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a b s t r a c t

Subsurface utilization in the tropical regions as a heat sink for ground source heat pumps (GSHPs) leads
to thermal buildup in the long term, resulting in the decreased energy performance. However, the
applicability of the GSHP in these regions has never been investigated based on the predicted heat sink
temperature over a lifetime. This study aimed to evaluate the energy performance of a large-scale GSHP
system in representative building models in Thailand based on operating conditions derived from a
predicted 50-year heat sink temperature. The proposed system combines a GSHP and an air-source heat
pump (ASHP), and, in one scenario, the GSHP also supplies hot water. The results confirm that the
combined system achieves a higher efficiency than that of an ASHP system alone, and GSHP supplying
hot water realizes substantial energy-saving. However, limitations on the annual GSHP operation hours
are essential, resulting in low energy-saving performance for cooling dominated facilities. Further im-
provements are expected by mitigating the thermal interactions among each borehole heat exchanger.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the demand for space cooling has increased, and
continues to grow in tropical regions owing to rapid economic
development. The International Energy Agency forecasts that
stocks of air-conditioning units in association of southeast Asian
nations (ASEAN) countries, which are located in the tropics, will
increase from approximately 40million units in 2018 to 350million
in 2040 [1]. This demand increase would cause an increase in peak
power, power consumption, and consequent CO2 emissions, mak-
ing it necessary for air conditioners to have high energy
performance.

A ground source heat pump (GSHP) is an air conditioner that
uses low-grade thermal energy that is present in the shallow
subsurface up to a depth of approximately 400 m (called shallow
geothermal energy) [2]. Here, the subsurface temperature is con-
stant throughout the year and is relatively lower (higher) than the
outside temperature in the summer (winter) in mid- and high-
imada).
latitude regions [3]. This makes the temperature gap between the
refrigerant's condensation and evaporation points smaller than
that in an air source heat pump (ASHP) or a conventional air
conditioner that exchanges heat with the outside air. This smaller
temperature gap enables the GSHP to operate with a higher energy
performance than the ASHP. Specifically, a GSHP introduced in an
office building in central Tokyo had an annual energy-saving rate
(AESR) of 49%, which exceeded that of an ASHP [4].

In tropical regions, the subsurface temperature is considered to
be equal to or higher than the outside temperature owing to small
seasonal fluctuations in the outside temperature, leading to the
consensus of a small energy-saving effect by GSHPs in these regions
[5]. However, a geological survey conducted in the Chao Phraya
Plain, Thailand and the Red River Plain, Vietnam revealed that the
subsurface temperature up to a 50 m depth is lower than the
outside temperature during the daytime in some locations [6]. In
particular, in Bangkok, Thailand, the daily maximum outside tem-
perature exceeds 35 �C from March to May, and the subsurface
temperature at a depth of 20e50 m is 29e31 �C. It was reported
that this phenomenon is attributable to the perturbation of the
subsurface thermal regime by natural groundwater flow at both

mailto:shimada.y.aj@m.titech.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2021.08.116&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2021.08.116
https://doi.org/10.1016/j.renene.2021.08.116
https://doi.org/10.1016/j.renene.2021.08.116


Abbreviations

AES Annual energy savings
AESR Annual energy saving rate
ASEAN Association of southeast Asian nations
ASHP Air-source heat pump
ASHRAE American society of heating refrigeration and air

conditioning engineers
BHE Borehole heat exchanger
CL Cooling load
cm Circulation medium
COP Coefficient of performance
cw Chilled water
FR Flow rate
GCV Gross calorific value
GSHP Ground source heat pump
HDPE High-density polyethylene
HER Heat exchange rate
HL Heating load
HP Heat pump
HVAC Heating, ventilation, and air conditioning
ICS Infinite cylindrical source

ILS Infinite line source
in Inlet
LCEM Life cycle energy management
PSR Power-saving rate
RMSE Root-mean-square error
TD Temperature difference
TL Total length
U-value Overall heat transfer coefficient

Symbols
a Thermal diffusivity
c Specific thermal capacity
E Exponential integral
Ex Electric power
g Ground
j Specific hour
q Heating amount
r Distance from infinite line source
t Elapsed time
u Variable
w Water
l Ground thermal conductivity
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local and regional scales. In particular, the subsurface temperature
in the groundwater recharge zone was lower than that in the
discharge zone at the same depth. Therefore, even in tropical re-
gions, the shallow subsurface may be used as a heat sink in areas
expecting groundwater flow.

Based on the aforementioned survey, demonstration experi-
ments were conducted to evaluate the energy performance of
small-scale GSHPs for space cooling in southeast Asian countries,
such as Thailand, Vietnam, and Indonesia [7e12]. The field test in
Thailand achieved a power-saving rate (PSR) of approximately 30%
with a vertical borehole heat exchanger (BHE) as the ground heat
exchanger and approximately 18% with a horizontal BHE [10,11].
Moreover, the field test data for a GSHP with a vertical BHE were
analyzed. The results showed that in Bangkok, Thailand, a small-
scale GSHP with a vertical BHE (total length of 65 m) was supe-
rior to an ASHP in terms of long-term energy performance [12].
However, these experiments and performance evaluations were
limited to small-scale systems with a maximum cooling capacity of
4 kW, which requires only one or two vertical BHEs. While the
performance of a large-scale system that requires multiple BHEs
was not investigated, its heat sink temperature is expected to in-
crease faster than that of a small-scale system owing to the thermal
buildup between the BHEs. As large commercial buildings consume
more than half of the electricity in the business sector in Thailand,
of which approximately 60% is for space cooling, exploring the
energy performance of large-scale systems is highly pertinent
[13,14].

