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Abstract:

This work deals with the optimization of a solar-assisted ground-source CO2 heat pump system using the
Taguchi method and the utility concept. Nine control factors were investigated, including the Borehole Heat
Exchanger (BHE) length, BHE spacing, BHE number, solar collector (SC) area, tank thermal energy storage
volume, BHE-SC mass flow rate, space heating return temperature, heat pump high-side pressure, and heat
pump’s output temperature. The seasonal performance factor (SPF), levelized cost of heating (LCOH), and
the estimated maximum annual ground temperature change (GTC) were chosen as the response factors to
evaluate system performance. The system model was developed using Modelica and 27 simulation runs
were implemented according to the L27 (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 the combined
Taguchi method-utility concept to determine the control factor combination that would give the optimal overall
performance when all response factors are considered simultaneously and given equal importance. Single
objective optimizations show that the SPF, LCOH, and GTC are individually most sensitive to the target
output temperature of the heat pump, the BHE length, and the SC area, respectively. Optimizing the
response factors individually resulted in an SPF of 4.2, an LCOH of 0.122 USD/kWh, and a GTC of
100.24%. Multi-objective optimization resulted in a control factor combination that gave an SPF of 3.58,
LCOH of 0.165 USD/kWh, and GTC of 100.03%. When optimized, this system exhibited a performance that
is almost comparable to that of conventional systems.
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1. Introduction

Recent occurrences that have impacted energy security and affordability have provided significant
momentum for a transition away from fossil-fuel-based heating. However, much is still to be done since fossil
fuels still meet over 60% of the heating energy demand [1].

Heat pumps (HPs) are recognized by the European Union as a key technology for replacing existing gas
boilers and reducing the reliance on Russian natural gas [2]. They can facilitate the utilization of low-grade
energy to replace the traditional building energy supply with renewable sources and reduce the consumption
of high-grade energy, such as electricity and fuels. However, most HPs currently operate using
Hydrofluorocarbons (HFCs) as the working fluid [3]. HFCs replaced the once widely-used ozone-depleting
Hydrochlorofluorocarbons (HCFCs) and Chlorofluorocarbons (CFCs) because they exhibited similarly good
performance, efficiency, low toxicity, and non-flammability. Unfortunately, they are very strong greenhouse
gases, some of which are around a thousand times more potent that CO: [4]. Recent initiatives, like the EU’s
F-gases regulation (EC517/2014) and the Kigali amendment to the Montreal Protocol, suggest that HFC
production and utilization will be phased down in the coming years [5,6].

The use of natural working fluids has gained more attention recently because they offer a long-term solution
to the problems posed by conventional working fluids. Much interest has been given to CO2 (R744) due to its
zero ozone depletion potential, low GWP, non-toxicity, non-flammability, superior thermodynamic properties,
and affordability [7]. Lorentzen first proposed the modern use of CO2 in a trans-critical HP cycle [8]. So far, it
has been commercially applied in different sectors, like combined cooling, heating, ventilation, and air
conditioning in supermarkets [9], water heating [10], and automotive air conditioning [11].

Air source heat pumps (ASHPs) account for the majority of global sales (60% in 2021) [2]. However, they
have the problem of poor low-temperature heating performance and frosting of the heat exchanger [12].
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Ground source heat pumps (GSHPs) are considered more efficient for indoor climate control applications
since they use the heat from the ground, which remains at a nearly constant temperature. There are already
some studies that have investigated the performance of CO2 GSHPs [13-16].

Some of the challenges of using a GSHP are: (1) its higher installation cost relative to ASHPs due to the
need to drill boreholes and install Borehole Heat Exchangers (BHEs) and (2) the difficulty of operating a
single-source HP system continuously and efficiently [12]. One way to overcome these is to add another
heat source, such as solar collectors (SCs), to allow for shorter BHEs and more operational options.

There are only very few studies that tackled SAGSHPs that use CO2 as the working fluid. Kim et al. [17]
performed simulations that showed how the various operating parameters could affect the performance of a
residential solar-assisted ground-source CO2 heat pump (CO2 SAGSHP). They showed that the performance
of a CO2 HP can be improved by using solar and geothermal heat sources and it could supply sufficient heat
to the space during winter. Choi et al. [18] performed simulations to compare an R22 and a CO2 SAGSHP.
They found that the R22 SAGSHP had a more stable performance and exhibited a higher heating capacity.
Both studies considered relatively low temperatures since their systems were only designed for space
heating (SH).

