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This work deals with the comparison of different optimized configurations of solar-assisted ground-source COy
heat pump systems using the Taguchi method and Grey Relational Analysis (GRA) when used for simultaneous
space and water heating in cold coastal climate conditions. The configurations studied include: (1) the solar
collectors (SCs) and borehole heat exchangers (BHEs) connected in series, with the working fluid flowing to the
SCs first; (2) the SCs and BHEs connected in series, with the fluid flowing to the BHE:s first; and (3) the SCs and
BHEs connected in parallel to the heat pump. Eight parameters were considered for optimizing the systems’
design, including the BHE length, BHE spacing, BHE number, SC area, BHE-SC mass flow rate, space heating
return temperature, heat pump discharge pressure, and heat pump’s outlet temperature. The seasonal perfor-
mance factor (SPF), levelized cost of heating (LCOH), and the estimated maximum annual ground temperature
change (GTC) were chosen as performance indicators to evaluate system performance. The system model was
developed using Modelica and 27 simulation runs for every configuration were implemented according to the Ly
(9°) Taguchi orthogonal array. Single objective optimizations were first performed using the Taguchi method to
determine the parameter combinations that would optimize the SPF, LCOH, and GTC, separately. After that,
multi-objective optimization was performed using Taguchi-GRA to determine the control factor combination that
would give the optimal overall performance when all output variables are considered simultaneously and given
equal importance. When the performance indicators were considered separately, simulations show that config-
uration 2 gave the best SPF (4.025), configuration 3 gave the best LCOH (0.124 USD/kWh), and configuration 1
gave the best GTC (100.257%), respectively. Analysis of variance (ANOVA) showed that the SPF is most sensitive
to the heat pump’s discharge pressure and outlet temperature; the LCOH to the BHE length, BHE number, and SC
area; and the GTC to all the BHE and SC sizing variables. Multi-objective optimization showed that configuration
1 performs the best, giving a grey relational grade of 0.6875, which is equivalent to an SPF of 3.267, and LCOH of
0.155 USD/kWh, and GTC of 100.021%. BHE length was found to be the most influential parameter to overall
performance, irrespective of the configuration.

1. Introduction building energy supply, reducing reliance on high-grade forms of energy

like electricity and fuels.

Heat pumps are identified as a central pillar in the effort to decar-
bonize space heating, domestic hot water (DHW) production, and
cooling in buildings and industries [1,2]. The European Union recog-
nizes them as necessary technology to replace existing gas boilers and
reduce the reliance on Russian natural gas [3]. By absorbing low-
temperature thermal energy from their surroundings and raising it to
levels suitable for utilization, they offer an alternative to traditional
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Most heat pumps currently use F-gases, specifically Hydro-
fluorocarbons (HFCs), as working fluid [4]. HFCs were introduced as
replacements for the ozone-killing Hydrochlorofluorocarbons (HCFCs)
and Chlorofluorocarbons (CFCs) due to their comparable performance,
efficiency, low toxicity, and non-flammability, all without damaging the
ozone layer. However, certain HFCs possess a significantly high global
warming potential (GWP), with some being approximately a thousand
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times more potent than CO; [5]. Recent initiatives, like the EU’s F-gases
regulation (EC517/2014) and the Kigali amendment to the Montreal
Protocol prescribe the phase-down of HFCs in the coming years [6,7].

Hydrofluoroolefins (HFOs) are being promoted by the chemical in-
dustry as a low-GWP HFC substitute. However, their reduced atmo-
spheric lifetimes, while reducing GWP, can impact thermal and chemical
stability, a strength of HFCs. HFOs are known to break down into tri-
fluoroacetic acid (TFA), which enters the Earth through rainfall. TFA has
no known environmental degradation pathways in water and accumu-
lates and persists in environmental aqueous phases [8]. Research is
ongoing to fully understand the effects of TFA on the environment [9]
but some studies show that it could be harmful to human health and
aquatic life [10]. As HFOs become more widely adopted, concerns about
the accumulation of TFA become more prominent.

Fortunately, HFOs are not the only low-GWP alternative to HFCs.
Natural working fluids, such as carbon dioxide (CO3), ammonia, butane,
isobutane, and propylene [11], have recently been gaining increasing
attention as environmentally-safe working fluids. Among them, CO,
(R744) appears to be a very promising option due to its zero ozone
depletion potential, low global warming potential, non-toxicity, non-
flammability, good thermodynamic properties, and affordability
[12-14]. The modern use of CO; in a trans-critical cycle was first pro-
posed by Lorentzen [15] in 1990. Ongoing developments concerning
trans-critical CO3 heat pumps and their applications were comprehen-
sively reviewed by Song et al [16].

Air source heat pumps (ASHPs) dominate the heat pump market,
constituting about 60 % of global sales in 2021 [3]. However, they
typically exhibit poor low-temperature heating performance and
frosting of the heat exchangers [17], given the temporal mismatch be-
tween the demand for heat and the temperature of the air, which serves
as their heat source. Ground source heat pumps (GSHPs) offer a more
efficient alternative for indoor climate control applications since they
use the heat from the ground, which remains at a nearly constant tem-
perature despite weather variations [18,19].

Numerous studies have already been conducted on COy GSHP sys-
tems. Jin et al. [20] introduced a hybrid CO; GSHP system for space
conditioning and DHW production in warm climates. It uses the ground
and ambient air as heat sinks for cooling and relies solely on the ground
for heating. They showed that this system could reach coefficients of
performance (COPs) ranging from 3 to 5.5 with DHW at 65 °C. In a
comparative study [21], they showed that an R410 ASHP exhibits better
cooling COPs, except in temperatures above 30 °C, where the hybrid
system’s ground-based cooling excelled. However, for heating, the R410
ASHP consistently gave higher COPs. Additionally, they investigated the
optimal control strategy for gas cooler pressure to reduce thermal im-
balances in the ground e. Wu et al. [22] developed a 7-kW prototype and
a model of a liquid-to-air COy GSHP to investigate its performance in
residential applications for both subcritical and trans-critical operations.
Their simulations show that relative to those of R410 GSHPs’, the
cooling COPs of CO2 GSHPs were higher for entering liquid tempera-
tures (ELTs) below 20 °C, when the system was operated in the
subcritical region, and were lower for ELTs above 20 °C when the system
was operated in a trans-critical cycle. Wang et al. [23] showed that the
CO4 GSHP could reach COPs similar to that of R134a if applied to air
conditioning systems and tap water heating, where high outlet water
temperature is desired. Emmi et al. [24] studied a two-stage GSHP
system that uses CO, (with an ejector) and R1234zeE as working fluids
and found that the COPs and the Energy Efficiency Ratios (EERs) it
exhibited do not differ from those of standard high-temperature double-
stage heat pumps available in the market. Bellos and Tzivanidis [25]
investigated the effects of different heat pump and BHE parameters on
the COP of a CO2 GSHP system. They showed that the most influential
parameters are the temperature of the heater outlet, the number of
BHEs, and the ground temperature. Other studies have focused on
direct-expansion CO5 GSHPs [26-29].

One of the primary challenges associated with the use of GSHPs is its
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high installation cost [18]. Moreover, efficiently operating a single heat
source heat pump system continuously can be difficult [17]. Adding
another heat source, such as solar thermal collectors (SCs), could help
overcome these problems. SCs enable the use of shorter Borehole Heat
Exchangers (BHEs) and provide more operational options.

While there have been a few works on CO5 solar-assisted ground
source heat pumps (SAGSHPs), the number of studies and their scope is
still very limited. Kim et al. [30] investigated how various operating
parameters could affect the performance of a residential CO; SAGSHP
for space heating. Choi et al. [31] performed simulations to compare an
R22 and a CO5 SAGSHP. They discovered that the R22 SAGSHP had a
more stable performance and a higher heating capacity, but the
contribution of SCs was more notable in the COy hybrid heat pump
system. Under basic operating conditions, the heating COPs of the R22
and CO; heat pumps were calculated to be 3.15 and 2.24, respectively.
Both studies only focused on relatively low temperatures, given that the
systems were only designed for space heating, and only considered a
setup where the GSHP and the SCs were connected in parallel to a tank
thermal energy storage (TTES). Sazon and Nikpey [32] conducted a
sensitivity analysis, parametric study, and long-term performance
simulation on a COy SAGSHP system for simultaneous space and DHW
heating. They utilized the system’s seasonal performance factor (SPF),
levelized cost of heating (LCOH), and the ground temperature change
(GTCQ) it induces as performance indicators. The study emphasized the
significant influence of the heat pump’s discharge pressure and outlet
temperature on the performance indicators. Additionally, they illus-
trated the importance of managing the GTC to ensure good long-term
performance. However, they did not identify the combination of
design parameters nor the system configuration that would optimize
performance.

There are studies that have compared different configurations/op-
erations of hybrid solar-geothermal heat pump systems, but they all
seem to have focused on conventional subcritical heat pumps. Some
studies have favored the BHEs and SCs to be connected in series. Si et al.
[33] showed that a SAGSHP system where the working fluid flows
through the SCs first before going to the BHEs outperforms a system that
uses the SCs to store heat in a TTES in the daytime that will be used to
restore soil temperature at night. When the fluid flows through the SCs
first, surplus solar energy can be transferred to the ground to mitigate
the degree of cold accumulation [34]. In contrast, Razavi et al. [35]
concluded that the system in which the fluid flows first to the BHEs
before going to the SCs achieves the highest annual average COP. In this
configuration, the fluid can be reheated by the SCs, which can help
improve the COPs [34]. Dai et al. [36] investigated six cases and
observed that the SCs and BHEs connected in series performed better
than when connected in parallel in terms of soil temperature recovery
and COP. Nonetheless, other studies favored the BHEs and SCs to be
connected in parallel. Lee et al. [37] noted that for heating-dominated
applications, connecting the BHEs and SCs in parallel decreased the
energy consumption of their system by 13.8 % compared to the serially
connected SAGSHP. In another study [38], they showed that the parallel
configuration demonstrated a 16.3 % greater heating capacity and 12.6
% higher COP at the optimal flow rate and ELT and ground temperatures
of 19 °C and 14 °C, respectively. Configurations and operation modes of
SAGSHPs affect the system performance considerably so the optimal
match between solar and geothermal energy should be determined to
run the system efficiently and sustainably [34]. An effective way to
compare different system configurations is to determine how they will
perform individually when their designs are optimized for the same
boundary conditions. However, SAGSHPs are quite complex systems,
and optimizing them concerning multiple design parameters and per-
formance indicators would entail heavy simulation workload.