Some studies have simulated the performance of GSHP systems
with multiple BHEs in regions dominated by cooling demand,
finding that they achieved AESRs that were more than 10% greater
than those of ASHP systems [15,16]. However, these studies did not
impose a limitation on the GSHP operation based on the heat ex-
change rate and annual operation time. The tropical setting con-
tributes a significant cooling load on buildings to maintain thermal
comfort, leading to an extreme load imbalance. Intensive operation
can result in a loss of superiority in energy performance before
reaching a system lifetime owing to rapid increases in heat sink
temperatures. Therefore, operating conditions must be set to
967
achieve a higher efficiency than the conventional system based on
the predicted heat sink temperature over the system's lifetime.
Consequently, large-scale GSHPs in tropical regions may not pro-
cess the entire cooling load of a building, requiring the assistance of
other cooling systems, such as ASHPs.

Therefore, this study aimed to evaluate the potential of sub-
surface utilization in the tropics as a heat sink for large-scale GSHP
systems in terms of energy performance. The PSR and AESR values
for a large-scale GSHP system in combinationwith an ASHP system
(hybrid GSHP system) were investigated for representative com-
mercial buildings in Bangkok, Thailand. The energy consumption in
the ASHP system was used as a reference performance for a con-
ventional cooling system. The operating conditions of the GSHP
system was set to achieve a higher efficiency than that of the
conventional ASHP system based on the predicted heat sink tem-
perature over the lifetime. The heat exchange rate (i.e., heat load/
unit length of a borehole) with fixed annual operating hours was
used as an indicator of the operating conditions. Four representa-
tive commercial buildings, including an office, school, hotel, and
supermarket, were modeled differently for both the cooling de-
mand patterns and the scale of installable ground heat exchangers.
Three simulation models, DesignBuilder, the life cycle energy
management (LCEM) tool, and GroundClub were coupled to
simulate the operating status of the cooling system at hourly in-
tervals. This study followed a three-step analysis:

1) Designing commercial building models and calculating the
cooling loads.

2) Determining the operating conditions of the GSHP to achieve
higher efficiency than the ASHP over the lifetime of the ground
heat exchanger based on a predicted 50-year heat sink
temperature.

3) Modeling a chilling system using both GSHP and ASHP based on
the cooling load found in step 1) and the operating conditions
specified in 2). Finally, the hourly power consumption of the
modeled chilling system is calculated.



Table 1
Dimensions of the representative building models.

Building purpose A B C Area per floor

Office, Hotel 31.6 m 17.3 m e 998.6 m2

Supermarket 57.7 m 31.6 m e 3329.3 m2

School 15.8 m 4.74 m 63.2 m 998.6 m2

* Note: AeC in the table can be found in Fig. 1.
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2. Methods

2.1. Building models and cooling load simulations

Using the building simulation software DesignBuilder v5.5 [17],
we developed representative building models with a total floor
area of approximately 10,000 m2. The building geometry was
designed by referring to previous studies that created reference
building models for Thailand [18,19]. Fig. 1(a) shows the floor plans
of the square-shaped office, hotel, and supermarket models. The
interior square is divided into core and peripheral zones, in which
the peripheral zone is an air-conditioned area with occupants and
internal heat gains, and the core zone is a non-conditioned area
without occupants and internal heat gains. In the school, the pro-
portion of air-conditioned area to the total floor area is small. Thus,
the school model's floor plan is rectangular and divided into north
and south zones, as shown in Fig. 1(b), wherein the south zone is
the air-conditioned area with occupants and internal heat gains,
and the north zone is the non-conditioned area without occupants
and internal heat gain.

The office, school, and hotel models are 10-story buildings,
whereas the supermarket model is a three-story building. Ac-
cording to Thailand's energy audit, the air-conditioned areas of
large-scale buildings, such as offices, hotels, and supermarkets,
account for approximately 60%e70% of the total floor area, while
that in schools account for approximately 30% [20]. Herein, we
followed the energy audit, considering the percentage of air-
conditioned area to be 70% for the office, hotel, supermarket, and
30% for the school. The window-to-wall ratio was 0.4 for the office,
school, and hotel models, while it was 0.2 for the supermarket
model. Table 1 lists the dimensions of representative building
models, and Table 2 summarizes the construction materials and
overall heat transfer coefficient (U-value) of each building element.

Internal heat gains associated with activities include lighting,
equipment, occupants, and corresponding ventilation. We assumed
that all floors inside a building were used for a single purpose in the
office, school, and supermarket models. Conversely, we assumed
multiple purposes in the hotel model, in which the first, second,
and third through tenth floors were considered to be a lobby,
restaurant, and guestrooms, respectively. We used lighting energy
audit information to define the average lighting power density in
each facility for business hours [20]. Meanwhile, the average
equipment power density during business hours was obtained by
subtracting the lighting and air conditioning energy audit infor-
mation from the audit information of each facility's total energy
consumption. We obtained the average occupant density and
required ventilation from the American society of heating refrig-
eration and air conditioning engineers (ASHRAE) Standard
62.1e2019 [21] and the occupant heat gain from the ASHRAE
Standard 55e2017 [22]. The indoor environment was set to a
Fig. 1. Representative building model floor plans
*See Table 1 for the lengths of A e C.
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temperature of 25 �C, with a relative humidity of 50% during the
business hours of each facility. Table 3 lists the internal heat gain
and activity parameters.

We used the EnergyPlus engine [23] in DesignBuilder and
EnergyPlus weather data [24] to simulate the hourly cooling loads
of the building models (excluding heating load due to the hot
climate in Bangkok). EnergyPlus weather data were retrieved from
the International Weather for Energy Calculations database, which
contains weather data from the 1980s to the1990s [25]. For
simplicity, we disregarded climate change and the urban heat is-
land phenomenon. Fig. A provides the monthly averages of the
maximum temperature, minimum temperature, and relative hu-
midity retrieved from the EnergyPlus weather data.