Optimizing the design and operation of SAGSHP systems is necessary to maximize its benefits, considering
its high initial cost. However, these are quite complex systems, and optimizing them concerning multiple
performance indicators would require a heavy simulation workload.

The Taguchi method [19] is an approach that could be employed to reduce the simulation runs needed to
optimize systems. It makes use of an orthogonal array (OA) experimental design with a single analysis of
variance and utilizes the signal-to-noise (S/N) ratio to assess parameter settings that minimize the sensitivity
of system performance to sources of variations. However, the Taguchi method focuses on the optimization of
one performance indicator at a time. To optimize systems while simultaneously considering multiple
performance indicators, some studies combined the Taguchi method with the utility concept [20]. Some
studies on manufacturing and quality engineering have integrated it with the Taguchi method to handle muti-
response optimization problems [21,22]. Some studies have applied the Taguchi method with the utility
concept on GSHP systems [23-27].

Verma and Murugesan [28] applied the Taguchi method and the utility concept on a conventional SAGSHP
system to optimize the BHE length and the SC area for optimum performance. This paper employs the same
concept but with a trans-critical CO2 heat pump instead of a typical sub-critical vapor compression HFC heat
pump. The optimization of a CO2 SAGSHP for simultaneous space and water heating was performed.
Different design and operating parameters were optimized using the Taguchi method and the utility concept,
considering the seasonal performance factor (SPF), levelized cost of heating (LCOH), and the estimated
maximum ground temperature change (GTC) in a year as response factors.

2. System description

The thermal energy system model in this study was developed using Modelica [29] through the Dymola
v2021x [30] environment. It includes a CO2 HP, SCs, BHEs, and tank thermal energy storage (TTES). The
CO2 HP was modeled using the Thermal Systems library v1.6.1 [31] and then calibrated with experimental
data; the BHEs were modeled using a modified version of the MoBTES library v2.0 [32]; the SCs and TTES
were both modeled with the Buildings library v9.0.0 [33]. Modelica Standard Library (MSL) v4.0.0 was used
here.

2.1. The CO: solar-assisted ground source heat pump system model

Figure. 1 shows the schematic of the Modelica model of the whole thermal system in this work while the
models of the different system components are given in Figure. 2. Verification of the validity of a system
model is best done by calibrating it against data from a real-world installation of the exact system. However,
since neither the facility nor data is available to the researchers, the system model was built using
component models that have been validated or calibrated individually.

The SCs and the BHEs, connected in series, provide the heat input to the CO2 HP. This configuration was
chosen to allow the storage of excess solar energy in the ground. Different studies [34,35] have shown that
this configuration results in better performance. When solar irradiation is available, the SC heats the cold
water-side fluid coming from the evaporator of the 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. After
passing through the BHEs, the fluid then goes to the evaporator of the CO2 HP.

A controller that varies the rotational speed of the HP’s compressor is used to set the temperature of the hot
fluid coming from the CO2 HP. Another controller sets the flow from the bottom of the TTES to ensure that
the temperature there does not go below 50°C. This ensures that the temperature in the DHW distribution
system is kept higher than the proliferation temperature of Legionella (20 - 45°C) [36]. The used colder fluid
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coming from SH, water heating, and from the bottom of the TTES gets recirculated, mixed, and then
reheated in the system. The temperature of the fluid after being used for DHW production was set at 10°C
since the city water was assumed to be at 7°C. Although not explicitly modeled here, this assumes that the
heat exchange process to supply the heat needed for DHW production occurred at a 3°C pinch temperature.
The SH return temperature is varied as one of the control factors. The weather of Bergen, Norway, obtained
from the EnergyPlus database [37], was used in this work and the demand side was represented by one
year of measured hourly thermal demand data.

Figure. 1. The CO2 SAGSHP system model.
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Figure. 2. Component models: (a) CO2 HP, (b) BHE, (c) SC, (d) TTES.

2.2.1. The CO; heat pump model

The CO2 HP (Figure. 2a), modeled after a 6.5-kW prototype unit [38,39], consists of counter-flow tripartite
gas coolers, an evaporator, a compressor, a throttle valve, a suction gas heat exchanger (SGHX), a sub-
cooler, and a low-pressure receiver. The throttle valve and the low-pressure receiver function together to
control the high-side pressure of the HP [38]. The CO2 HP model was developed using basic components,
such as heat exchangers, valves, and compressors. Thus, it required calibration.