The Taguchi method is useful for reducing the simulation runs
needed to optimize systems. It employs an orthogonal array experi-
mental design with a single analysis of variance (ANOVA) and utilizes
the signal-to-noise (S/N) ratio to assess the parameter settings that
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minimize the sensitivity of system performance to the sources of varia-
tions [39,40]. Previous studies have utilized the Taguchi method in
optimizing GSHP systems [18,41-45]. Verma and Murugesan [46]
applied the Taguchi method to a conventional SAGSHP system to opti-
mize BHE length and the solar collector area.

The Taguchi method only focuses on the optimization of one per-
formance indicator at a time. To facilitate multi-criteria optimization,
where multiple performance indicators are considered simultaneously,
some studies have combined the Taguchi method with Grey relational
analysis (GRA). Several studies have utilized Grey relational-based
Taguchi analysis for various energy systems, such as solar energy sys-
tems [47,48], absorption refrigeration [49], organic Rankine cycle
[50,51], a micro-gas turbine system with seasonal storage [45], and
industrial gas turbines [52].

The growing use of heat pumps should go hand in hand with the use
of environmentally-friendly working fluids to mitigate potential issues
associated with the use of synthetic refrigerants. However, to encourage
wider use of this technology, there is a need for more information on
their performance and operational characteristics. This paper aims to
contribute to addressing this need by focusing on the design of a
SAGSHP system that uses CO; as working fluid. The study involves the
comparison of optimized CO, SAGSHP systems, considering different
design parameters, system configurations, and multiple performance
indicators, namely the SPF, LCOH, and the GTC that they induce. To
reduce the computational load of multi-objective optimization, the
Taguchi-Grey method was employed. This research contributes valuable
insights to facilitate the broader adoption of environmentally-
responsible heat pump technology.

2. System description

The thermal energy system model utilized in this study was con-
structed using Modelica via the Dymola v2021x [53] graphical user
interface (GUI). The Modelica Standard Library (MSL) v4.0.0 was used.
It includes a CO3 heat pump, SCs, BHEs, a TTES, and space and water
heating demand information. The CO, HP model was developed using
the Thermal Systems library v1.6.1 [54] and subsequently calibrated
using experimental data. The BHEs were modeled using the MoBTES
library v2.0 [55-57] modified to work with MSL v4.0.0. The SCs and
TTES were both modeled with the Buildings library v9.0.0 [58]. Simu-
lations that span a year were run to capture seasonal variations in some
parameters and boundary conditions. Three system configurations were
investigated in this study: (1) Series A: the fluid flows through the SCs
first before going to the BHEs, (2) Series B: the fluid flows through the
BHE:s first before going to the SCs, and (3) Parallel: the BHE and SC are
connected in parallel to the heat pump and the fluid flow is equally
divided among them.

2.1. The thermal energy system model

An earlier study gives details on the development, calibration, and
validation of the different component models in the energy system, as
well as the processing of the demand data [32]. The thermal energy
system model includes a CO, heat pump that implements a trans-critical
cycle, SCs, BHEs, a TTES, and representative components for modeling
space heating and DHW demands.

The SCs and BHEs serve as sources of low-temperature heat. Verti-
cally discretized single U-tube BHEs were modeled using the thermal
resistance and capacity modelling approach (TRCM) [59]. The local heat
transport model that links the BHE wall to the global volume imple-
ments a finite difference modelling (FDM) approach that divides the
local volume into concentric ring elements. The heat flux to or from a
volume element is defined on the global level and distributed among the
elements of the local model. More details on the modelling of the BHEs
are given in [55]. The solar collector was modeled according to the
EN12975 test standard [60].
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The base value of the mass flow rate of the fluid (propylene glyco-
l-water mixture) circulating through the SCs, the BHEs, and the water
side of the heat pump’s evaporator (0.4 kg/s) was estimated using the
American Society of Heating, Refrigerating, and Air-Conditioning En-
gineers (ASHRAE) methodology for sizing BHEs [61].

The system incorporates a controller that regulates the rotational
speed of the heat pump’s compressor to achieve the desired outlet
temperature of the hot fluid produced by the CO, heat pump. Addi-
tionally, an electric backup heater was positioned downstream of the
heat pump to ensure that the fluid reached the target outlet temperature
prior to going to the TTES. The TTES model uses the stratified storage
tank model in the Buildings library [58] that implements several volumes
that exchange heat among themselves and with the ambient via
conductions.

Another controller manages the flow exiting the bottom of the TTES,
guaranteeing that the temperature there remains above 50 °C. This is
crucial to maintain the DHW distribution system’s temperature above
the proliferation range of Legionella bacteria (20—45 °C) [62].

Although not explicitly modeled, the heat required for space and DHW
heating was supplied through a heat exchange process with the distribu-
tion system. Hot water was withdrawn from both the top and middle
sections of the TTES to provide the energy needed for DHW production
and space heating, respectively. The withdrawal rates were managed by
controllers using the anticipated temperature of the fluid after undergoing
heat exchange with the distribution system as set points. This represents a
simplification of how the heat demand is met by the system. The cold
return fluid, used for both space and DHW heating, as well as from the
bottom of the TTES, is recirculated, mixed, and then reheated in the heat
pump. The temperature of the fluid after DHW production was set at 10 °C,
assuming a 3 °C pinch temperature relative to the assumed city water
temperature of 7 °C. In this study, the system’s comfort level was taken
into account by ensuring that the return temperature of the fluid, after
providing heat for space heating, remains at 25 °C or higher. The specific
return temperature for space heating is influenced by the design and ef-
ficiency of the distribution system. It is expected to be at least as high as
the temperature required for thermal comfort, which typically ranges from
15 to 21 °C during winter [63]. Here, the space heating return temperature
was given a base value of 30 °C. A lower return temperature implies a
more efficient heat transfer to the distribution system; a higher return
temperature implies a less efficient one.

The size of the CO; heat pump in this study was fixed at 6.5 kW since
it was calibrated against a prototype unit having this capacity [64,65].
Hourly thermal energy demand data for space and DHW heating, ob-
tained from a school in Stavanger, Norway, were used as the reference of
the demand inputs to the model. Since the demand from this facility
exceeded the 6.5 kW heat pump capacity, it was adjusted to align with
the heat pump’s limitations. The raw data were first normalized by
dividing all values by the measured maximum demand and then scaled
to 3 kW and 3.5 kW for space and water heating, respectively. Peak
demands, which comprise less than 1 % of the total annual demand,
were filtered out for simplicity. As a result, the actual magnitudes of
energy demand from the school were not used, but the demand patterns
were retained. Space heating demand exhibits seasonal variations,
peaking during the winter and during school hours, while decreasing in
the summer. In contrast, water heating demand remains relatively
consistent throughout the year. Fig. 1 shows the demand profile used in
this study and provides typical weekday demand profiles for different
seasons. Spring and autumn demand profiles closely resemble each
other. Summer demand is notably lower, whereas winter demand sur-
passes all others in magnitude. Incident solar radiation data for Bergen,
Norway [66], a city adjacent to Stavanger, were utilized due to the
unavailability of precise weather data for Stavanger in existing
databases.

The model uses the DASSL solver in Dymola to solve differential
algebraic equations, which gives outputs at variable time steps to bal-
ance accuracy and efficiency. The tolerance was set to 0.0001.



T.A. Sazon et al.

—e—DHW winter

Energy Conversion and Management 300 (2024) 117881

DHW spring
Space heating spring

3 —e—Space heating winter 3
BE E
Q Q
52 2 5 52
R R
E S E g
S g1 g gl
3 3
0 o L et e
0:00  4:48  9:36  14:24 19:12  0:00 0:00 4:48 9:36 14:24 19:12  0:00
— — DHW summer 4 --o--DHW autumn
2 =3 — — Space heating summer 2z < 'y --®--Space heating autumn
8= 523 i
g E 2 5% ) ,","‘ "\\
¥ TR NPT
S g1 o & pa L3
ES =T~ ﬁ—%l “}"‘ i K lad -q\.
T T~ __ - -——T—cz L P ‘e0000000
0 = - 0
0:00 4:48 9:36 14:24 19:12 0:00 0:00 12:00 0:00
4
——Space heating —DHW
3.5

N
W

1.5
\H||

50.00

Thermal energy demand, kWh/h

|| T T

0.00 100.00 150.00

Fig. 1. The thermal demand used in this study

2.2. The thermal energy system configurations

Shown in Fig. 2 are the schematics of the Modelica models of the
three system configurations studied in the Dymola GUI In the first
configuration (Fig. 2a), the SCs and the BHEs are connected in series,
with the fluid flowing to the SCs first before going to the BHEs (Series A).
This allows the storage of excess solar energy into the ground. When
solar irradiation is available, the SCs heat up the cold water-side fluid
coming from the evaporator of the COy heat pump. The solar-heated
fluid is then directed to the BHEs, where it either extracts or injects
energy, depending on its temperature relative to the ground. Through
the BHEs, the ground could function as both a heat source and heat
storage. Some studies on SAGSHP with a conventional sub-critical heat
pump [33,36] favor this configuration. The second setup (Fig. 2b) also
connects the SCs and BHE:s in series but with the fluid flowing through
the BHE: first before going to the SCs (Series B). In this case, the fluid can
be reheated by the SCs and the heat pump can provide direct heating for
buildings without starting up [34]. Razavi et al. [35] noted this to be the
most effective setup when used for space and DHW heating for a house
located in Iran. The third configuration (Fig. 2¢) connects the BHEs and
the SCs in parallel to the heat pump. Some studies favor this setup for
heating-dominated applications [37,38]. When solar irradiation is
available, half of the flow from the evaporator of the CO3 heat pump gets
heated up in the SCs while the other half in the BHEs. When it is un-
available, all the working fluid gets heated up with the BHEs. Depending
on the availability and intensity of solar irradiation, this could be one
way to reduce the load of the system to the ground.