2.2. Operating conditions of a large-scale GSHP system

2.2.1. Simulation model in GroundClub
We used the GSHP simulation software GroundClub v1.0.0.30 to

reproduce the temperature response of the BHE and to derive the
operating conditions for the GSHP [26e28]. This software re-
produces the heat transfer in the subsurface and the temperature
response around the vertical BHE by analytically solving the heat
conduction equation in the cylindrical coordinate system. It can
also reproduce the temperature response of multiple vertical BHEs
embedded in arbitrary arrangements by superposing the temper-
ature fields of the infinite cylindrical source (ICS) [29] and infinite
line source (ILS) solutions [30]. In particular, the ICS and ILS solu-
tions were applied to reproduce the temperature response owing to
the heat flux of the considered BHE and neighboring BHEs,
respectively [27,28]. GroundClub was applied for verification pur-
poses to simulate a GSHP with eight BHEs introduced in an office
building in Tokyo. The annual root-mean-square error (RMSE) was
0.65 �C between the measured inlet temperature in the heat pump
and the value calculated using GroundClub [31] to confirm its high
reproducibility. The analytical solutions used in this software
considered the following assumptions to simplify the conditions:

a. The initial temperature distribution of the subsurface is uniform
in the depth direction.

b. The soil and BHE materials have isotropically homogeneous
physical and thermal properties.



Table 2
Construction materials and thermal properties of building elements.

Description Materials Thickness (mm) U-value (W/(m2K))

External opaque wall Mortar 10 1.001
Concrete block (light weight) 150
Plaster 10

Roof Cast concrete 100 0.589
Air gap 300
MW glass wool 50
Plaster board 10

Ground floor Cast concrete 150 1.991
Floor/roof screed 50
Ceramic floor tiles dry 30

Internal floor Plaster board 10 2.294
Cast concrete 100
Ceramic floor tiles dry 30

Glazing Dbl LoE tint 6 mm/13 mm Arg (SHGC: 0.364) 1.499

*SHGC: solar heat gain coefficient.

Table 3
Internal heat gain and activity parameters identified from the literature.

Category Office School Hotel (Room) Hotel (Lobby) Hotel (Restaurant) Supermarket Reference

Business hours (HVAC activity schedule) Weekday 8:00
e17:00

All days
24 h

All days 5:00e23:00 All days 6:00e21:00 All days 10:00e22:00 [21,24]

Occupant density (person/100 m2) 5 35 10 30 70 8 [22]
Occupant heat gain (W/person) 117 108 117 126 117 180 [23]
Ave. Equipment power density (W/m2) 14 18 2.7 37.9 Own calc.
Ave. Lighting power density (W/m2) 11.6 8.2 4 18.7 Own calc.
Fresh air ventilation (l/s-person) 2.5 5 2.5 3.8 3.8 3.8 [22]
Mechanical ventilation (l/s-m2) 0.3 0.6 0.3 0.3 0.9 0.3 [22]
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c. Heat is transferred only by conduction.
2.2.2. Operating conditions based on long-term temperature
prediction for the circulation medium

The operating condition of the heat exchange rate (HER) was
proposed based on the predicted heat sink temperature in year 50
of operation (i.e., the general lifetime of vertical BHEs). Here, the
heat sink temperatures of the GSHP and ASHP refer to the heat
pump (HP) inlet and outside air temperatures, respectively. As
described in Section 1, intensive GSHP operations, such as daily
usage, cause losses in the superior energy performance before
reaching the lifetime of the BHE. Therefore, the GSHP was assumed
to operate only when the outside temperature was greater than or
equal to 34 �C because of the efficiency decrease in the ASHP during
the outside temperature rise. According to Bangkok's EnergyPlus
weather data, the outside temperature was greater than or equal to
34 �C for 452 h (everyday) and 311 h (weekdays) over the course of
a year [24]. The limitation of temperature rise was set to 37 �C for
year 50 of operation. A previous study indicated that the GSHP is
more energy efficient than the ASHP for heat sink temperature
differences of up toþ5 �C based on an analysis of experimental data
in Bangkok [12]. Herein, we set a permissible temperature differ-
ence of up to þ3 �C for the heat sink to ensure the long-term su-
periority of the GSHP to the ASHP. In summary, we proposed an
operating condition to the HER that enables a heat sink tempera-
ture below 37 �C in year 50.

Using the GSHP to supply hot water could prevent the subsur-
face temperature from increasing, simultaneously achieving higher
efficiency than a gas-fired water heater. The hotel model had a hot
water demand for certain activities, such as showers and baths.
Hence, only the GSHP for the hotel model was used to supply hot
water in addition to cooling operations. Specifically, the GSHP
processed 100 kW of cooling load when the outside temperature
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was greater than or equal to 34 �C, while it extracted 200 kWh of
heat/day from the subsurface to generate hot water.

We calculated the annual average heat sink temperature using
GroundClub for 10 years after the start of the operation. To reduce
the computational load, we estimated the heat sink temperature in
year 50 using the first 10 years of operation by extrapolating the
approximated temperature curve in the ILS solution. The temper-
ature field of the ILS solution assumes a constant heating amount q/
unit depth as follows [32]:

Tðr; tÞ¼ q
4pl

ð
r2
4at

∞ e�u

u
du¼ q

4pl
E
�
r2
.
4at
�
; (1)

where u is a variable, t is the elapsed time, r is the distance from the
ILS, and E is an exponential integral. When at=r2 > 20, E can be
approximated as follows, with a maximum error of 2.5%:

E
�
r2
.
4at
�
¼ � ln

�
4at
r2

�
� 0:5772: (2)

The ground thermal diffusivity a is denoted as a ¼ l=cg , where l
is the ground thermal conductivity and cg is the ground specific
thermal capacity.

2.2.3. Description of the ground heat exchangers
2.2.3.1. Thermal properties of soil in Bangkok, Thailand. A history
matching of the results of the thermal response test using
GroundClub was conducted in a previous study for a pilot facility at
the Bangkok campus of Chulalongkorn University [12]. The
matching parameters were the undisturbed ground temperature,
apparent thermal conductivity of the soils, and heat capacity.
Apparent thermal conductivity refers to the thermal conductivity of
the soil with water flowing in the voids of strata or rocks. Table 4
lists the values of the specific parameters. The lithostratigraphy of



Table 4
Specifications and thermal properties of Bangkok's soil and borehole heat ex-
changers (BHEs).