Measured data at the design condition at 85 bars were used to calibrate the model. Available information
[38] was used to set the values of some parameters, 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. During the calibration, the values of the
heat transfer coefficients of every heat exchanger and the efficiencies of the compressor were adjusted until
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the model could simulate measured test data (Table 1). The model was calibrated against the data for the
high-side pressure Pcc = 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. The error
generated by the calibrated model increases when it is used to simulate the off-design lower high-side
pressure. This can be partly attributed to the choice of using a simplified compressor model that assumes
constant efficiencies.

Table 1. Calibration of the CO2 HP unit at ~60°C GC3 output temperature, ~35/30°C GC2 input/output
temperature (GC refers the gas coolers; Te is the evaporator temperature in the COz loop).

Pac Te Qact Qac2 Qacs Power Tin/outcoz cc Mco2

Datatype  WPa) () W) W) W) (W) (C) __ (kgs) 9P EmOr
Measured* 8.5 -5.1 1608 2942 2357 1775 86.40/9.80 1441 3.89 10.26%
Calibrated 8.5 -5.1 1534 2934 2242 1730 86.56/9.80 1.449 3.88 i
Measured* 8.98 -5 1550 2596 2801 1878 90.60/8.50 1.442 3.70 1.89%
Simulated 8.98 -5 1480 2637 2594 1779 90.76/8.17 1.417  3.77 i
Measured 8.03 -5.1 1674 2728 1828 1699 81.60/18.00 1.440 3.67 4.90%
Simulated 8.03 -5.1 1707 2981 1907 1715 83.82/15.41 1.500 3.85 i

*Design conditions

2.2.2. The borehole heat exchanger model

The BHE model (Figure. 2b) was developed using the MoBTES library [32]. MoBTES was originally
developed under MSL v3.4, but in this work, it was revised to function with MSL v4.0. The parameters
assumed for the BHE are given in Table 2. The ground was assumed to have the characteristics of Slate,
one of the common rock types in some parts of Norway [40] while the thermal gradient was assumed to be
0.0125 K/m, similar to that of some wells drilled in Bergen, Norway [41].

Table 2. Summary of BHE parameters.

BHE parameter Value
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
BHE type Single U
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
Grout density (kg/m®) 1900
Grout thermal capacity (J/kg-K) 1300
Grout thermal conductivity (W/m-K) 1.5

2.2.3. The solar thermal model

The solar thermal component model (Figure. 2c) was developed using the Buildings library v9.0.0 [33]. The
main components used here are the solar pump controller and the SCs. The solar pump controller dictates
whether the pump to the SCs is active or inactive depending on the value of the incident solar radiation. The
pump is activated when the incident solar radiation is higher than the critical radiation, as defined by [42]:

Gre = (FRUL (T, — Tpwy))/ (Fr(za)), (1)

where Grc is the critical solar radiation, FrRUL is the heat loss coefficient, Tin is the inlet temperature, Tenv is
the ambient temperature, and Fr(1a) is the maximum efficiency. When the incident solar radiation is lower
than Grc, the fluid bypasses the SCs. The solar collector was modeled according to the EN12975 [43] test

data for a glazed flat-plate solar collector WTS-F1-K1/K2 from Max Weishaupt GmbH [44] (Table 3).

Table 3. Summary of SC parameters following the EN 12975 test standard

SC parameter Value
Arealcollector (m?) 2.32
Dry weight (kg) 42
Fluid volume (m? 0.0023
Pressure drop during test conditions (Pa) 100
Mass flow per unit collector area (kg/s-m?) 0.02
Maximum efficiency 0.802
Heat loss coefficient 3.601
Temperature dependence of heat loss 0.014
Incidence angle modifier 0.97
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Nominal solar irradiance in ratings data (W/m?) 1000
Nominal temperature difference in ratings data (K) 20

2.2.4. The tank thermal energy storage model

The TTES component (Figure. 2d) was also developed using the Buildings library. It uses the stratified
storage tank model, which implements several volumes that exchange heat between themselves and with
the ambient via conduction. Each volume contains a fluid port that may be used to inject or withdraw water to
or from the tank. After passing through a backup heater, hot fluid from the heat pump is injected into the top
layer. Relatively cold fluid is drawn from the bottom to manage the temperature inside the tank. Hot water
from the top layer and the middle layer are withdrawn to provide the energy required for water heating and
SH, respectively.