L

’ 'Iu h

350.00

200.00
Days

250.00 300.00

and typical thermal demand in different seasons.

3. Methods

The performance indicators considered in this work are the SPF, the
LCOH, and the GTC induced by the system after the first year of utilizing
it. Eight (8) parameters were considered as inputs during the optimi-
zation of the system, namely the BHE length, BHE spacing, BHE number,
SC area, SC-BHE mass flow rate, the space heating return temperature,
the CO; heat pump’s discharge pressure, and the CO heat pump’s outlet
temperature. The Taguchi method was implemented to first perform
single-objective optimizations for each performance indicator for each
system configuration. The contribution of each parameter to the value of
every performance indicator was also determined. Multi-objective
optimization was then performed by combining the Taguchi method
with GRA. The overall performances of the optimized configurations
were compared with one another.

3.1. Taguchi method

The Taguchi method is an experimental optimization technique that
applies the standard orthogonal array, which gives the optimal number
and set-up of the necessary trial runs. This allows the determination of
the best level of each parameter to optimize a given response factor. The
different phases of the Taguchi method include (1) problem formulation,
(2) design of experiments, and (3) analysis of results.

Problem formulation entails the determination of the output vari-
ables, the objective functions, and the control parameters and their
levels. In this work, the output variables or performance indicators
include the SPF, LCOH, and the 1st year GTC. The objective is to keep the
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SPF and GTC high while maintaining the LCOH low.

The orthogonal array was selected based on the number of param-
eters and levels. It specifies the number of trial runs needed to get suf-
ficient information about the system. The minimum number of trial runs
to be conducted can be determined by:

Nragueni = L +NV(J — 1) 1)

where Nraguchi is the minimum number of trial runs, NV is the number of
parameters, and J is the number of levels. In this study, there are eight
(8) parameters studied, each having three (3) levels, which means that
the minimum trial runs needed is 17. The smallest standard orthogonal
array for three (3) factor levels that meets this minimum is the Lyy
orthogonal array, which consists of 27 trial runs. A full factorial com-
bination will require 6561 experiments (3%) per system configuration,
which would be too time consuming and complex. Applying the
orthogonal array will provide a good estimate of information as with the
full factorial combination with just 27 runs per configuration (total of
81). A higher resolution than this can be chosen to allow the detection of
higher-order interactions. However, this would require more runs. The
parameter combinations needed for the runs were determined using the
design of experiments function in Minitab [67].

Analysis of the results entails the calculation of the signal-to-noise
(S/N) ratio for each run and the implementation of ANOVA. The S/N
ratio is a measure of robustness, which is used to identify parameters
that reduce the process or product variability by minimizing the effects
of uncontrollable factors. The S/N ratios of the SPF and the GTC were
calculated using the “higher the better concept” (Equation (2)), while
the S/N ratio of the LCOH was calculated using the “the lower the bet-
ter” concept (Equation (3)).

) S I 1
Htgherthebetterﬁ = — 1010g10;ZHE @)

s I
L()werthebelterﬁ = — 1010gmzz’_:]yi 3)

where y; refers to the input parameter. ANOVA was carried out to assess
the significance of each parameter. It estimates the relative importance
of each parameter by calculating their respective percentage contribu-
tion to the performance indicator. The degree of freedom (DOF), sum of
squares (SS), mean squares (MS), F-ratios, P-values, and percentage of
contribution were included in the ANOVA tables. In this study, Minitab
[67] was used to conduct ANOVA on the S/N ratios.

3.1.1. The performance indicators

The performance indicators chosen for this study are the SPF, the
LCOH, and the GTC induced after the first year of utilizing the system.
Since the study requires running several cases, it was decided to limit the
simulation time to 1 year. Of course, more representative values of the
performance indicators could have been obtained if the simulations
covered the whole lifetime of the system. Nonetheless, as shown in [32],
the SPF and LCOH of this system would not vary so much yearly if the
overall change in ground temperature is minimized. This was assuming
that the boundary conditions remained relatively consistent every year.

To calculate the SPF, the total energy delivered by the system to the
demand for one (1) year was divided by the total energy utilized to run
the system (Equation (4)). This represents the efficiency of the system.
The system spends energy to run the compressors, the circulation
pumps, and the back-up heater. A higher SPF indicates better efficiency.

SPF:ESH + Epuw )

cons

where Egy is the energy delivered for space heating, Epyy is the energy
delivered by the system for DHW production, and Ecys is the total
electricity consumption of the compressor, the pumps, and the back-up
electric heater.
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To calculate the LCOH, the operation cost and thermal energy
delivered from a year of simulation were first assumed to be the yearly
operation cost and energy generation of the system. This assumed an-
nuity was then discounted back to its present value using the discount
rate (r) and added to the total capital cost of the system. The sum was
then divided by the discounted value of energy generation.

A {M} +C
LCOH = —~———< )

E{H}

where A is the annual cost of operations, r is the discount rate, n is the
lifetime of the system, C is the capital cost, and E is the yearly energy
generation of the system.

The LCOH signifies the cost of producing 1 kWh of heating, and it is
affected by both the cost of the equipment and the efficiency of opera-
tions. This is a useful indicator of the cost efficiency of the system. It
could also be used to see how the system compares with other available
technology. A lower LCOH is desired. The data and assumptions used for
cost calculations are summarized in Table 1.

The GTC was obtained from the BHE model. The model calculates the
average ground temperature as it is utilized as a heat source or sink.
Since the Taguchi method requires the output variables to be positive,
the GTC in this study was defined to be the quotient of dividing the
ground temperature after one year of simulation by the initial ground
temperature.

GTC = ! 100 (6)
init

where Tgpg is the temperature of the ground after one year and Tiyj; is

the initial average ground temperature.

A GTC value greater than 100 % means the ground temperature went
up, while a value less than 100 % means that the ground temperature
went down. In this study, changes to the ground temperature were kept
minimal, but a higher-the-better concept was applied since the system
was only intended for heating. When consistent boundary conditions are
applied to a SAGSHP system, the yearly change in ground temperature is
expected to reduce after the first year as the driving force for heat ex-
change between the circulating fluid and the ground gets smaller. The
1st-year GTCs can be assumed to represent the maximum expected
temperature decline for a year of operation. This value was used as an
indicator of how the system will perform long-term without simulating

Table 1
Summary of parameters used for cost calculations.

Parameter Value Reference/Notes

Cost of flat plate SC, EUR/ 632.5
2

Average of SC costs in [68]

m

Cost of BHE, EUR/m 65 [69]

Cost of TTES, EUR/m® 1150 Average cost of 0.8 — 2 m® TTES

[70]

CO, Heat pump compressor 17547 W is the rated compressor power in
cost, CNY Wo-4488 kW [71]

CO, Heat pump gas cooler 1874.4A°98%5 A is heat exchanger area in m? [71]
cost, CNY

CO, Heat pump evaporator 331.7A%93% A is heat exchanger area in m?[71]
cost, CNY

Lifetime of system, years 25 [69]

Discount rate 2% Discount rate or cost of capital for

heat pumps [72]

Exchange rate, USD/EUR 1/1.01 Exchange rate in Sept. 2022
Exchange rate, USD/CNY 0.14/1 Exchange rate in Sept. 2022
Exchange rate, NOK/USD 1/0.0975 Exchange rate in Sept. 2022
Electricity cost, NOK/kWh 2.4415 Average electricity price in Norway

in 2022 [73]

EUR = Euros; CNY = Chinese Yuan; USD = U.S. Dollars; NOK = Norwegian
Kroner.
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its whole lifetime. A GTC close to or greater than 100 % is desirable.

3.1.2. The parameters and their levels

The study considered eight (8) parameters, as outlined in Table 2.
BHE length, BHE number, and SC area were selected due to their direct
impact on the capital cost of the system. BHE spacing was included to
address the thermal imbalance induced by the system to the ground
[43]. Note that the SC area also contributes to this aspect. SC-BHE mass
flow, CO heat pump discharge pressure, and the heat pump outlet
temperatures were chosen since they are parameters that can be
controlled or specified in a real-world system. Lastly, the space heating
return temperature was included to indirectly represent the effects of the
performance of the heat distribution system.

Levels are discrete values or conditions chosen for each parameter in
a Taguchi experiment that are tested to determine their influence on an
output variable. The number levels and their values are typically
determined from experiments or simulations, considering the practical
range of values that a parameter can take. Typically, parameters are
given two (2) to three (3) levels. The number of levels affects the reso-
lution of the experiment. A higher number of levels provides finer res-
olution, allowing for more precise identification of parameter effects
and their interactions. However, specifying more levels will require
more simulation runs.

In this work, the number and values of the levels for each parameter
were specified by considering the results of the parametric and sensi-
tivity studies done in an earlier study [32]. Three levels were considered
for each parameter (Table 2). For most parameters, level 2 adopted the
base values; level 1 represented the lower bounds; and level 3 indicated
the upper bounds.