Specifications Value

Soil thermal properties in Bangkok
Undisturbed temperature of ground (�C) 29.5
Apparent thermal conductivity (W/(m K)) 1.82
Heat capacity (kJ/(m3 K)) 2600
Specification and thermal properties of BHE
Borehole depth (m) 50
Borehole diameter (mm) 150
Backfill material thermal conductivity (W/(m K)) 1.8
U-tube pipe outer diameter (mm) 32
U-tube pipe inner diameter (mm) 26
Diagonal distance between center of U-tube pipe (mm) 52
U-tube pipe thermal conductivity (W/(m K)) 0.38
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the borehole (0e50 m depth) at the pilot facility showed Quater-
nary lithologic, composed of mainly four layers with gray clay
(0e20 m depth), brown sandy clay (20e26 m depth), brown sand
with the Bangkok aquifer (26e40 m depth), and medium sand
(40e48 m depth) [10]. The typical value in thermal conductivity of
Quaternary saturated clay and sand in Japan was 1.43 W/m K, and
1.59 W/m K, respectively [33]. Therefore, the apparent thermal
conductivity of the Bangkok site seemed to be enhanced by the
aquifer and groundwater flow. This study used these parameters as
representative values for the soil thermal properties in Bangkok for
the simulation.

2.2.3.2. Specifications of the BHEs. BHEs were embedded to a depth
of 50 m based on a subsurface temperature survey of the Chao
Phraya Plain [6]. Each BHE had a double U-tube design inwhich two
pairs of U-shaped heat exchange pipes (U-tubes) are inserted in
parallel. High-density polyethylene (HDPE), silica sand, and water
were used as the U-tube, backfill material, and circulation medium,
respectively. Table 4 summarizes the dimensions of the BHEs uti-
lized in the simulation and the thermal conductivities of the silica
sand and HDPE.

We arranged the BHEwith the specifications listed in Table 4 in a
square grid at 5 m intervals for each building model. For the office
and hotel, school, and supermarket models, the number of BHEs
was 49 (seven rows and seven columns, 7 � 7 hereafter), 98
(7 � 14), and 240 (2 sets, 10 � 12) with total lengths (TLBHE) of
2450 m, 4900 m, and 12,000 m, respectively. Their installed areas
were equivalent to 1-, 2-, and 1.5 times the building footprint for
the office and hotel, school, and supermarket models, respectively.
We disregarded the thermal interaction among each set of BHEs for
the supermarket model.

2.3. System modeling and assessment

2.3.1. Target system and boundaries
The target system was a parallel combination of a GSHP and

ASHP. We utilized a water-cooled chilling unit as the HP equipment
for the GSHP. The energy performance of the target system was
evaluated via a comparison with ASHP operation. The system
boundaries included the HP equipment of the central air-
conditioning system, the chilled water primary pump, and the
circulation medium pump. Fig. 2(a) and (b) show the process flow
diagram for the central air-conditioning system and system
boundaries.

We used the equipment objects in the LCEM tool ver 3.10 to
simulate the operation status of the HP, chilled water primary
pump, and circulation medium pump at hourly intervals [34,35].
The LCEM tool was developed to simulate the operation status of
970
air-conditioning systems on Excel sheets.1 The operation status
refers to parameters such as power consumption, fuel consump-
tion, and chilled and hot water temperatures, based on inputs such
as the outside air conditions, flow rate, and HP inlet temperature.
The model in this simulation tool uses equipment-specific formulas
based on actual equipment. This study used the most energy-
efficient objects for both the water-cooled chilling unit and ASHP
(see Fig. B and Table A for details regarding the performance of the
HP equipment and object specifications).

2.3.2. Target system simulation
Fig. 3 shows a schematic flow of the three coupled simulation

models, DesignBuilder, GroundClub, and the LCEM tool, used to
obtain the power consumption of each piece of equipment in the
central air-conditioning system.

The hourly averaged flow rate of the circulation medium pump
(FR1) was set such that the temperature difference of the circulation
medium (TDcm) at the HP inlet and outlet was within 2 ± 0.1 �C.
Meanwhile, the hourly averaged flow rate of the chilled water
primary pump (FR2, FR3) was set such that the temperature dif-
ference of the chilled water (TDcw) at the supply and return was
constant at 5 �C (supply: 7 �C, return: 12 �C). The coupled simula-
tion shown in Fig. 3 was performed assuming a constant cooling
load processed by the GSHP (CLgshp). CLgshp was set such that the
average HER converged to the conditions discussed in Section 2.2.2.
The specific calculations involved four steps to obtain the hourly
power consumption of each piece of equipment, as well as the PSR
and AESR.

1) Derivation of CLgshp; E1, and E3
2) Derivation of E2 and examination of the agreement in the cir-

culation medium temperatures between GroundClub and LCEM
tool

3) Derivation of the power consumption related to the ASHP sys-
tem (E4, E5)

4) Derivation of the PSR, annual energy savings (AES), and AESR
from E1eE5
2.3.2.1. Derivation of CLgshp; E1, and E3. First, we set the constant
CLgshp as the cooling load processed by the GSHP. Second, we ob-
tained the chilled water flow rate of the GSHP system (FR2) by
dividing the CLgshp by the specific thermal capacity of water (cw)
and TDcw as follows:

FR2 ¼
CLgshp

cw,TDcw
: (3)

Third, the operation status of the GSHP with a given constant
CLgshp was simulated using GroundClub. The coefficient of perfor-
mance2 (COP) of the water-cooled chilling unit was input into
GroundClub as a linear function of the heat sink temperature. The
average COP values at load factors of 50%, 60%, 80%, and 100% were
used to approximate a linear function of the heat sink temperature,
as CLgshp was set such that the load factor of the water-cooled
chilling unit did not fall below 50%. The temperatures at the HP
inlet (Tin), outlet, and FR1 were obtained. The average HER was
calculated for all GSHP operation hours using the following:

HER¼ CLgshp þ E2
TLBHE

: (4)

Then, we redefined CLgshp as the average HER converged to the
conditions described in Section 2.2.2. Finally, the hourly power
consumption of the circulation medium pump (E1) and chilled



Fig. 2. Process flow diagram for the central air conditioning system and system boundaries.