2.2.5. The thermal demand

Hourly demand data for SH and DHW production from a school in Stavanger, Norway was utilized as the
reference of the demand input to this model. The choice of using heat demand and weather data from two
different cities was due to data availability. Nonetheless, Stavanger and Bergen are two cities close to one
another that have relatively similar climate conditions. The capacity of the system model in this study is
limited to ~6.5 - 7 kW since the data used to calibrate the CO2 heat pump is from a 6.5 - 7kW prototype unit.
The demand data from the school is much higher than this so it was normalized, by dividing all data by the
measured maximum demand, and then multiplied to 3 kW and 3.5 kW for SH and water heating, respectively
(Figure. 3). Peak demands, which comprise less than 1% of the total demand data, were also filtered out for
simplicity.

1/1/2021  2/20/2021  4/11/2021  5/31/2021  7/20/2021  9/8/2021  10/28/2021 12/17/2021

Water Heating  ——Space Heating

Figure. 3. The thermal energy demand.

3. Methods

The Taguchi method was implemented to determine the runs needed to be simulated, determine the
parameters that significantly affect system performance, and determine how to optimize the system
concerning individual performance indicators. Multi-objective optimization was then performed by combining
the utility concept with the Taguchi method.

3.1. Taguchi method

The Taguchi method is a technique that applies the standard OA to determine the optimal number and set-
up of the necessary trial runs for optimization. This allows the determination of the best level of each
parameter (control factor) to optimize a given response factor. The first step in this method is the
determination of the response factors, the objective functions, the parameters to be considered, and their
corresponding levels. In this work, the response factors include the SPF, LCOH, and estimated maximum
GTC. The objective is to keep the SPF and GTC high while keeping the LCOH low. Based on the number of
control parameters and levels, the OA would be selected. The OA specifies the optimum number of trial runs
needed to get maximum information about the system. The minimum number of trial runs to be conducted
can be determined by:

NTaguchi =1+ NV(] - 1) (2)
Where Nraguchi is the minimum number of trial runs, NV is the number of variables, and J is the number of
levels. Analysis of the results entails the calculation of the S/N ratio for each run and the analysis of variance
(ANOVA). The SIN ratio is a measure of robustness, which is used to identify parameters that reduce
process or product variability by minimizing the effects of uncontrollable factors. The S/N ratio of the SPF
and GTC were calculated using the higher the better concept (Eq. 3), while the S/N ratio of the LCOH was

calculated using the lower the better concept (Eq. 4).

Higher the better% = —10 10910% ?zly% )

Lower the better% = —10 logloi iyt )
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Where yi is the raw response factor. ANOVA was used to determine the relative importance of the control
factors by computing the percentage contribution of each parameter to the overall response. The degree of
freedom (df), the sum of squares (SS), mean squares (MS), significance, and percentage of contribution
were all calculated in the analysis.

3.2. The response and control factors

There are 9 control parameters considered, each having 3 levels (Table 4). Given this, an OA with 27 trial
runs Loz was utilized. A full factorial combination will require 19683 experiments (3°), which would be too
time-consuming and complex. Applying the OA will give the same quality of information with just 27 runs.
The BHE length, BHE number, SC area, and TTES volume were chosen since they are known to have a
direct relationship with the cost of the system. The BHE spacing was included since it is a way to diffuse the
thermal imbalance induced by the system to the ground [25]. The SC-BHE mass flow, CO2 HP high-side
pressure, and HP output temperature were chosen since they are parameters that could easily be controlled.
The SH return temperature was included to represent the effects of the efficiency of the distribution system.

Table 4. Control factors investigated and their levels.

Level

Parameter Label 1 P 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 (3) 13.92 (6) 20.88 (9)
TTES volume (m°) E 0.5 1 2
SC-BHE mass flow* (kg/s) F 0.2 0.4 0.8
SH return Temperature (°C) G 20 30 35
CO; HP high-side pressure (MPa) H 8.5 9.0 10
CO; HP output temperature** (°C) | 60 65 70

*the flow rate of the fluid circulating through the SC, BHE, and the evaporator’s waterside
**the temperature of the water as it comes out of the water side of the gas cooler

The values of the different levels of the parameters were determined by running trial simulation runs, some
initial sizing calculations, and some operational considerations to ensure that the system would be able to
provide the thermal energy demand while keeping the performance at reasonable levels.