In [32], BHE length was varied from 50 m to 200 m to see how it
changes the values of the performance indicators. It was seen that the
ground temperature can decrease substantially with utilization when the
BHE length is kept short while the LCOH can significantly go up with
longer BHEs. The BHE length of 100 m was chosen as the base value
considering that it offered a good compromise between the GTC and
LCOH values while keeping the SPF reasonable. The lower and upper
bounds were then arbitrarily set to be —50 m (50 m) and + 50 m (150 m)
of the base value, respectively.

A similar approach was applied in choosing the values for the SC area
levels. As shown in [32], the SPF remains relatively constant for
different values of the SC area, but the GTC and the LCOH can both
significantly change. The base value of six (6) collectors (13.92 m?) was
chosen as a compromise between the desired GTC and LCOH values. The
lower and upper bounds were then set to be —3 (3 collectors) and + 3 (9
collectors) of the base value, respectively.

BHE spacing mainly affects the GTC. However, values of this
parameter can be constrained by the availability of the installation area.

Table 2
Parameters investigated and their levels.
Parameter Label  Level
1 2 3
BHE length, m A 50 100 150
BHE spacing, m B 3 5 7
BHE number C 4 5 6
SC area, m? (number of collectors) D 6.96 13.92 20.88
3 6) [C)]
SC-BHE mass flow, kg/s* E 0.2 0.4 0.8
Space heating return temperature, °C F 25 30 35
CO, heat pump discharge pressure, G 8.5 9.0 10
MPa
CO, heat pump outlet temperature, H 60 65 70
ogH*

*the flow rate of the fluid circulating through the SC, BHE, and the evaporator’s
water side.
**the temperature of the water as it comes out of the water side of the gas cooler.
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Sometimes a big area can be used but sometimes it can be quite confined
to a limited space. In this study, it was assumed that the area that can be
allotted for the BHEs is not very big, with a BHE spacing base value of 5
m and an upper and a lower bound of —2 m (3 m) and + 2 m (7 m) of the
base value, respectively.

The study took measures to ensure that the value ranges for both the
SC area and the BHE spacing were selected in a way that would keep the
GTC close to one (1). This careful selection was aimed at maintaining a
consistent long-term performance of the system.

In [32], it was demonstrated that optimal ranges exist for the SC-BHE
mass flow rate and the discharge pressure of the CO, heat pump. For the
SC-BHE mass flow, a base value of 0.4 kg/s was chosen since it lies
within the range where the SPF is maximized, the LCOH is minimized,
and the GTC is kept relatively high. A lower and an upper bound of half
(0.2 kg/s) and double (0.8 kg/s) of this base value were then specified
for levels 1 and 3, respectively. The lower bound was ensured to be
higher than 0.1 kg/s since below this, the SPF starts to significantly drop
down.

The optimal value of the discharge pressure depends on the oper-
ating conditions of the COy heat pump. The design condition of the
prototype unit used to calibrate the CO, heat pump model in this work is
between 8.5 and 10 MPa. Since it was seen that the optimal discharge
pressure that maximizes the SPF and minimizes the LCOH can occur
within this, a base value of 9.0 MPa was chosen for this parameter. The
lower and upper bounds of the CO, heat pump’s design condition were
then used as values of level 1 and level 3 of this parameter, respectively.

The outlet temperature of the heat pump was kept higher than 60 °C
to ensure that the temperature in the DHW distribution system is kept
higher than the proliferation temperature of Legionella (20—45 °C)
[62]. The values of level 2 and level 3 were then set to be + 5 (65 °C)
and + 10 (70 °C) of this, respectively. This is in consideration of DHW
distribution systems that may require higher temperatures.

The space return temperature from the facility where demand data
were obtained was at around 30 °C and hence was used as the base value
of this parameter. The lower and upper bounds were then set to be —5
(25 °C) and + 5 (35 °C) of the base value, respectively, to represent
different efficiencies of the distribution system.

3.2. Grey relational analysis

GRA, together with the Taguchi method, was employed to perform
multi-objective optimization. To perform this, the performance in-
dicators for every experimental run were first normalized within the
range of 0 to 1. Normalization was implemented in two ways: “the
higher the better” and “the lower the better”. The SPF and the GTC were
normalized using the former while the LCOH values were normalized
using the latter. For the “higher the better”, the original array was
normalized as follows [48]:

7

X0 — min(x (k)
) = an0) — min( (1)

For the “lower the better” concept, the original array was normalized
by [48]:
A0 = max(x? (k)) — X (k)
Y = a0 (k) — min(x2(k))

i

®

where yj(k) is the normalized value, max(xY(k)) is the maximum value of
the x?(k) value and min(x?(k)) is the minimum value of the x?(k).
After normalization, the Grey relational coefficients (GRC) were
determined by the following equations [48]:
A + QA ax

gl(k) B Ao,(k) + (pAmax (9)

Agi(k) = [lyo(k) = yi(k)|l 10$)
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Apax = maXVjeimaXVkHyo(k) - Yi(k)H 1D
Apin = Mingeming||yo (k) — yi (k)] 12)

where Ag;(k)(i=0,1,2,--27;k = 1,2, 3) is the deviation value between
Yo(k) and y;(k), ¢ is the distinguishing coefficient with ¢ € [0,1], Amqx is
the minimum value of A, andAn;, is the minimum value of Agy;. The
distinguishing coefficient value of 0.5 is typically utilized [47-52].
Subsequently, the overall Grey relational grades (GRGs) were computed
by:

GRGy; = Zzzlwfi(k) as
where w is the weight of the response. In this study, the contributions of
all performance indicators to the overall GRG were assumed to be equal,
i.e., wis equal to 1/3.

The calculated GRGs were then used to perform a Taguchi process
(S/N ratio calculation using “the higher the better” concept, ANOVA) to
determine the parameter set-up that would give the optimal perfor-
mance when multiple performance indicators are considered
simultaneously.

4. Results and discussions

The values of the parameter levels considered here were based on
earlier studies implemented on Configuration 1 (Series A). In [74], a
BHE length of 82 m was calculated following the ASHRAE procedures
for sizing BHEs. The ground was assumed to have the characteristics of
Slate (density = 2760 kg/m>, specific heat = 920 J/kg-K, thermal con-
ductivity = 2.1 W/m-K), one of the common rock types in some parts of
Norway [75] while the thermal gradient was assumed to be 0.0125 K/m,
similar to that of some wells drilled in Bergen, Norway [76]. In [32], the
BHE length was varied from 50 m to 200 m, while keeping the SC area at
13.92 m? (6 collectors). It was seen that a 50 m BHE can support the ~
18500 kWh annual heating demand but ground temperature can
decrease by 0.5 °C from the first year alone. This temperature decline
will decrease with time if boundary conditions are kept unchanged, but
it will affect the long-term capability of the system to provide thermal
energy. Oversizing the BHE to 200 m can give slightly better SPFs and
lower ground temperature decline, but it can entail LCOH values greater
than the upper bound of the LCOH of typical solar thermal combi heat
pump systems (0.206 USD/kWh) [84].

In [32], the effects of changing the values of other parameters, aside
from BHE length, are given in more detail. This was considered in
choosing the values of the parameter levels in this study, ensuring that a
good balance among SPF, LCOH, and GTC can be obtained. Among all
the parameters considered, the heat pump’s discharge pressure and
outlet temperature exhibited notable effects on all performance in-
dicators. The presence of optimal SC-BHE circulation rate and discharge
pressure were also noted.

The main objective of the study is to compare three different con-
figurations of a COy SAGSHP system when they are designed optimally
in terms of three different performance indicators (SPF, LCOH, and GTC)
for similar boundary conditions. The parameters considered include the
BHE length (A), BHE spacing (B), BHE number (C), SC area (D), the SC-
BHE mass flow (E), the space heating return temperature (F), the CO5
heat pump discharge pressure (G), and the CO; heat pump outlet tem-
perature (H) (Table 2). The Taguchi method was performed first to
implement single objective optimizations concerning individual per-
formance indicators (sections 4.1 and 4.2). Here, the effects of the
different parameters on the different performance indicators for the
three considered configurations were quantified. Afterward, the
Taguchi-GRA was implemented for multi-objective optimization, with
the performance indicators given equal importance (sections 4.3 and
4.4). In this part, the contributions of the parameters on the GRG, which
represents the overall system performance, were calculated.
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4.1. Single-objective optimizations: Taguchi method

As given in Table 2, eight (8) parameters, each having three (3)
levels, were considered here. Following the Taguchi design concept, an
Loy orthogonal array was chosen. The structure of the array is given in
Table 3. Each computational run was performed according to the com-
bination of parameters determined by this array. The performance in-
dicators obtained from simulating each of these runs for all three
configurations are summarized in Table 4 while their corresponding S/N
ratios are given in Table 5. The S/N ratios for the SPF and GTC were
calculated using the “higher the better” concept while those for the
LCOH were calculated with the “lower the better” concept. The S/N
ratios were then averaged in consideration of the different levels of each
parameter and are then plotted in Fig. 3.

In the Taguchi method, the S/N ratio gives a measure of the per-
formance of a system or process by quantifying the relationship between
the signal, which represents the desired output or target value, and the
noise, which represents the variation from the target value. It measures
how well the system meets the desired performance indicators (higher-
the-better for SPF and GTC and lower-the-better for LCOH) in the
presence of variability. A higher S/N ratio indicates a better quality of
performance because the signal is more pronounced relative to the
noise. Average S/N ratio plots (Fig. 3) help in selecting the best com-
bination of parameter levels that lead to the desired outcomes with the
least variability. The optimal parameter set ups for every response factor
in all three configurations were chosen by looking into the level com-
binations that gave the highest average S/N ratios for every control
factor (Fig. 3).

