

A parametric analysis was performed on a ground-coupled CO; heat pump system that is designed to
simultaneously provide for both space and water heating demands. The CO, heat pump model was first
developed and calibrated using data from an experimental setup. Afterward, the BHE was modelled and then
sized using the ASHRAE methodology.

The calibration shows that the model performs closely to the experimental rig when it operates within
design conditions. The results of the parametric studies show that an optimum high-side pressure maximizes
the COP of the system. The compressor speed, the evaporator’s water-side mass flow, the BHE’s length, and
the grout’s thermal conductivity all have an inverse relationship with the COP, while the low-side pressure of
the heat pump and the throttle area of the expansion valve are directly related to it. However, changing all these
parameters to increase the COP has limits since they all impose a decrease in the amount of heat that can be
delivered by the system. It was also observed that the performance of the heat pump is most reactive to the
high-side (discharge) heat pump pressure and the throttle vale area, followed by the low-side (suction) heat
pump pressure and the compressor speed. Conversely, it is least reactive to the variation in the BHE spacing
and the grout thermal conductivity.

This work is planned to be further extended to investigate other performance indicators, such as the total
annual cost, seasonal performance factor, and ground temperature change. It is also planned to expand the
system to include a solar thermal collector component, a tank thermal energy storage, and energy demand
specifications that follow realistic patterns for a given year.
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