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Abstract: A residential ground-source heat pump system often requires a long payback time to
recover the capital cost. Long-term uncertainty in such a system’s performance increases as the climate
changes. This study compares 20-years hourly heating/cooling demands of a typical residence in the
present (2000–2020) and in the future (2076–2095) for two locations in Japan. This study also calculated
soil temperatures as heat sources through 1D heat-transfer simulation based on the A1B climate
scenario in the Intergovernmental Panel on Climate Change’s Special Report. System performance
and simple payback times were compared in one cold and one warm city in Japan (Sapporo and
Tokyo, respectively). Soil temperatures at a middle depth of a borehole heat exchanger were predicted
to increase in the future by ~1 ◦C, with insignificant effects on a borehole heat exchanger. Seasonal
performance factors increased in Sapporo because thermal demands would be kept even in the future,
but decreased in Tokyo, which has a higher ratio of the energy used in operating the system in cooling
mode compared with its small heating demand. The simple payback time was estimated at 16.2 and
>20 years in Sapporo and Tokyo, respectively, both in the present and future, with the constant energy
prices. If oil and gas prices doubled, the payback time would be halved in Sapporo to 8.4 years but
remain around 20 years or more in Tokyo.

Keywords: ground-source heat pump; climate change; soil temperature; seasonal performance factor;
simple payback time

1. Introduction

The International Energy Agency has recently reported that heat pumps and renewable
energy for heating and cooling buildings are expected to increase in order to achieve
sustainable development goals [1]. The report also described that a ground-source heat
pump (GSHP) system is highly efficient for various thermal uses, as the underground
heat source has a more stable temperature than the outdoor air used for an air-source heat
pump (ASHP) system [2]. The efficiency contributes to a GSHP system having reduced
CO2 emissions relative to a conventional oil/gas boiler [3]. Therefore, GSHP systems
have a growing market across the world, especially in economically advanced countries
such as the USA, China, and European countries with a tradition of promoting them
(e.g., Germany, Switzerland, and Sweden) [4]. Other countries have also seen increasing
numbers of systems, including Canada and Turkey. However, growth remains limited in
other countries, such as Japan, which had fewer than 3000 systems in 2019 [5].

GSHP systems for a residence with a floor area up to several hundred square meters
consists of a small heat pump with an output power of up to 10 kW, one or more ground
heat exchangers (GHEs), and output heating/cooling devices, such as a fan coil unit.
Although there are various types of GHEs developed in recent decades [2], borehole heat
exchangers (BHE) are the most common to obtain thermal energy from the underground by

Energies 2023, 16, 2742. https://doi.org/10.3390/en16062742 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16062742
https://doi.org/10.3390/en16062742
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0259-1284
https://orcid.org/0000-0001-5657-2399
https://doi.org/10.3390/en16062742
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16062742?type=check_update&version=2


Energies 2023, 16, 2742 2 of 16

circulating heat-transfer fluids such as antifreeze brine in a U-tube installed in a borehole
with a depth of several tens to over 100 m. Construction of BHEs sometimes costs more
than other GHEs due to drilling in deep depths but are suitable in dense urban settings
where land area is limited. The energy-saving and environmental advantages of GSHP
systems in Japan were reported and studied in Japan [6–10].

GSHP systems are available for various thermal uses, such as heating/cooling for
residences and commercial buildings. Although residences have smaller floor area and
less thermal demands than commercial buildings, their total potential reduction of CO2
emission is more significant, especially in Japan [11]. The main problem with these systems
is the high capital cost of installing the BHE, which is exacerbated in countries with a
small market for GSHP systems. In Japan, for example, a 10 kW GSHP-based system costs
~3.8 million JPY, ~1.5 times higher than the 2.5 million JPY equivalent in the US [12]. One
reason for the relatively high costs in Japan is that it is time-consuming to install BHE
in unconsolidated formations, which are seen commonly in urbanized plains and basins
of the country. Unconsolidated sediments have a lower effective thermal conductivity
than consolidated rocks, resulting in longer and more BHEs required in a GSHP system.
Another reason is the wide change of thermal demands in the land stretching in the N-S
direction from 24◦ N to 45◦ N. Currently, GSHP systems are used mainly in northern areas
with high heating demands. Some efficient systems in a hybrid concept with shallow
geothermal and other thermal sources were proposed in southern areas with heating and
cooling demands [13,14].

The efficiency of GSHP systems reduces operating costs such as monthly electricity,
oil, or gas consumption. The cost-effectiveness is often discussed in terms of the payback
time required for reduced operating costs to balance the capital cost. Domestic properties
often have longer payback times (e.g., over ten years [15]) than commercial buildings
because of their small thermal demand for saving. The payback time of each GSHP system
depends on its energy-saving performance relative to a conventional system, which in turn
varies with time depending on various factors such as thermal load, facility specifications,
and underground conditions [16]. Although simulation methodologies (including some
commercial tools) have been developed for evaluating the performance, and hence payback
time, of the GSHP system [17,18], it remains problematic in practice to quantify the factors
necessary for the simulation, especially given the need to account for their long-term
variation. Performance evaluation becomes increasingly uncertain owing to ongoing
climate change, as rising outdoor temperatures will alter thermal demands [19,20]. Soil
temperatures are also increasing as heat transfers from the air and ground surface to deeper
underground [21]. Increasing soil temperatures in the current century have been attributed
to human activity [22]. Regional studies have also analyzed increasing soil temperatures in
different countries [23,24].