Fig. 3. Schematic flow of the three coupled simulation models
* FRx: flow rate, Ex: electric power, Tx: temperature.
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water primary pump (E3) were obtained by inputting FR1 and FR2,
respectively, into the pump objects.

2.3.2.2. Derivation of E2, and examination of the agreement in the
circulation medium temperatures between GroundClub and LCEM
tool. We input Tin, FR1, and FR2 into the water-cooled chilling unit
object in the LCEM tool to obtain the power consumption (E2) and
examine whether the average circulation medium temperatures
obtained by GroundClub and the LCEM tool matched. The average
circulation medium temperature refers to the average of the HP
inlet and outlet temperatures. The RMSE reached 0.025 �C, indi-
cating good agreement between the average circulation medium
temperatures obtained from GroundClub and the LCEM tool. This
demonstrates that the operation statuses of the water-cooled
chilling unit were accurately reproduced using the linear function
between the COP and heat sink temperature.

2.3.2.3. Derivation of the power consumption of the ASHP system (E4,
E5). The hourly power consumption of each equipment object of
the ASHP systemwas obtained as follows: First, we obtained FR4 by
dividing the hourly CL obtained using DesignBuilder with cw and
TDcw, which is the hourly averaged flow rate for the chilled water
required by the entire central air-conditioning system:
971
FR4 ¼
CL

cw,TDcw
: (5)

Note that FR4 is the sum of the chilled water flow rates for the
GSHP þASHP system. Second, we obtained FR3 using Eq. (6), which
is the chilled water flow rate for the ASHP system alone.

FR3 ¼ FR4 � FR2: (6)

Finally, the power consumption of the ASHP (E5) was obtained
by inputting the outside air temperature (Toutside, retrieved from the
EnergyPlus weather data) and FR3 into the ASHP object. As
FR4 ¼ FR3 when the ASHP is operated alone (i.e., without combi-
nation with GSHP), the power consumption of the chilled water
primary pump for the ASHP (E4) was obtained by inputting FR3 into
the objects.
2.3.2.4. Derivation of PSR, AES, and AESR from E1eE5. Based on the
settings described in Sections 2.3.3.1e3, the power consumption of
the GSHP þ ASHP system at hour j (EjðgshpþashpÞ) is expressed as
follows:
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EjðgshpþashpÞ ¼
X5
i¼1

Ei: (7)

Meanwhile, the hourly power consumption of the ASHP-
independent system (EjðashpÞ) is expressed as follows:

EjðashpÞ ¼ E4 þ E5: (8)

Therefore, the power-saving rate (PSRj) of the GSHP þ ASHP
system over the ASHP system can be expressed as follows:

PSRj ¼
 
1� EjðgshpþashpÞ

EjðashpÞ

!
� 100: (9)

The AES and AESR are expressed on an hourly basis as follows
(i.e., 8760 h in a year):

AES¼
X8760
j¼1

�
EjðashpÞ � EjðgshpþashpÞ

�
; (10)

AESR¼
0
@1�

X8760
j¼1

EjðgshpþashpÞ
EjðashpÞ

1
A� 100: (11)
3. Results

3.1. Cooling loads of the four representative building models

Fig. 4 shows the monthly average cooling loads of the four
representative building models described in Section 2.1.

For all the building models, the cooling load tended to be rela-
tively larger from March to July and smaller from November to
February. As noted in Fig. A1, Bangkok's outside temperature rises
fromMarch to July and falls from November to February. Therefore,
the simulation models represent the seasonal fluctuations in the
cooling load. The supermarket model exhibited the largest cooling
load, followed by the office, school, and hotel models. The differ-
ences in the cooling loads are attributable to the differences in the
internal heat gain and activity schedule inside each building model.
Fig. 4. Monthly averaged coolin
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As shown in Fig. 5, May 17 was used as an example to show the
hourly changes in the cooling load for each model. May 17 was
selected as its annual maximum outside temperaturewas 38.5 �C in
the EnergyPlus weather data.

The supermarket model showed the largest cooling load during
the daytime, owing to its higher heat gain from the equipment and
lighting than the other models. The hotel model experienced a
decreased internal heat gain and cooling load during the daytime
because of the assumed activity schedule. Although the school
model had an air-conditioned area less than half that of the office
model, the two models had almost the same peak load during the
daytime. This is because the occupant density and natural venti-
lation/occupant are greater for the school model than for the office
model, which increased the outside air load. We obtained the
average cooling loads of each model by dividing the annual total
cooling load by their respective annual business hours. The average
cooling loads for the office, school, hotel, and supermarket models
were 588.3 kW, 525.4 kW, 436.5 kW, and 728.5 kW, respectively.

3.2. Operating conditions of GSHP system for the representative
building models

Fig. 6 presents the average heat sink temperature until year 10 of
operation and the extrapolation of the ILS solution in the office
model of BHEs, with an average HER of 32.5 W/m.

The average heat sink temperature in the 10th year was 34.9 �C,
which is different from 32.9 �C for the same HER in a single BHE
with the same specifications and thermal properties. This indicates
that there is a faster increase in the heat sink temperature for
multiple BHEs than for small-scale systems owing to the thermal
interaction between the BHEs. The difference in the temperature
rise between the values obtained by the ILS solution and Ground-
Club was 0.4% (i.e., absolute value of the difference divided by
temperature calculated by GroundClub) over years 3e10 of opera-
tion. The average heat sink temperature in year 50 was estimated to
be 36.8 �C. After confirming that the average heat sink temperature
was lower than 37 �C in year 50, we set the average HER to 32.5 W/
m as the operating condition for introducing the GSHP in the office
model. The operating conditions were also obtained for the other
models. Table 5 lists the average HERs for the GSHPs in the building
models and the CLgshp values that meet these conditions.

For the school and supermarket models, the heat sink
g loads from hourly data.



Fig. 5. Cooling load transitions on May 17.

Fig. 6. Extrapolation of the infinite line source (ILS) solution for the office model.