The response factors considered in this work are the SPF, LCOH, and GTC. The SPF was calculated by
dividing the total energy delivered by the system to the demand for a year by the total energy utilized to run
it. The system spends energy to run the compressors and the circulation pumps. The LCOH was calculated
by dividing the total cost of the system by its total energy production throughout its lifetime. Note that the
electricity cost from 1 year of simulating the operation of the system was assumed to be the cost of the
yearly operation. The assumptions used for cost calculations are summarized in Table 5. The GTC was
obtained from the BHE model, which gives out the average ground temperature as it is utilized as a heat
source or heat sink. The GTC is calculated by dividing the ground temperature after one year of simulation
by the initial ground temperature (GTC > 100%: temperature in the ground went up; GTC < 100%: the
ground temperature went down). Changes to the GTC were kept minimal, but a higher-the-better concept
was applied since the system was designed for heating purposes. SPF, LCOH, and GTC values that are
more representative of the long-term performance of the system could be obtained if the model was run for
more years. However, because of the relatively big computational load, the simulations were limited to one
year only. Trial runs show that the SPF and LCOH do not vary so much. However, the GTC was seen as
highest for the first year and substantially declines in the succeeding years, assuming the yearly weather and
demand remain similar. Hence, the GTC calculated in this study was assumed to represent the maximum
expected temperature decline throughout the lifetime of the system.

Table 5. Summary of parameters used for cost calculations.

Parameter Value Reference/Notes

Cost of flat plate SC (EUR/m?) 632.5 Average of SC costs in [45]

Cost of BHE (EUR/m) 65 [46]

Cost of TTES (EUR/m®) 1150 Average cost of 0.8 —2 m® TTES [47]

CO, Heat pump compressor cost (RMB) 17547W04488 W s the rated compressor power [48]
CO,Heat pump gas cooler cost (RMB) 1874.4A%%% A is heat exchanger area [48]

CO, Heat pump evaporator cost (RMB) 331.7A%%%0  Ais heat exchanger area [48]

Lifetime of the system (years) 25 [46]

Weighted Average Cost of Capital (WACC) 2% Weighted Average Cost of Capital (WACC) HP [49]
Exchange rate (USD/EUR) 1/1.01 Exchange rate in Sept. 2022

Exchange rate (USD/RMB) 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 [50]
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3.3. The utility concept

The utility concept was used to perform multi-response optimization by combining the individual values of the
response factors (SPF, LCOH, and GTC) into one unified index called utility [20]. The overall utility function
can be expressed as the utility of every performance indicator. Assuming that the performance indicators are
independent of one another, the overall utility can be calculated as the sum of individual utilities. Prioritization
of the effect of a response factor on the overall utility can be done by introducing a weighting coefficient w;
(Equation 5).
Ue, Y2r s ¥n) = Ljey wiU; () Q)
In the utility concept, a preference scale must be set up to represent the lowest and the highest performance.
As in previous studies that used the utility concept in thermal energy systems [24-26,28], this study employs
a minimum preference number of 0 and a maximum of 9. In a logarithmic scale, the preference number is
represented by the formula below so that it has a value of 9 at the optimal level of a performance indicator.

Vj
Where y’jis the minimum acceptable value of a performance indicator and y* is the optimal value of the
performance indicator. The overall utility is then calculated by:

4. Results and discussions

The main objective of the study is to optimize a CO2 SAGSHP system considering 3 performance indicators:
SPF, LCOH, and GTC. Taguchi method was performed first to optimize the systems with regard to each
performance indicator individually. Afterward, a combination of the Taguchi method and the utility concept
was implemented to perform multi-objective optimization, assuming that all response factors are equally
important.

4.1. Taguchi method - the orthogonal array and the S/N ratios

Following the Taguchi design concept, an L2z orthogonal array was chosen. Each trial run was performed
according to the combination of parameters determined by this array to get the values of the response
factors and the S/N ratios (Table 6). The S/N ratio values for the SPF and GTC were calculated using the
higher-the-better concept while those for LCOH were calculated with the lower-the-better concept. The S/N
ratios were then averaged in consideration of the different levels of each control factor (Figure. 4).

Table 6. The Taguchi L27 (3°) standard orthogonal array and the experimental plan.