As shown in Fig. 3, the combination that gave the optimal SPF for
configurations 1, 2, and 3 (parameter levels that give the highest S/N
ratios) are AlBICID1E1F1G3H1, A3B1C1D1E2F1G3H1, and
A3B1C1D1E3F1G3H]I, respectively. The effect of a certain parameter on
a performance indicator could be inferred from the difference between
the highest and the lowest value of the S/N ratio. Here, it could be seen
that the SPFs for all three configurations were notably more affected by
the heat pump’s discharge pressure (G) and the heat pump’s outlet
temperature (H). CO, heat pumps are known to exhibit an optimal
discharge pressure that maximizes its efficiency [77]. In the system
considered here, the SPF-optimal high-side heat pump pressure seems to
lie higher than 10 MPa. However, pressure levels higher than this were
not explored anymore to avoid being too far from the operating condi-
tions at which the CO, heat pump component model was calibrated. At a
lower outlet temperature (H), the heat pump circulates a lower amount
of CO., reducing compressor work, and implements a larger change in
specific enthalpy during the heat rejection process. These contributed to
better SPFs. The parameter levels that optimized SPF for BHE spacing
(B), BHE number (C), SC area (D), and SH return temperature (F) were
seen to be consistent for all configurations, i.e., smaller BHE spacing (B),
number (C), and SC area (D) and lower space heating return temperature
(F) are preferrable for a better SPF for all configurations. However, note
that making the BHE spacing (B), number (C), and SC area (D) small
could entail a larger impact on the ground temperature, which could
affect the long-term capability of the system to provide thermal energy.
A smaller space heating return temperature (F) is expectedly more
preferrable for all configurations since it implies a more efficient dis-
tribution system, which would require the circulation of less fluid to
provide the SH demand. Applying the determined control factor com-
binations in simulation resulted in SPF values of 3.804, 4.025, and 4.018
for configurations 1, 2, and 3, respectively (Table 6). This shows that
when the other performance indicators (LCOH and GTC) are dis-
regarded, configuration 2 could give the best performance. Note that the
SPFs here were calculated only after 1 year of operation. If the ground
temperature changes significantly yearly, the annual SPF would change
accordingly.

The combination that gave the optimal LCOH for configurations 1, 2,
and 3 are A1B3C1D1E1F1G3H1, A1B2C1D1E2F2G3H1, and
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Table 3

The Taguchi Ly, (3°) standard orthogonal array and the experimental plan.
Run A B C D E F G H BHE BHE BHE SC area, SC-BHE Space heating Discharge Outlet
No. levels length, spacing, number number of mass return pressure, temperature,

m m collectors flow, kg/  Temperature, °C MPa °C
s

1 1 1 1 1 1 1 1 1 50 3 4 3 0.2 25 8.5 60
2 1 1 1 1 2 2 2 2 50 3 4 3 0.4 30 9 65
3 1 1 1 1 3 3 3 3 50 3 4 3 0.8 35 10 70
4 1 2 2 2 1 1 1 2 50 5 5 6 0.2 25 8.5 65
5 1 2 2 2 2 2 2 3 50 5 5 6 0.4 30 9 70
6 1 2 2 2 3 3 3 1 50 5 5 6 0.8 35 10 60
7 1 3 3 3 1 1 1 3 50 7 6 9 0.2 25 8.5 70
8 1 3 3 3 2 2 2 1 50 7 6 9 0.4 30 9 60
9 1 3 3 3 3 3 3 2 50 7 6 9 0.8 35 10 65
10 2 1 2 3 1 2 3 1 100 3 5 9 0.2 30 10 60
11 2 1 2 3 2 3 1 2 100 3 5 9 0.4 35 8.5 65
12 2 1 2 3 3 1 2 3 100 3 5 9 0.8 25 9 70
13 2 2 3 1 1 2 3 2 100 5 6 3 0.2 30 10 65
14 2 2 3 1 2 3 1 3 100 5 6 3 0.4 35 8.5 70
15 2 2 3 1 3 1 2 1 100 5 6 3 0.8 25 9 60
16 2 3 1 2 1 2 3 3 100 7 4 6 0.2 30 10 70
17 2 3 1 2 2 3 1 1 100 7 4 6 0.4 35 8.5 60
18 2 3 1 2 3 1 2 2 100 7 4 6 0.8 25 9 65
19 3 1 3 2 1 3 2 1 150 3 6 6 0.2 35 9 60
20 3 1 3 2 2 1 3 2 150 3 6 6 0.4 25 10 65
21 3 1 3 2 3 2 1 3 150 3 6 6 0.8 30 8.5 70
22 3 2 1 3 1 3 2 2 150 5 4 9 0.2 35 9 65
23 3 2 1 3 2 1 3 3 150 5 4 9 0.4 25 10 70
24 3 2 1 3 3 2 1 1 150 5 4 9 0.8 30 8.5 60
25 3 3 2 1 1 3 2 3 150 7 5 3 0.2 35 9 70
26 3 3 2 1 2 1 3 1 150 7 5 3 0.4 25 10 60
27 3 3 2 1 3 2 1 2 150 7 5 3 0.8 30 8.5 65

Table 4

Values of the performance indicators for the different system configurations.
Run no. Configuration 1 (Series A) Configuration 2 (Series B) Configuration 3 (Parallel)

SPF LCOH, USD/kWh GTC SPF LCOH, USD/kWh GTC SPF LCOH, USD/kWh GTC

1 3.13 0.135 99.303 % 3.14 0.134 99.246 % 3.02 0.137 99.239 %
2 2.93 0.139 99.297 % 2.93 0.139 99.269 % 2.94 0.139 99.241 %
3 2.67 0.146 99.287 % 2.67 0.146 99.273 % 2.83 0.141 99.243 %
4 2.81 0.163 99.863 % 2.48 0.171 99.835 % 2.37 0.174 99.809 %
5 2.63 0.168 99.853 % 2.46 0.172 99.839 % 2.42 0.173 99.814 %
6 2.66 0.168 99.825 % 2.67 0.168 99.811 % 3.03 0.157 99.782 %
7 2.30 0.199 100.042 % 1.87 0.219 100.035 % 1.92 0.215 99.986 %
8 3.29 0.173 100.005 % 3.11 0.176 99.989 % 3.08 0.176 99.961 %
9 2.49 0.194 100.004 % 2.50 0.193 99.993 % 2.92 0.180 99.973 %
10 3.22 0.209 99.918 % 3.13 0.210 99.849 % 2.97 0.214 99.826 %
11 2.28 0.238 99.958 % 2.23 0.240 99.902 % 2.17 0.242 99.893 %
12 2.31 0.236 99.887 % 2.28 0.236 99.870 % 2.55 0.225 99.867 %
13 3.11 0.204 99.840 % 3.15 0.204 99.825 % 3.08 0.205 99.829 %
14 2.19 0.235 99.862 % 2.18 0.235 99.856 % 2.17 0.236 99.855 %
15 3.29 0.202 99.821 % 3.29 0.202 99.817 % 3.54 0.197 99.814 %
16 3.04 0.183 99.944 % 2.94 0.184 99.925 % 2.71 0.189 99.920 %
17 2.61 0.196 99.946 % 2.70 0.194 99.934 % 2.65 0.195 99.927 %
18 2.74 0.192 99.931 % 2.75 0.192 99.924 % 3.14 0.181 99.916 %
19 3.15 0.271 99.883 % 3.09 0.270 99.851 % 2.86 0.276 99.852 %
20 3.27 0.266 99.859 % 3.30 0.265 99.841 % 3.34 0.264 99.838 %
21 2.09 0.305 99.885 % 2.09 0.305 99.877 % 2.24 0.298 99.878 %
22 2.84 0.236 99.996 % 2.50 0.245 99.974 % 2.38 0.249 99.956 %
23 3.14 0.228 99.976 % 3.14 0.227 99.959 % 2.96 0.230 99.951 %
24 1.95 0.275 99.996 % 2.49 0.249 99.965 % 2.89 0.236 99.960 %
25 2.53 0.247 99.932 % 2.53 0.247 99.925 % 2.38 0.252 99.929 %
26 3.35 0.227 99.918 % 3.37 0.226 99.914 % 3.36 0.227 99.915 %
27 2.52 0.249 99.924 % 2.52 0.249 99.922 % 2.68 0.244 99.921 %

A1B2C1D1E3F1G3H], respectively. The design parameters BHE length
(A), BHE number (B), and SC area (C) were seen to be more influential to
the LCOH compared to the other parameters. From this, it could be
inferred that the capital cost contributes much to the LCOH. For all
configurations, the LCOH is seen to be consistently insensitive to the
BHE spacing (B). However, this is the result of the assumption in this
study that the unit cost of the BHE is only related to its length and not the

space it occupies. In reality, increasing the spacing may also increase
costs, but possibly to a much lesser extent than when the BHE length is
increased. Applying the determined control factor combinations in
simulation resulted in LCOH values of 0.126 USD/kWh, 0.126 USD/
kWh, and 0.124 USD/kWh for configurations 1, 2, and 3, respectively.
This shows that when the other performance indicators (SPF and GTC)
are disregarded, the parallel configuration performs best (Table 6).
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Table 5
S/N ratio.
Run no. Configuration 1 (Series A) Configuration 2 (Series B) Configuration 3 (Parallel)
S/N SPF S/N LCOH S/N GTC S/N SPF S/N LCOH S/N GTC S/N SPF S/N LCOH S/N GTC