Table 6
Energy performance of ground source heat pump (GSHP) þ air-source heat pump
(ASHP) system for each standard building model.

Office School Supermarket Hotel

Maximum power-saving rate (PSR) (%) 8.7 15.2 19.3 11.8
Average PSR (%) 6.7 8.7 19.0 6.4
Annual energy savings (AES) (MWh) 3.7 4.5 14.8 3.5
Annual energy-saving rate (AESR) (%) 1.2 1.6 2.1 0.5
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temperature in the 50th year was below 37 �C for the average HERs
of 31.0W/m and 23.5W/m, respectively, while the temperature rise
differences from years 3e10 in the heat sink were 0.3% and 0.6%,
respectively. For the hotel model, the heat collected to supply hot
water was larger than the dissipation, leading to a continuous
decrease in the heat sink temperature. The average heat sink
temperature in the 10th year was 32.5 �C, which decreased from
34.3 �C in the first year. The average HER of the supermarket model
was 27.7% lower than that of the office model, owing to the longer
Table 5
Operating conditions of ground source heat pump (GSHP) systems for each standard bu

Office

Average HER (W/m) 32.5
Average heat injection (kW) 79.6
CLgshp (kW) 67.2
Percentage of CLgshp over the average cooling load (%) 11.4
Annual GSHP operation time (h) 311
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(by 45%) operating hours of the GSHP in the supermarket model
than in the office model.

The heat sink temperature rise reached its average temperature
over the 50 years in year 12 for every model except for the hotel
model. Further, the difference between the annual average heat
sink temperatures in years 10 and 12 was no greater than 0.3 �C.
The COP change for the water-cooled chilling unit was approxi-
mately 0.04 for a heat sink temperature difference of 0.3 �C at an
80% load factor. Because this change in the COP had little effect on
the power consumption, we used the energy performance in year
10 as a reference for the average performance over the lifetime.
3.3. Energy performance

Table 6summarizes the maximum and average PSR, AES, and
AESR values for the GSHP þ ASHP system as compared with the
ASHP system under the operating conditions described in Section 2.

The supermarket model had the largest average PSR at 19.0%,
followed by the school, office, and hotel models at approximately
8.7%, 6.7%, and 6.4%, respectively. These results indicate that the
GSHP þ ASHP system achieves a higher energy performance than
the ASHP system, leading to a reduction in the peak power. The
supermarket model had the largest PSR among the building models
ilding model.

School Hotel Supermarket

31.0 47.6 23.5
151.9 116.5 282.0
128.3 99.7 237.6
24.4 22.8 32.6
311 452 452



Fig. 7. Hourly changes in power-saving rates (PSRs) and coefficient of performance (COP) for the office, school, and hotel models on May 17. *bar graph: PSR, line graph: COP.

Table 7
Annual energy savings (AES), annual energy-saving rate (AESR), and CO2 emission
reduction of ground source heat pump (GSHP) for hot water supply.

ASHP Water heater

AES (MWh) 3.94 e

AESR (%) 11.1 e

CO2 emissions reduction (t-CO2) 1.96 7.68
CO2 emissions reduction rate (%) 11.1 32.8

*11 CO2 inventory of electricity consumption in Thailand (2019): 0.497 kg e CO2/
kWh [39].
*22 CO2 inventory of natural gas combustion (gross calorific value (GCV) basis):
56.1 t CO2/TJ [40].
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because it had the largest ground heat exchanger with 240 BHEs,
resulting in the largest percentage of CLgshp to the cooling load
(almost three times larger than that of the office model). Mean-
while, the average PSR values of the school and hotel models were
only 30% more than and 5% less than that of the office model,
Fig. 8. Monthly average temperatures at the borehole surface
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respectively, despite the fact that the percentages of CLgshp to the
average cooling loads were almost twice that of the office model.
The supermarket model had the largest AESR of 2.1%, which was
smaller than the PSR because the GSHP annual operation hours
were significantly lower than the annual business hours of the fa-
cility (e.g., 452 h for the GSHP operating hours out of 4380 h for the
annual business hours of the supermarket model). The AES values
of the school and hotel models were not significantly different from
that of the office model.

4. Discussion

4.1. Factors affecting energy performance

As described in Section 3.3, the average PSR and AES values of
the school and hotel models were not significantly different from
those of the office model, despite their larger percentages of CLgshp
to the average cooling loads. To explore the factors that contributed
with various borehole heat exchanger (BHE) distances.



Fig. 9. Monthly average temperatures at the borehole surface with various borehole heat exchanger (BHE) arrangements.
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to the suppression of efficiency improvement in these models, we
examined the operation statuses, such as the hourly performance
in the HP, in more detail. Fig. 7 shows the hourly changes in the PSR
and COP for the office, school, and hotel models on May 17. On this
day, the outside temperature exceeded 34 �C from 11:00 to 18:00
and peaked at 16:00, resulting in GSHP operation from 11:00 to
17:00 for the office and school model, and from 11:00 to 18:00 for
the hotel model.

Overall, the GSHP demonstrated 16%e34% higher efficiency than
the sole ASHP operation, confirming the consistency with the re-
sults from the demo-experiment for small-scale system [10]. While
the COP values for both the GSHP and ASHP changed according to
the fluctuation of the respective heat sink temperature, those for
the ASHP in the combined operation were higher than those in the
sole ASHP operation. This is because the COP for the ASHP increased
with decreasing load factor in the range of 60%e100% (Fig. B1),
implying that the decreased load factor in the ASHP by combined
operation improved the PSR. Relatively small PSRs were observed
after 15:00 for the school model and from 11:00 to 15:00 for the
hotel model. These small improvements in energy performance are
attributable to the decreased cooling loads during these hours. The
cooling loads in the school model after 15:00 decreased to
approximately 60% of their respective peak loads, as was the case
for the hotel model from 10:00 to 15:00 (Fig. 5). Meanwhile, the
COP for the ASHP in the range of less than 60% of the load factor was
almost constant (Fig. B1), meaning there is little room for
improvement in the COP with a decreased load factor by the
combined operation. A similar tendency was observed on other
1 Each piece of equipment (e.g., chiller) is represented by a set of specific for-
mulas. The sets of formulas are input into an Excel sheet. The sets of formulas input
into the cells in the sheet are called an “object” in the LCEM tool.