T s Response Factors S/N ratios
=2 A B C D E F G H | spF  LCOH(USDKWh)  GTC(%) SPF__ TAC __ GTC
1 1 1 1 1 1 1 1 1 1 3.52 0.131 99.3208 10.93 17.67 -0.0592
2 1 1 1 1 2 2 2 2 2 3.12 0.141 99.3329 9.88 17.02 -0.0581
3 1 1 1 1 3 3 3 3 3 2.81 0.152 99.329 8.96 16.36 -0.0585
4 1 2 2 2 1 1 1 2 2 3.44 0.154 99.8624 10.73 16.23 -0.012
5 1 2 2 2 2 2 2 3 3 3.15 0.162 99.856 9.95 15.81 -0.0125
6 1 2 2 2 3 3 3 1 1 2.58 0.182 99.8545 8.23 14.81 -0.0126
7 1 3 3 3 1 1 1 3 3 3.36 0.178 100.0275 10.52 15.01 0.0024
8 1 3 3 3 2 2 2 1 1 3.19 0.183 100.0203 10.07 14.75 0.0018
9 1 3 3 3 3 3 3 2 2 2.45 0.208 100.0196 7.78 13.62 0.0017
10 2 1 2 3 1 2 3 1 2 2.6 0.236 99.9384 8.31 12.56 -0.0054
11 2 1 2 3 2 3 1 2 3 2.48 0.241 99.9021 7.88 12.35 -0.0085
12 2 1 2 3 3 1 2 3 1 3.41 0.217 99.9313 10.65 13.26 -0.006
13 2 2 3 1 1 2 3 2 3 2.68 0.226 99.8583 8.56 12.91 -0.0123
14 2 2 3 1 2 3 1 3 1 3.37 0.209 99.833 10.54 13.6 -0.0145
15 2 2 3 1 3 1 2 1 2 2.85 0.225 99.8597 9.1 12.95 -0.0122
16 2 3 1 2 1 2 3 3 1 3.24 0.186 99.9441 10.22 14.63 -0.0049
17 2 3 1 2 2 3 1 1 2 2.72 0.202 99.9427 8.69 13.9 -0.005
18 2 3 1 2 3 1 2 2 3 2.83 0.201 99.959 9.04 13.94 -0.0036
19 3 1 3 2 1 3 2 1 3 2.22 0.313 99.8968 6.92 10.08 -0.009
20 3 1 3 2 2 1 3 2 1 3.38 0.278 99.8915 10.57 11.12 -0.0094
21 3 1 3 2 3 2 1 3 2 3.53 0.276 99.8694 10.95 11.2 -0.0113
22 3 2 1 3 1 3 2 2 1 2.89 0.245 99.9751 9.23 12.21 -0.0022
23 3 2 1 3 2 1 3 3 2 3.24 0.236 99.9989 10.22 12.53 -0.0001
24 3 2 1 3 3 2 1 1 3 2.65 0.256 99.9986 8.46 11.83 -0.0001
25 3 3 2 1 1 3 2 3 2 3.17 0.239 99.9221 10.01 12.42 -0.0068
26 3 3 2 1 2 1 3 1 3 2.35 0.268 99.9424 7.42 11.44 -0.005
27 3 3 2 1 3 2 1 2 1 3.92 0.23 99.9128 11.86 12.75 -0.0076

The combination of the levels that give the highest average S/N represents the optimal setup. Thus, the
combination of control factors that gave the optimum SPF is AIB3C1D1E1F1G1H3I1. The effect of a certain
control factor on the response factor could be inferred from the difference between the highest and the
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lowest value of the S/N ratio. It could be seen that the SPF is most responsive to HP output temperature (l)
and least sensitive to the TTES volume (E). Higher SPFs are expected when the target output temperature
of the HP (I) is set low because less energy is needed by the compressor to reach a lower output
temperature for a given high-side pressure. However, this is limited by the minimum temperature
requirements of the DHW and SH distribution systems. Applying the determined control factor combination in
simulation resulted in an optimal SPF of 4.2.

The combination of control factors that would give the optimum LCOH is A1B2C1D1E1F1G1H3I1. This
resulted in an optimal LCOH of 0.122 USD/kWh, which is comparable to the LCOH of some conventional
solar thermal combi HP systems [51]. As expected, optimizing the LCOH requires the reduction of capital
and operation expenses, like using shorter and fewer BHEs (C), a smaller SC area (D), a smaller tank (E), a
smaller pumping requirement (F), and a lower HP output temperature (I).

For GTC, the optimum parameter combination is A3B3C3D3E1F1G3H113. This resulted in an optimal GTC
of 100.24%. The GTC is most responsive to the BHE spacing (B) and SC area (D). This means that the
reduction of the temperature in the ground could be reduced by increasing the spacing between the BHEs or
increasing the solar input to the system. Large solar input could even increase ground temperature, which
could be beneficial to the system to some extent. Drilling deeper and more boreholes could also help, albeit
would entail higher costs.
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Figure. 4. The Taguchi average S/N ratio for each control parameter for every response factor.