1 9.900 17.408 —0.0608 9.944 17.432 —0.0657 9.612 17.283 —0.0663
2 9.327 17.129 —0.0613 9.349 17.142 —0.0637 9.378 17.158 —0.0662
3 8.529 16.718 —0.0621 8.544 16.726 —0.0634 9.045 17.015 —0.0660
4 8.973 15.749 —0.0119 7.873 15.344 —0.0144 7.493 15.209 —0.0166
5 8.395 15.494 —0.0127 7.828 15.282 —0.0140 7.659 15.217 —0.0161
6 8.491 15.494 —0.0152 8.529 15.513 —0.0165 9.641 16.061 —0.0189
7 7.222 14.015 0.0037 5.429 13.200 0.0030 5.685 13.364 —0.0012
8 10.350 15.239 0.0005 9.846 15.104 —0.0010 9.761 15.072 —0.0034
9 7.930 14.257 0.0003 7.973 14.273 —0.0007 9.321 14.907 —0.0024
10 10.149 13.582 —0.0071 9.922 13.562 —0.0131 9.469 13.411 —0.0151
11 7.166 12.479 —0.0037 6.985 12.406 —0.0085 6.712 12.315 —0.0093
12 7.268 12.545 —0.0098 7.153 12.559 —0.0113 8.117 12.966 —0.0115
13 9.859 13.791 —0.0139 9.954 13.820 —0.0152 9.765 13.753 —0.0149
14 6.797 12.577 —0.0120 6.781 12.569 —0.0125 6.729 12.548 —0.0126
15 10.335 13.877 —0.0155 10.349 13.882 —0.0159 10.979 14.093 —0.0162
16 9.649 14.757 —0.0049 9.355 14.718 —0.0065 8.646 14.487 —0.0069
17 8.341 14.154 —0.0047 8.629 14.262 —0.0057 8.452 14.219 —0.0063
18 8.754 14.341 —0.0060 8.771 14.348 —0.0066 9.928 14.828 —0.0073
19 9.956 11.347 —0.0102 9.805 11.365 —0.0130 9.138 11.168 —0.0129
20 10.290 11.515 —0.0122 10.382 11.534 —0.0139 10.484 11.559 —0.0141
21 6.421 10.319 —0.0100 6.421 10.323 —0.0107 6.993 10.521 —0.0106
22 9.069 12.533 —0.0004 7.946 12.226 —0.0023 7.518 12.059 —0.0039
23 9.935 12.855 —0.0021 9.926 12.888 —0.0036 9.420 12.775 —0.0043
24 5.802 11.228 —0.0003 7.923 12.090 —0.0030 9.229 12.553 —0.0035
25 8.064 12.129 —0.0059 8.076 12.132 —0.0065 7.525 11.989 —0.0062
26 10.503 12.887 —0.0071 10.552 12.902 —0.0075 10.532 12.896 —0.0074
27 8.033 12.080 —0.0066 8.037 12.081 —0.0068 8.548 12.262 —0.0068
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Fig. 3. The average S/N ratios for each parameter and performance indicator.

The combination that gave the optimal GTC for configurations 1, 2,
and 3 are A3B3C3D3E1F3G1H3, A3B3C3D3E2F3G1H3, and
A3B3C3D3E2F3G1H3, respectively. It could be seen that the GTC is
most sensitive to the BHE (A, B, C) and SC (D) parameters. Higher values
of these parameters could help in regulating the temperature reduction

10

in the ground that could be induced by the system. However, increasing
the BHE length (A), BHE number (C), and SC area (D) also increases the
cost. Increasing the BHE spacing (B) might be a better way to manage
ground thermal imbalance. Note though that the relationship between
BHE spacing (B) and cost is artificially dissociated here. Applying the
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Table 6
Results of the single-objective optimizations for each performance indicator in
the different configurations.

SPF LCOH, USD/kWh GTC
Configuration 1: Series A 3.804 0.126 100.257 %
Configuration 2: Series B 4.025 0.126 100.251 %
Configuration 3: Parallel 4.018 0.124 100.242 %

determined control factor combinations in simulation resulted in GTC
values of 100.257 %, 100.251 %, and 100.242 % for configurations 1, 2,
and 3, respectively. This shows that when the other performance in-
dicators (SPF and LCOH) are disregarded, the series configurations are
preferable (Table 6) than the parallel.

There are trade-offs when adjusting the values of the parameters in
terms of their effects on the different performance indicators. Hence, it is
necessary to perform multi-objective optimization to see the overall per-
formances of the three configurations by just looking into one indicator
(GRG) that cumulatively represents the three performance indicators.

4.2. Single-objective optimizations: Taguchi method - ANOVA

Performing ANOVA in Taguchi experiments is necessary for under-
standing the impact of different parameters and their levels on the
variation in the output variables. It also helps in determining which
factors are statistically significant and which are not. The results of the
ANOVA are summarized in Table 7. When the P-value is less than the
significance level (Significance codes: 0 ‘****, 0.001 ‘**’, 0.01 “**, 0.05
‘%), it suggests that a parameter has a statistically significant impact on
the S/N ratio and the performance indicator. The F value measures the
ratio of the variance between groups to the variance within groups. A
higher F value suggests a more significant impact of the factor. To
calculate the contribution of a parameter to a performance indicator, the
SS is considered. The SS measures the variability or dispersion of data
points around a central value. It is used to quantify how much of the
total variation in the output can be attributed to a certain parameter.

ANOVA was used to estimate the relative significance of each
parameter in terms of percentage contribution to the different perfor-
mance indicators (Table 7). The significance denotes which parameters
could induce statistically significant effects on the response factor at
different confidence levels.

The SPF was seen to be consistently most sensitive to the CO, heat
pump’s discharge pressure (G) for all three (3) configurations. The heat
pump’s outlet temperature (H) contributes significantly to the SPF too,
especially for configurations 2 and 3.

The contribution of the BHE length (A) to the LCOH is rather sub-
stantial, given that the BHE is the most expensive component of the
system. The BHE number (C) also contributed significantly but to a
lesser extent since the levels chosen for this parameter were more con-
strained than the levels chosen for BHE length (A). The operation pa-
rameters heat pump’s discharge pressure (G) and the heat pump’s outlet
temperature (H) played more significance to the LCOH of configurations
2 and 3 than it did for configuration 1.

The parameters BHE length (A), BHE spacing (B), BHE number (C),
and SC area (D) consistently exhibited huge effects on the GTC of the
three configurations since these are the parameters that can help
disperse the thermal effects of the system to the ground. The SC area (D)
was seen to be most significant to the GTC of configuration 1 while BHE
spacing was seen slightly more important to configurations 2 and 3.

4.3. Multi-objective optimization: Taguchi-GRA

Taguchi-GRA was implemented to perform multi-objective optimi-
zation, with all performance indicators given equal weights. To perform
this, normalization of the performance indicators was first done fol-
lowed by the calculation of the GRGs. GRGs represent the overall
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performance of the system when multiple performance indicators are
considered simultaneously. A value closer to 1 is preferred. The calcu-
lated GRGs, their respective S/N ratios, and rank are all given in Table 8.

The corresponding S/N ratios of the GRGs were calculated according
to the “higher the better” concept, and their averages are plotted in
Fig. 4. Taking note of the highest S/N ratios for each control parameter,
the optimal combinations were noted to be A1B3C1D3E1F1G3HI,
A1B3C1D1E2F1G3H]1, and A1B3C1D1E3F1G3H]1 for configurations 1,
2, and 3, respectively. The optimal parameter levels for parameters BHE
length (A), BHE spacing (B), BHE number (C), SH return temperature
(F), heat pump’s discharge pressure (G), and heat pump’s outlet tem-
perature (H) are all identical for all the configurations considered.
Keeping the BHE length (A), BHE number (B), SH return temperature
(F), and outlet temperature (H) low but reasonable was seen as benefi-
cial to the system. A shorter BHE length and using fewer BHEs lower
capital expenses; low SH return temperature and heat pump’s outlet
temperature reduce the operations expenses (increase the SPF). A higher
BHE spacing helps reduce the thermal impact of the system on the
ground while operating near or at the optimal discharge pressure (G)
increases the cost efficiency of the system. As for the area of the SC (D), it
could be seen that a higher SC area is desirable for configuration 1, but
smaller areas are preferred for configurations 2 and 3. It can also be
inferred that consideration of low BHE length (A) and number (B) was
only possible because of the heat provided by the SCs.

The desired SC-BHE circulation rate (E) varied in every configura-
tion, with a smaller rate more beneficial to configuration 1, mid-level for
configuration 2, and a higher rate for configuration 3. This shows the
need to increase the circulation rate to facilitate enough heat absorption
from the BHEs and SCs simultaneously when they are placed parallel to
the heat pump, affecting the power consumption for pumping needed by
the system. Looking at the magnitude differences between the highest
and lowest S/N ratios for every control factor, it could be inferred that
the BHE length (A) plays an important role in the overall performance of
the system for all configurations, followed by the heat pump’s discharge
pressure (G) and outlet temperature (H).

Using the optimal parameter level combinations as inputs to simu-
lations gave the optimized performance of every configuration
(Table 9). The optimized configuration 1 gave the best overall perfor-
mance among the three (GRG = 0.6875) while the optimized configu-
rations 2 (GRG = 0.6644) and 3 (GRG = 0.6643) performed almost
similarly. Nonetheless, looking into the GRGs obtained from the trial
runs (Table 8), it could be seen that the parallel configuration produced
more of the top 10 performers (GRG > 0.60) in the orthogonal array.

Compared to a SAGSHP systems that use conventional working fluids
in a sub-critical cycle, the optimized systems exhibited comparable SPF
(R410 | heat pump capacity = 14 kW | SPF = 3.89 [78], R410a | heat
pump capacity = 12 kW | SPF = 3.46 [79], R22 | heat pump capacity =
4.134 kW | COP = 1.7 - 2.6 [80], R22 | heat pump capacity = 12 kW |
COP 3.15 [31], R134a | heat pump capacity = 2.61 kW | COP 2.7 — 3
[81]) LCOH (LCOHconventional = 0.043 — 0.206 USD/kWh) [82], and GTC
(<1°C increase) [78]. For a more accurate comparison, it would be
beneficial to evaluate a sub-critical SAGSHP system that operates under
identical boundary conditions. Although relatively good performance
has been observed from the optimized systems, optimization of the op-
erations can also be explored to improve its overall performance.