2 COP refers to the ratio of the processed air-conditioning load to power
consumption.
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days, indicating that the cooling load patterns specific to those
models suppress efficiency improvements. These results confirm
that within this study's settings, the GSHP maximizes the facilities'
energy performance where the cooling load peaks and does not
decrease during the daytime.

The largest AESR value (2.1%) in this study was lower than those
found in previous studies in regions dominated by cooling demand
(e.g., 19% and 12.3% for studies in Qatar and Florida, USA, respec-
tively) [15,16]. The significantly low value obtained in this study
may be attributable to the difference in the design period and
consequent limited operation hours, although differences also exist
in the study conditions, such as climate, geology, equipment
specifications, and usage patterns. To avoid the risk of over-
estimating the energy performance of the GSHP in cooling-
dominated regions, this difference in performance deserves
attention.

4.2. Energy performance of GSHP with the purpose of hot water
supply in the hotel model

The GSHP in the hotel model was also used to supply hot water,
leading to the extraction of 200 kWh of heat/day from the sub-
surface. This section examines the AES, AESR, and CO2 emission
reduction of the GSHP when operated for the purpose of hot water
supply in the hotel model over gas-fired water heaters and ASHPs.
We assumed that hot water was generated and stored from 0:00 to
5:00, and natural gas was used as the fuel for the heater. Equipment
specific data regarding the efficiency (e.g., COP and thermal effi-
ciency) were obtained from the technical data provided by the
manufacturer [36e38]. We utilized the COP values for the GSHP
and ASHP when Tin and Toutside ¼ 25 �C with a supplied hot water
temperature of 65 �C, because the average of Tin during the heat
extraction in year 10 and that of Toutside during 0:00e5:00 were
approximately 26 �C. The thermal efficiency of the water heater is



Table A
List of objects and its specifications

Object name Specification Power

1. Office
Water chilling unit (water-cooled) RR (CW)-XX1-310H-132 Rated cooling capacity: 118 kW 25.4 kW

Rated COP: 4.65
(Chilled water: 7e12 �C, HP inlet: 35 �C)

Pump for circulation medium PCD(2 P)-XX1-303SI-080_5.5_50 Single suction volute pump (Inverter) 5.5 kW
Rated performance: 750 L/min

Chilled water primary pump (GSHP) PCH(4 P)-XX1-303SI-050_2.2_50 Single suction volute pump (Inverter) 2.2 kW
Rated performance: 208 L/min

Air source heat pump (ASHP) RR-XX2-310UH_85 Rated cooling capacity: 680 kW (8 Units) 153.0 kW
Rated COP: 4.44
(Chilled water: 7e12 �C, Outside air: 30 �C)

Chilled water primary pump (ASHP) PCH(4 P)-XX1-303SI-150_22_50 Single suction volute pump (Inverter) 22 kW
Rated performance: 3335 L/min

2. School
Water chilling unit (water-cooled) RR (CW)-XX1-310H-170 Rated cooling capacity: 150 kW 29.9 kW

Rated COP: 5.02
(Chilled water: 7e12 �C, HP inlet: 35 �C)

Pump for circulation medium PCD(4 P)-XX1-303SI-100_11_50 Single suction volute pump (Inverter) 11 kW
Rated performance: 1300 L/min

Chilled water primary pump (GSHP) PCH(4 P)-XX1-303SI-065_3.7_50 Single suction volute pump (Inverter) 3.7 kW
Rated performance: 416.5 L/min

Air source heat pump (ASHP) RR-XX2-310UH_85 Rated cooling capacity: 680 kW (8 Units) 153.0 kW
Rated COP: 4.44
(Chilled water: 7e12 �C, Outside air: 30 �C)

Chilled water primary pump (ASHP) PCH(4 P)-XX1-303SI-150_22_50 Single suction volute pump (Inverter) 22 kW
Rated performance: 3335 L/min

3. Supermarket
Water chilling unit (water-cooled) RR (CW)-XX1-310H-170 Rated cooling capacity: 300 kW (2 Units) 59.8 kW

Rated COP: 5.02
(Chilled water: 7e12 �C, HP inlet: 35 �C)

Pump for circulation medium PCD(4 P)-XX1-303SI-100_11_50 Single suction volute pump (Inv., 2 Units) 22 kW
Rated performance: 2600 L/min

Chilled water primary pump (GSHP) PCH(4 P)-XX1-303SI-065_3.7_50 Single suction volute pump (Inv., 2 Units) 7.4 kW
Rated performance: 833 L/min

Air source heat pump (ASHP) RR-XX2-310UH_85 Rated cooling capacity: 1020 kW (12 Units) 229.4 kW
Rated COP: 4.44
(Chilled water: 7e12 �C, Outside air: 30 �C)

Chilled water primary pump (ASHP) PCH(4 P)-XX1-303SI-150_22_50 Single suction volute pump (Inverter) 22 kW
Rated performance: 3335 L/min

4. Hotel
Water chilling unit (water-cooled) RR (CW)-XX1-310H-170 Rated cooling capacity: 150 kW 29.9 kW

Rated COP: 5.02
(Chilled water: 7e12 �C, HP inlet: 35 �C)

Pump for circulation medium PCD(2 P)-XX1-303SI-080_5.5_50 Single suction volute pump (Inverter) 5.5 kW
Rated performance: 750 L/min

Chilled water primary pump (GSHP) PCH(2 P)-XX1-303SI-050_2.2_50 Single suction volute pump (Inverter) 2.2 kW
Rated performance: 197.5 L/min

Air source heat pump (ASHP) RR-XX2-310UH_85 Rated cooling capacity: 680 kW (8 Units) 153.0 kW
Rated COP: 4.44
(Chilled water: 7e12 �C, Outside air: 30 �C)