Previous studies have modeled performances of residential GSHP systems under fu-
ture conditions of increased outdoor temperatures due to climate change. Kharseh et al. [25]
calculated the present and future thermal loads of residential GSHP systems for a floor
area of 144 m2 in Stockholm, Istanbul, and Doha. They used the A1B climate scenario of
the Intergovernmental Panel on Climate Change (IPCC)’s Special Report on Emissions
Scenarios (SRES). The change in annual energy consumption varied between −8.5% for
the cold city to 18.7% for the hot city under an assumption of negligible changes in ground
temperature. Shen et al. [26] calculated future soil temperatures (for 2040–2069) in four
climate zones of the USA using an analytical method for climate scenarios A2 and A1P1 in
the report. They also simulated GSHP operation for residences, finding slightly increased
driving energy in all four locations. These studies indicated that the future performance
under climate change would vary in different cities of individual climates. In addition,
the payback time is also not only dependent on the performance but also on the economic
scenarios of future changes in electricity and oil/gas prices. However, previous studies
evaluating the economic advantage performance of GSHP systems in the future remain lim-
ited. Therefore, performance and cost-effectiveness must be modeled for specific locations,
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doing so for countries such as Japan would help popularize GSHP systems and increase
their market.

This study aims to evaluate the operating performances of residential GSHP systems in
the future under climate change considering all engineering factors in climatology, geology,
and building environments, only some of which were in the previous studies above. This
study conducted system’s energy performance and simple payback time considering the
variations of outdoor and soil temperatures due to climate change. Performances for
20 years were considered to evaluate the simple payback times, both at present (2000–2020)
and in the future (2076–2095). The residential systems were in two Japanese cities of
different climates: Sapporo in a cold climate and Tokyo in a warm climate. This study used
hourly outdoor temperatures to estimate thermal loads, whereas previous studies used
monthly data. The future analysis used hourly climate projections. Hourly weather data
effectively represented demand peaks, which more greatly affected system performance
than constant pulses within each day as in the previous studies. This study also calculated
the daily ground temperatures (the heat source for the GSHP) through 1D vertical numerical
simulation of heat transfer considering heat and water budgets on the subsurface in order
to obtain more reasonable predictions than analytic solutions. Seasonal performance factor
(SPF) and the simple payback time (PT) were evaluated for three different scenarios of
energy pricing. The impact of climate change and the cost-effectiveness of the system in
two Japanese cities are discussed.

2. Data and Methods
2.1. Climate Data and Present and Future Thermal Loads

This study evaluated the 20-year thermal performance of a residential GSHP system
in two cities with different climates: Sapporo at 43.06◦ N, 141.35◦ E and Tokyo at 35.68◦

N, 139.75◦ E (Figure 1). Sapporo is the largest city, with approx. two million people
in the subarctic zone, the cold area of Japan; Tokyo, the capital of the country, is in the
extratropical zone, the warm area. Hourly climate data, including outside temperature
(Ta), solar radiation, relative humidity, wind velocity, and precipitation at meteorological
stations in both cities, were available by the Japan Meteorological Agency (JMA) [27]. This
study assigned hourly observations for 2001–2020 as the present data. This study also
used the agency’s hourly calculations for 2071–2076 in the Global Warming Projection
(Volume 8) [28] as future data. Projection data across Japan were obtained with radiative
forcing under an assumption of the IPCC SRES A1B emissions scenario only. Forward
modeling of Volume 8 data for the past 1981–1999 allowed validation of the method by
comparing the results with observations.
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The histograms of hourly temperatures in Figure 2a compare calculated results and ob-
servations for the past 20 years. Considering the histograms as the probability distributions,
this study modified hourly data for the future, 2076–2095, in Volume 8 using the linear
difference between the calculated and observed distributions for each temperature pitch.
The modification is compared with the original projection for the future data in Figure 2b.
Table 1 summarizes the statistics of hourly outdoor temperatures Ta in both cities observed
for 2001–2020 and predicted for 2076–2095. Table 1 also lists degree days, Dd, these being
the summation of the difference between Ta and the threshold values of 18 ◦C for heating
and 24 ◦C for cooling. The average, maximum, and minimum Ta increased by 1.2–4.3 ◦C
from the present to the future due to climate change. The increases in the three statistics
were 1–2 ◦C higher in Tokyo than in Sapporo. The Dd for heating was greater than that
for cooling for both the present and future in each city. In Sapporo, the Dd for heating for
the present was 3468 day·K, over twice that for Tokyo (1514 day·K). The future increases
in Ta are expected to decrease the Dd for heating by 19% in Sapporo and 46% in Tokyo.
In contrast, the Dd for cooling is expected to increase by 540% in Sapporo and 186% in
Tokyo. In the future, despite increases in Ta, Dd for cooling in Sapporo was still one order
of magnitude less than that for heating. Tokyo also had a relatively small Dd for cooling,
similar to Sapporo. However, the difference between it and the Dd for heating decreased in
future modeling.
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Figure 2. Histograms of hourly outdoor temperatures in Sapporo: (a) observation and prediction for
1981–1999 and (b) projection and modification in this study for 2076–2095.