4.2. Taguchi method — ANOVA analysis

ANOVA was used to estimate the relative significance of each parameter in terms of percentage contribution
to the overall response (Table 7). The significance denotes which control factors could induce statistically
significant effects on the response factor at different confidence levels. As shown, the SPF was most
sensitive to the target output temperature of the HP. It is also noticeably more responsive to the operating
parameters (F-I) than the design parameters (A-E). The LCOH is most sensitive to the BHE length (A) and
number (C) since the BHE is the most expensive component of the system. This shows the influence of
capital expenses. Almost all control parameters considered induced statistically significant changes to the
LCOH. In contrast to the SPF, the GTC is mostly affected by the design parameters (A-D). The SC area (D)
and BHE spacing (B) are shown to be the main contributors to the GTC.

Table 7. The results of the ANOVA for each response factor.

[} f = (0] c [} j =

o [} o [} o [}

j = = c = c =

© =3 © > [} =]

d SS MS F P-F) £ E  SS  MS F opPeF) € 22 ss Ms  F PR €0 2

c I c c = <

2 o (=} [s} (=} [s}

2 O n O [ O

SPF LCOH GTC
A 2 0942 0471 1817 0224 243% 71590 35795 1673.636 0.000 ** 7583% 0.002 0.001 1586.000 0.000 ** 20.19%
B 2 0024 0012 0046 0.955 0.06% 0095 0048 2221 0171 0.10% 0.002 0.001 2357.000 0.000 ** 30.00%
C 2 0027 0014 0053 0.949 0.07% 12285 6.142 287.189 0000 ** 13.01% 0.001 0.001 1112.000 0.000 ** 14.15%
D 2 0963 0482 1.859 0217 249% 4564 2282 106707 0000 ** 483% 0003 0.001 2786000 0.000 ** 3546%
E 2 0009 0004 0017 0983 002% 0513 0256 11988 0004 ** 054% 0.000 0000 0000 0.756 0.00%
F 2 8183 4091 15791 0.002 * 21.13% 1482 0741 34639 0000 ** 157% 0000 0000 6.000 0024 * 0.08%
G 2 5935 2967 11453 0004 * 1533% 1.156 0578 27.013 0000 ** 122% 0.000 0.000 5000 0030 * 0.06%
H 2 10776 5388 20795 0.001 ** 27.83% 1301 0650 30413 0000 ** 138% 0000 0.000 2000 0.170 0.03%
I 2 11864 5932 22895 0000 ** 3064% 1430 0715 33419 0000 ** 151% 0000 0000 3000 0082 . 004%
Residual ¢ 5 573 0.259 0.171 0.021 0.000 0.000

Error

Significance codes: 0 “****0.001 “*** 0.01 “** 0.05 *.

4.3. Utility-Taguchi — S/N ratios

The utility index for each trial run for every response factor was calculated assuming that all response factors
have equal weights (Table 8). The utility index is a number between 0 to 9 that represents the performance
of the system (closer to 9 = better performance). The corresponding S/N ratios of the global utility indices
were next calculated using the higher-the-better concept. The average S/N ratios are plotted in Figure. 5.

Taking note of the highest S/N ratio for each control parameter gives an optimal parameter combination of
A1B3C2D3E2F1G1H3I1. This combination gives the best overall performance of the system. This results in
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a global utility index of 6.77 (SPF of 3.58, an LCOH of 0.165 USD/kWh, and a GTC of 100.03%). Compared
to a SAGSHP system that uses a conventional working fluid, this optimized system exhibited a slightly lower
SPF (SPFconventional = 3.89) [52] and comparable LCOH (LCOHconventional = 0.043 — 0.206 USD/kWh) [51], and
GTC (<1°C increase) [52]. Although relatively good performance has been observed, other system or
component changes can be explored to further improve its overall performance.