Chilled water primary pump (ASHP) PCH(4 P)-XX1-303SI-150_22_50 Single suction volute pump (Inverter) 22 kW
Rated performance: 3335 L/min

Table B
List of hot water equipment and its specifications

Specification

Hot water heat pump (water source, GSHP) Heating capacity: 65 kW
COP: 3.33 (Hot water: 65 �C, HP inlet: 25 �C)

Hot water heat pump (ASHP) Heating capacity: 67.7 kW
COP: 2.93 (Hot water: 65 �C, Outside air: 25 �C)

Heater (natural gas fired) Efficiency (gross calorific value basis): 81%
Gross calorific value of natural gas: 36.4 MJ/m3
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based on the gross calorific value (GCV). Table B details the speci-
fications of the hot-water equipment. The heating load (HL) was
obtained as follows:
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HL¼ 200 kWh � COPgshp
COPgshp � 1

: (12)

The energy consumption rates of the HP and water heater were
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obtained by dividing HL by the COP and thermal efficiency. Table 7
lists the AES, AESR, and CO2 emission reduction of the GSHP for hot
water supply.

The AESR was 11.1% over the ASHP, and the CO2 emission
reduction rates were 11.1% and 32.8% over the ASHP and water
heater, respectively. This indicates that the hot water supply by the
GSHP substantially contributed to energy saving and greenhouse
gas emission reduction. Therefore, a facility such as a hotel, which
has both cooling and hot water demands, will have better energy
and environmental performance than those without hot water
demand.

4.3. Approaches for further improving energy performance

As detailed in Section 4.2, GSHPs in the tropics have large
energy-saving performances when processing both cooling and hot
water demand. However, not all facilities have a hot water demand,
especially in tropical climates. For a facility without hot water de-
mand, further improvements in energy-saving performance can be
reached by increasing the annual operation hours of the GSHP
while suppressing the long-term rise in subsurface temperature. A
practical approach would be to increase the distance between the
BHEs and alter the arrangement of the BHEs to mitigate their
thermal interaction. Figs. 8 and 9 show the increase in monthly
average temperature at the borehole surface with various distances
between BHEs and arrangements of BHEs, using the same condi-
tions as the office model.

The average temperature during the same elapsed time
decreased with increasing distance between the BHEs and with
increasing slenderness in the arrangement. The degree of decline
decayed by more than 7 m in regard to distance, indicating that the
recommended distance among the BHEs is at least 7 m in tropical
regions. This implies that two approaches, that is, increasing the
distance between the BHEs and the slenderness in arrangement,
increase the annual operation hours without decreasing the HER.
As this study employed a distance of 5 m between the BHEs and a
square arrangement shape, further improvements in energy per-
formance are expected by implementing these two approaches.
Therefore, further investigation is required to find the optimum
combination between the BHE installation area of the site and the
arrangement of BHEs, which maximize energy performance.

5. Conclusions

In this study, the potential of subsurface utilization in tropical
regions as a heat sink for large-scale GSHP systemswas evaluated in
terms of energy performance. The PSR and AESR values for large-
scale GSHPs in combination with an ASHP system (hybrid GSHP
system) were investigated for four types of commercial building
models in Bangkok, Thailand. The energy consumption of the ASHP
system was used as the reference performance for a conventional
cooling system. The operating conditions of the annual operating
hours and heat exchange rate of the GSHP systemwere set based on
the predicted heat sink temperature over the lifetime. The findings
of this study are as follows:

・ The GSHP operation achieved an average PSR of 6%e19%,
owing to the high efficiency of the GSHP system and effi-
ciency improvements in the ASHP system with decreased
load factor by combined operation.

・ An AESR of 0.5%e2.1% was achieved, which is significantly
lower than that of the PSR: This rate is attributable to the fact
that the operating conditions limited the GSHP annual
operation hours to be significantly lower than the annual
business hours of the facility.
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・ Using the GSHP to supply hot water in the hotel model
achieved an AESR value of 11.1% over the ASHP and realized
annual CO2 emission reduction rates of 11.1% and 32.8% over
the ASHP and gas-fired water heater, respectively. This in-
dicates that the hot water supply by the GSHP has a sub-
stantial contribution to energy saving and greenhouse gas
emission reductions.

In summary, GSHPs in tropical regions can perform higher ef-
ficiency than conventional ASHP systems under operating condi-
tions based on the predicted heat sink temperature over the
lifetime. However, owing to load imbalances and high subsurface
temperatures, imposing limitations on the annual GSHP operation
hours is essential, consequent low AESRs, unless the GSHP is used to
generate hot water. In this case, the payback period for recovering
the initial cost of the hybrid GSHP system may be longer than the
conventional system. Further improvements in energy-saving
performance can be achieved by mitigating the thermal interac-
tion between the BHEs in order to increase the annual GSHP
operation hours. A practical approach would be to increase the
distance between the BHEs and the slenderness in their arrange-
ment. Therefore, further research is recommended to identify the
optimum combination between the area of the site for BHE
installation and the arrangement of BHEs, which maximizes the
energy performance.

This study used an analytical solutionwith the apparent thermal
conductivity obtained from the thermal response test. The
improvement in the value from the saturated soil includes the
thermal advection effect by the aquifer and groundwater flow. In
the first place, however, the mechanism of thermal advection is
different from thermal conduction. The heat was only accumulated,
without transporting outside the system in case of the analytical
solution for the conductive model. Thus, the obtained results and
discussion in this study can be conservative, underestimating the
energy performance of GSHPs in tropical regions. Further investi-
gation on regional groundwater flow is recommended to reproduce
the advection effects to the simulation model, such as finite
element method.
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Appendix

Fig. A. Monthly average highest air temperature, lowest air
temperatures and relative humidity in Bangkok
Fig. B. The relationship between the load factor and the coeffi-
cient of performance (COP) for the HP equipment

1. ASHP
*Note; We used a modular chiller as the ASHP object, whose
number of operating modules was controlled by the load factor.
This figure shows a case of connection of eight module in a peak.

2. Water-cooled chilling unit
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