4.4. Multi-objective optimization: Taguchi-GRA — ANOVA

ANOVA results (Table 10) show that the GRG of the 3 different
configurations is most sensitive to the BHE length (A) and least sensitive
to the SC area (D). This means that the BHE length should be kept as
small as practical then the SC area can be increased to provide for the
heating demand. The other relatively important parameters for all
configurations include the CO5 heat pump’s discharge pressure (G) and
the outlet temperature (H). It shows the significance of operating the
heat pump at the optimal discharge pressure regardless of the
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Table 7
ANOVA tables for S/N ratios derived for each performance indicator for every configuration.
Df SS MS F Pr(>F) Significance Contribution SS MS F Pr(>F) Significance Contribution SS MS F Pr(>F) Significance Contribution

Configuration 1: Series A

SPF LCOH GTC
A 2 0.066 0.033 0.054 0.948 0.17 % 66.875 33.437 325.805 0.000  *** 75.53 % 1.77E-03 8.85E-04 1106.250 0.000  *** 20.66 %
B 2 0.121 0.061 0.098 0.907 0.30 % 0.039 0.019 0.188 0.831 0.04 % 2.55E-03 1.27E-03 1593.125 0.000 ek 29.75 %
C 2 0.357 0.179 0.291 0.754 0.89 % 11.368 5.684 55.383 0.000 ok 12.84 % 1.22E-03 6.08E-04 760.000 0.000 14.19 %
D 2 2.414 1.207 1.965 0.191 6.03 % 5.422 2.711 26.413 0.000 6.12 % 2.99E-03 1.50E-03 1871.250 0.000 34.95 %
E 2 8.195 4.097 6.670 0.014 * 20.46 % 1.216 0.608 5.925 0.020 * 1.37% 1.10E-05 5.50E-06 6.875 0.014 * 0.13 %
F 2 4.386 2.193 3.570 0.068 10.95 % 0.684 0.342 3.334 0.078 0.77 % 4.00E-06 2.00E-06 2.500 0.163 0.05 %
G 2 16.975 8.487 13.816 0.001 42.38 % 2.113 1.057 10.294 0.004 o 2.39 % 2.10E-05 1.05E-05 13.125 0.002 wx 0.25 %
H 2 7.541 3.771 6.138 0.018 * 18.83 % 0.829 0.414 4.037 0.052 0.94 % 2.00E-06 1.00E-06 1.250 0.396 0.02 %
Residual Error 10 6.143 0.614 1.026 0.103 8.00E-06 8.00E-07
Configuration 2: Series B

SPF LCOH GTC
A 2 0.819 0.410 1.042 0.388 1.89 % 58.795 29.397 361.590 0.000 ke 70.04 % 1.83E-03 9.13E-04 1141.250 0.000 20.38 %
B 2 0.205 0.102 0.260 0.776 0.47 % 0.025 0.013 0.154 0.859 0.03 % 3.03E-03 1.51E-03 1891.250 0.000 33.77 %
C 2 1.679 0.840 2.136 0.169 3.88 % 14.148 7.074 87.008 0.000 ok 16.85 % 1.30E-03  6.49E-04 811.250 0.000 14.48 %
D 2 4.004 2.002 5.093 0.030 * 9.26 % 6.031 3.016 37.092 0.000  *** 7.19 % 2.78E-03 1.39E-03 1736.875 0.000  *** 31.01 %
E 2 2.533 1.267 3.222 0.083 5.86 % 0.346 0.173 2.129 0.170 0.41 % 1.00E-06 5.00E-07 0.625 0.539 0.01 %
F 2 3.053 1.527 3.884 0.056 7.06 % 0.514 0.257 3.158 0.086 0.61 % 3.00E-06 1.50E-06 1.875 0.243 0.03 %
G 2 16.751 8.376 21.305 0.000 38.73 % 2.266 1.133 13.937 0.001 i 2.70 % 1.40E-05 7.00E-06 8.750 0.007  ** 0.16 %
H 2 14.201 7.100 18.062 0.000 32.84 % 1.815 0.907 11.161 0.003 2.16 % 1.40E-05 7.00E-06 8.750 0.007 0.16 %
Residual Error 10 3.931 0.393 0.813 0.081 8.00E-06 8.00E-07
Configuration 3: Parallel

SPF LCOH GTC
A 2 0.1855 0.093 0.470 0.638 0.43 % 62.6404 31.320 691.853 0.000 72.32 % 2.25E-03 1.13E-03 1608.571 0 24.51 %
B 2 0.021 0.011 0.053 0.948 0.05 % 0.0451 0.023 0.498 0.622 0.05 % 3.00E-03 1.50E-03 2143.571 0 32.66 %
C 2 1.7122 0.856 4.342 0.044 * 3.95% 13.572 6.786 149.901 0.000  *** 15.67 % 1.32E-03 6.61E-04 944.286 0 i 14.39 %
D 2 2.6338 1.317 6.679 0.014 * 6.08 % 5.1589 2.579 56.979 0.000 5.96 % 2.58E-03 1.29E-03 1843.571 0 ke 28.09 %
E 2 2.7305 1.365 6.924 0.013 * 6.30 % 0.3452 0.173 3.813 0.059 . 0.40 % 1.00E-06 5.00E-07 0.714 0.468 0.01 %
F 2 3.8302 1.915 9.713 0.005  ** 8.83 % 0.4505 0.225 4976 0.032 * 0.52 % 3.00E-06 1.50E-06 2.143 0.204 0.03 %
G 2 16.1422 8.071 40.935 0.000 37.23 % 2.484 1.242 27.435 0.000 2.87 % 1.60E-05 8.00E-06 11.429 0.003 0.17 %
H 2 16.0985 8.049 40.824 0.000 37.13 % 1.9214 0.961 21.222  0.000 ok 2.22% 1.20E-05 6.00E-06 8.571 0.007 o 0.13 %
Residual Error 10 1.9717 0.197 0.4527 0.045 7.00E-06 7.00E-07