Table 8. The utility indices and their S/N ratios

Trial SPF utility LCOH utility GTC utility Global utility S/N ratio global utility
1 6.76 8.41 0.15 5.1 14.16
2 5.32 7.77 0.27 4.45 12.97
3 4.07 7.13 0.23 3.81 11.62
4 6.47 7.00 5.36 6.28 15.96
5 5.42 6.59 5.29 5.77 15.22
6 3.07 5.61 5.28 4.65 13.36
7 6.19 5.81 6.94 6.31 16.00
8 5.58 5.55 6.87 6.00 15.56
9 2.47 4.45 6.86 4.59 13.24
10 3.18 3.40 6.08 4.22 12.51
11 2.60 3.20 5.74 3.85 11.70
12 6.37 4.09 6.02 5.49 14.79
13 3.53 3.75 5.32 4.20 12.47
14 6.23 4.43 5.07 5.24 14.39
15 4.26 3.79 5.33 4.46 12.99
16 5.79 5.43 6.14 5.79 15.25
17 3.70 4.72 6.12 4.85 13.71
18 4.18 4.75 6.28 5.07 14.10
19 1.30 0.98 5.69 2.65 8.47
20 6.26 2.00 5.63 4.63 13.31
21 6.78 2.07 5.42 4.76 13.55
22 4.44 3.06 6.44 4.65 13.34
23 5.78 3.38 6.66 5.27 14.44
24 3.40 2.69 6.66 4.25 12.56
25 5.50 3.27 5.93 4.90 13.81
26 1.97 2.30 6.12 3.47 10.80
27 8.02 3.59 5.84 5.82 15.29
14.5
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Figure. 5. The Taguchi average S/N ratio for each control parameter for every response factor.

4.4, Utility-Taguchi — ANOVA

As shown in Table 9, the utility index of a CO2 SAGSHP is most sensitive to the BHE length (A) and least
sensitive to the TTES size (E). Relatively significant contributions can also be seen from the output
temperature of the HP (l), BHE spacing (B), high-side pressure of the HP (H), and mass flow rate of the fluid
circulating through the BHE and SC (F).

Table 9. The results of the ANOVA for the utility index

df SS MS F Pr(>F) Significance _ Contribution
Utility Index
A 2 25138 12.569 22.415 0.001 rx 22.64%
B 2 18.275 9.138 16.295 0.002 * 16.46%
C 2 2.969 1.485 2.647 0.131 2.67%
D 2 5.879 2.940 5.242 0.035 * 5.30%
E 2 0.053 0.027 0.047 0.954 0.05%
F 2 15.744 7.872 14.038 0.002 * 14.18%
G 2 7.082 3.541 6.315 0.023 * 6.38%
H 2 17.244 8.622 15.376 0.002 ** 15.53%
| 2 18.634 9.317 16.615 0.001 e 16.78%
Residual Error 8 4.486 0.561

Significance codes: 0 “****0.001 “*** 0.01 “** 0.05 *.
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5. Conclusion

A SAGSHP system that utilizes CO2 as a working fluid was modelled and then optimized in this study using
the Taguchi method and the utility concept. The system was first optimized with regards to the SPF, LCOH,
and GTC individually using the Taguchi method. Then a combination of the Taguchi method and the utility
concept was then applied to perform multi-response optimization, considering the overall performance of the
system if the SPF, LCOH, and GTC were deemed of equal importance.

The different combinations of control parameters that optimize the SPF, LCOH, and GTC individually, are
A1B3C1D1E1F1G1H3I1, A1B2C1D1E1F1G1H3I1, and A3B3C3D3E1F1G3H1I3, respectively. Applying
these set-ups to the model results in an optimal SPF of 4.2, LCOH of 0.122 USD/kWh, and GTC of 100.24%.
According to the ANOVA results, the most influential control factors are the HP’s target output temperature,
the BHE length, and the SC area for the SPF, LCOH, and GTC, respectively.

Combining the Taguchi method with the utility concept allows multi-objective optimization to determine the
parameter set-up that will give the optimal overall performance, considering all response factors are weighed
equally. By this, the parameter combination that gave the optimal utility index is A1B3C2D3E2F1G1H3I1.
This resulted in a 3.58 SPF, a 0.165 USD/kWh LCOH, and a 100.03% GTC. Compared to a SAGSHP
system that uses a conventional working fluid, this optimized system exhibited a slightly lower SPF but
comparable LCOH. Although relatively good performance has been observed, other system or component
changes can be explored to further improve its overall performance. For instance, other system
configurations could be examined.

Nomenclature

FrUL heat loss coefficient, W/(m? K) NV number of variables
Fr(TQ) maximum efficiency of the solar collector Teny ambient temperature, K
Gre critical solar irradiation, W/m?2 Tin inlet temperature, K
] number of levels U overall utility index
Nragucni minimum number of Taguchi trial run

Subscripts and superscripts

C compressor DHW domestic hot water
co2 CO2 working fluid E evaporator
c02_GC CO:2 through the gas coolers GC gas cooler
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