Significance codes: 0 “***’ 0.001 “*** 0.01 “** 0.05 “.".
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Table 8
Results of GRA.
Trial Normalization GRC GRG S/N Overall Normalization GRC GRG S/N Overall Normalization GRC GRG S/N Overall
"% SpEy LCOHy GTCy SPFgrc LCOHgrc GTCore GRG  Rank oo LCOHy GTGy SPFanc LCOHume GTCanc GRG  Rank oo COHy GTCy SPFanc LCOHore GTConc GRG  Rank
Configuration 1: Series A Configuration 2: Series B Configuration 2: Parallel
1 0.61 0.95 0.08 0.56 0.90 0.35 0.61 -4.34 6 0.62 0.95 0.03 0.57 0.91 0.34 0.60 —4.37 8 0.57 0.94 0.02 0.53 0.89 0.34 0.59 —-4.62 13
2 0.52 0.93 0.08 0.51 0.87 0.35 0.58 —-4.75 18 0.53 0.93 0.05 0.51 0.87 0.35 0.58 —4.77 19 0.53 0.93 0.02 0.52 0.88 0.34 0.58 —-4.78 20
3 0.41 0.90 0.07 0.46 0.83 0.35 0.55 -5.27 47 0.41 0.90 0.05 0.46 0.83 0.35 0.54 -5.28 48 0.48 0.92 0.03 0.49 0.86 0.34 0.56 —4.99 34
4 0.47 0.81 0.62 0.49 0.73 0.57 0.59 —-4.51 11 0.33 0.78 0.59 0.43 0.69 0.55 0.56 —-5.08 39 0.28 0.77 0.57 0.41 0.68 0.54 0.54 -5.31 50
5 0.39 0.79 0.61 0.45 0.71 0.56 0.57 —-4.83 23 0.32 0.77 0.60 0.42 0.69 0.55 0.56 -5.11 42 0.30 0.77 0.57 0.42 0.68 0.54 0.55 -5.25 46
6 0.41 0.79 0.59 0.46 0.71 0.55 0.57 —-4.88 25 0.41 0.79 0.57 0.46 0.71 0.54 0.57 —4.91 27 0.57 0.84 0.54 0.54 0.76 0.52 0.61 —-4.34 5
7 0.25 0.65 0.79 0.40 0.59 0.71 0.56 —4.97 33 0.06 0.55 0.79 0.35 0.53 0.70 0.53 -5.59 55 0.09 0.57 0.74 0.35 0.54 0.66 0.52 -5.73 57
8 0.68 0.77 0.76 0.61 0.68 0.67 0.66 —-3.66 1 0.60 0.76 0.74 0.56 0.67 0.66 0.63 —4.02 2 0.59 0.75 0.72 0.55 0.67 0.64 0.62 —-4.18 3
9 0.33 0.67 0.76  0.43 0.60 0.67 0.57 —4.91 28 0.34 0.67 0.75 0.43 0.60 0.66 0.57 —4.94 29 0.52 0.74 0.73 0.51 0.65 0.65 0.60 —4.37 9
10 0.65 0.60 0.67 0.59 0.55 0.61 0.58 —4.69 15 0.61 0.60 0.61 0.56 0.55 0.56 0.56 —-5.05 38 0.54 0.58 0.59 0.52 0.54 0.55 0.54 -5.39 52
11 0.24 0.46 0.71 0.40 0.48 0.64 0.51 -5.93 63 0.22 0.46 0.66 0.39 0.48 0.60 0.49 -6.23 72 0.19 0.44 0.65 0.38 0.47 0.59 0.48 -6.35 74
12 0.25 0.47 0.65 0.40 0.49 0.59 0.49 -6.18 70 0.24 0.47 0.63 0.40 0.49 0.57 0.49 -6.26 73 0.36 0.53 0.63 0.44 0.51 0.57 0.51 -5.89 62
13 0.60 0.62 0.60 0.56 0.57 0.56 0.56 —-5.03 37 0.62 0.62 0.59 0.57 0.57 0.55 0.56 —-5.01 36 0.59 0.62 0.59 0.55 0.57 0.55 0.55 -5.12 43
14 0.20 0.48 0.62 0.39 0.49 0.57 0.48 -6.36 75 0.20 0.48 0.61 0.38 0.49 0.56 0.48 -6.39 76 0.19 0.47 0.61 0.38 0.49 0.56 0.48 —-6.41 78
15 0.68 0.63 0.58 0.61 0.57 0.54 0.58 —4.79 21 0.68 0.63 0.58 0.61 0.58 0.54 0.58 —4.79 22 0.79 0.65 0.57 0.70 0.59 0.54 0.61 —4.27 4
16 0.57 0.72 0.70 0.54 0.64 0.62 0.60 —4.41 10 0.53 0.72 0.68 0.51 0.64 0.61 0.59 —4.61 12 0.43 0.69 0.68 0.47 0.62 0.61 0.56 —4.96 31
17 0.39 0.66 0.70 0.45 0.60 0.63 0.56 —5.09 40 0.42 0.67 0.69 0.46 0.60 0.62 0.56 -5.01 35 0.40 0.67 0.68 0.45 0.60 0.61 0.56 —5.10 41
18 0.44 0.68 0.69 0.47 0.61 0.61 0.57 —4.95 30 0.44 0.68 0.68 0.47 0.61 0.61 0.56 —4.96 32 0.61 0.73 0.67 0.56 0.65 0.60 0.61 —435 7
19 062 0.31 0.64 0.57 0.42 0.58 0.52 -5.63 56 0.59 0.31 0.61 0.55 0.42 0.56 0.51 -5.82 60 0.50 0.28 0.61 0.50 0.41 0.56 049 -6.19 71
20 0.67 0.33 0.62 0.60 0.43 0.57 0.53 -5.46 54 0.69 0.34 0.60 0.62 0.43 0.56 0.53 -5.46 53 0.70 0.34 0.60 0.63 0.43 0.55 0.54 -5.39 51
21 0.16 0.15 0.64 0.37 0.37 0.58 0.44 -7.08 80 0.16 0.15 0.64 0.37 0.37 0.58 0.44 -7.12 81 0.22 0.18 0.64 0.39 0.38 0.58 0.45 -6.94 79
22 049 047 0.75 0.49 0.49 0.67 0.55 —-5.22 45 0.34 0.43 0.73 0.43 0.47 0.65 0.52 -5.76 58 0.28 0.41 0.71 0.41 0.46 0.63 0.50 —6.00 67
23 0.62 0.51 0.73 0.57 0.51 0.65 0.57 —-4.83 24 0.61 0.52 0.71 0.56 0.51 0.64 0.57 —-4.89 26 0.54 0.50 0.71 0.52 0.50 0.63 0.55 -5.19 44
24 0.10 0.29 0.75 0.36 0.41 0.67 0.48 -6.39 77 0.33 0.41 0.72 0.43 0.46 0.64 0.51 -5.85 61 0.51 0.47 0.72 0.50 0.49 0.64 0.54 -5.31 49
25 0.35 0.42 0.69 0.44 0.46 0.62 0.50 —-5.94 64 0.35 0.42 0.68 0.44 0.46 0.61 0.50 -5.97 65 0.28 0.40 0.69 0.41 0.45 0.61 0.49 -6.14 69
26 0.71 0.52 0.67 0.63 0.51 0.61 0.58 —-4.71 17 0.72 0.52 0.67 0.64 0.51 0.60 0.58 —-4.69 14 0.71 0.52 0.67 0.63 0.51 0.60 0.58 —4.70 16
27 035 0.41 0.68 0.43 0.46 0.61 0.50 -6.00 66 0.35 0.41 0.68 0.43 0.46 0.61 0.50 -6.01 68 0.41 0.44 0.68 0.46 0.47 0.61 0.51 -5.80 59
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Fig. 4. The average S/N ratio for the GRGs for each configuration.

Table 9
Results of the multi-objective optimization for every configuration.
SPF LCOH, USD/kWh GTC GRG
Configuration 1: Series A 3.267 0.155 100.021 % 0.6875
Configuration 2: Series B 3.165 0.133 99.748 % 0.6644
Configuration 3: Parallel 3.181 0.133 99.732 % 0.6643

configuration of the system. The outlet temperature is set depending on
the needs of the distribution system. The more efficient system will
require a lower outlet temperature and, hence will contribute to a better
overall performance. The SC-BHE mass flow (E) played a bigger role in
configuration 1 than in the other set ups, while the BHE spacing (B) was
seen as more important to the parallel configuration.

5. Conclusion

This study conducted an optimization analysis of the three different
configurations (1: series A — SCs and BHEs in series with the fluid passing
through the SCs first, 2: series B — SCs and BHEs in series with the fluid
passing through the BHEs first, 3: parallel — SCs and BHEs in parallel with
the fluid flow divided equally among them when solar energy is available)
of a CO, SAGSHP system using the Taguchi method and GRA. Single-

objective optimizations on the individual configurations were first
implemented concerning the SPF, LCOH, and GTC using the Taguchi
method. After that, multi-objective optimizations were performed using
Taguchi-GRA considering the GRG, which represents the overall perfor-
mance of the system. Here are the key findings and conclusions:

o Multi-objective optimization showed that configuration 1 (Series A)
could give the best overall performance when the SPF, LCOH, and
GTC are considered simultaneously and given equal weights. In the
system considered here, it gave a GRG of 0.6643, which translates to
an SPF of 3.267, LCOH of 0.155 USD/kWh, and GTC of 100.021 %.
These values demonstrate comparable SPF and LCOH relative to
other heat pump systems, while the GTC slightly above 100 % sug-
gests long-term thermal energy sustainability from the ground.

Optimization across different configurations shared some common
parameter settings. These settings include keeping BHE length (A)
short, maintaining high BHE spacing (B), using a low BHE number (C),
keeping space heating return temperature (F) low, optimizing heat
pump discharge pressure (G), and maintaining a low heat pump outlet
temperature (H). Configuration 1 benefits from a high SC area,
whereas Configurations 2 and 3 require lower SC areas. Additionally,
the SC-BHE mass flow should be kept low for Configuration 1, some-
what higher for Configuration 2, and highest for Configuration 3.

Table 10
ANOVA for GRG-derived S/N ratios.
Df SS MS F Pr(>F) Significance Contribution

Configuration 1: Series A

A 2 4.6869 2.343 0.337 0 el 33.67 %
B 2 1.2311 0.616 0.088 0.019 * 8.84 %
C 2 0.476 0.238 0.034 0.147 3.42%
D 2 0.0117 0.006 0.001 0.944 0.08 %
E 2 2.1024 1.051 0.151 0.004 i 15.10 %
F 2 1.1235 0.562 0.081 0.024 * 8.07 %
G 2 2.4934 1.247 0.179 0.002 i 17.91 %
H 2 1.7955 0.898 0.129 0.006 i 12.90 %
Residual Error 10 1.0171 0.102

Configuration 2: Series B

A 2 3.1318 1.566 0.254 0 ok 25.39 %
B 2 1.162 0.581 0.094 0.003 i 9.42 %
C 2 1.0217 0.511 0.083 0.004 ol 8.28 %
D 2 0.0983 0.049 0.008 0.41 0.80 %
E 2 0.7874 0.394 0.064 0.009 i 6.38 %
F 2 1.0135 0.507 0.082 0.004 el 8.22 %
G 2 2.6098 1.305 0.212 0 21.16 %
H 2 2.5117 1.256 0.204 0 20.36 %
Residual Error 10 0.5042 0.050

Configuration 3: Parallel

A 2 3.6382 1.819 0.262 0 26.18 %
B 2 1.5386 0.769 0.111 0 el 11.07 %
C 2 0.9704 0.485 0.070 0.001 el 6.98 %
D 2 0.1446 0.072 0.010 0.133 1.04 %
E 2 0.5897 0.295 0.042 0.004 i 4.24 %
F 2 1.0974 0.549 0.079 0 7.90 %
G 2 2.8635 1.432 0.206 0 20.60 %
H 2 3.0571 1.529 0.220 0 21.99 %
Residual Error 10 0.2911 0.029

Significance codes: 0 “***’ 0.001 “*** 0.01 “** 0.05 “.".
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BHE length was found to be a crucial factor in overall performance,
irrespective of the configuration. It is recommended to keep BHE
length reasonably short and counterbalance the ground temperature
decrease it would induce by increasing BHE spacing and SC area.
When optimizing solely for SPF, Configuration 2 delivered the best
performance, achieving an SPF of 4.025. The SPFs for all three
configurations were notably more affected by the heat pump’s
discharge pressure (G), which should be maintained at an optimal
level, and the heat pump’s outlet temperature (H), which should be
kept as low as allowed.

Concerning only the LCOH, the parallel configuration outperformed
the others, yielding an LCOH of 0.124 USD/kWh. The design pa-
rameters of BHE length (A), BHE number (B), and SC area (C) exerted
a greater influence on LCOH compared to other parameters. Keeping
these values low helps maintain a low LCOH.

Configuration 1 excelled when considering only GTC as a perfor-
mance indicator to optimize, achieving a GTC of 100.267 %. GTC
was most sensitive to BHE (A, B, C) and SC (D) parameters. Longer
and more spaced BHEs, as well as larger SC areas, were shown to
mitigate or reverse the thermal decline experienced by the ground
during utilization.

Further optimization of system operations and comparisons with
conventional subcritical HFC heat pumps under similar boundary
conditions should also be explored.
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