Table 1. Summary of outdoor temperature Ta and degree days Dd for the present (2001–2020) and
future (2076–2095) in Sapporo and Tokyo, Japan. Future data were modified from JWA (2019), as
the probabilistic distributions for 1981–1999 were matched to the projections. Degree days are the
summation of differences between daily averaged temperatures and thresholds, 18 ◦C for heating
and 24 ◦C for cooling.

Period

Sapporo Tokyo

Ta [◦C] Dd [Day·K] Ta [◦C] Dd [Day·K]

Ave Max Min Heating Cooling Ave Max Min Heating Cooling

2001–2020 9.4 35.7 −14.8 3468 20 16.6 38.9 −3.6 1514 264
2076–2095 12.0 39.2 −13.6 2808 108 19.7 43.2 −0.4 819 490

Figure 3 shows monthly averaged trends of Ta for the present and future in the
two cities. The average Ta increased in all months, with relatively large increases from
January to March. However, the standard deviation of >3 ◦C indicates extremely high or
low Ta observed or predicted in each month. This study used the average increased but
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stochastically variable Ta on an hourly scale to analyze the performance of a GSHP system.
Monthly averaged solar radiation, another climate component for thermal load analysis,
changed by <10% (data are omitted in this paper). The analysis assumed a negligible
difference in the climate data except for Ta between the present and future.
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This study considered a residential GSHP system installed in a two-floor wooden
residence with one dining room and four bedrooms with a total floor area of 200 m2. The
residence model’s inside structure was assumed to be similar with those of a standard
residence [29]. Hourly thermal loads for the present and future were calculated to multiply
the difference of temperatures between indoor and outdoor by the heat transfer rate through
residence’s walls. The heat transfer rate was assumed to be a product of the UA value and
the total wall area (700 m2). The inside temperature was assumed to be 22 ◦C for heating
and 24 ◦C for cooling. The UA values were defined as the legal targets of 0.46 W/(m2·K) for
Sapporo and 0.82 W/(m2·K) for Tokyo. Considering improvements in residential thermal
insulation, target UA values of 0.34 and 0.46 W/(m2·K) were assumed for the two cities,
respectively [30]. The modeled GSHP systems were operated continuously during the
hours when the outside temperature was <16 ◦C (heating) or >24 ◦C (cooling). After the
calculation, thermal loads of no more than 0.5 kW were neglected to reduce costs and keep
stability in the system simulation below.

Figure 4 shows histograms covering 20 years of hourly thermal pulses in Sapporo City
for heating (Qh) and cooling (Qc) in the present and future. Figure 4a shows Qh varying
from <1 to 7 kW during the present; the histogram follows a nearly normal distribution with
a peak of ~4 kW. Increasing Ta in the future, as shown in Figure 4b, shifted the distribution
to lower values, and Qh varies within a narrower range of <1 to 5 kW. In contrast, Qc for the
present in Figure 4c follows a log-normal distribution, with a relatively small range of <1 to
3 kW. The histogram for the future in Figure 4d is shifted higher because of climate change;
heat pulses of >2 kW are limited, similar to the results for the present. Figure 5 summarizes
the changes between the present and future in the average of total annual loads for heating
(ΣQh) and cooling (ΣQc) in Sapporo and Tokyo. The annual loads in Sapporo changed from
60.5 to 35.6 GJ/y for heating (the future load being 59% of the present load) and from 1.3 to
2.8 GJ/y for cooling (the future load is 215% of the present load). The percentage changes
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were smaller than those of degree days, Dd, because this study assumed the UA values
would decrease in the future. For Tokyo, the total load reduced from 49.6 to 30.1 GJ/y for
heating (future load being 61% of the present load) and increased slightly for cooling from
5.5 to 6.6 GJ/y (future load being 120% of the present load). In both cities, the heating loads
decreased in the order of 101 GJ/y, while the increases in cooling loads were only in the
order of 102 GJ/y. This means that climate change in this scenario would decrease total
residential thermal loads in Japan.
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Figure 5. Average annual thermal loads [GJ/y] for heating (left) and cooling (right) in the present
(2001–2020) and future (2076–2095) in Sapporo and Tokyo, Japan.
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2.2. Prediction of Soil Temperatures

Soil temperature was essential for the performance of a GSHP system as the ambient
temperature of the underground heat source. This study estimated the daily soil tempera-
ture profiles through a one-dimensional, numerical simulation of vertical heat conduction
and convection. Hydrus 1D [31] was used here with a package for using input climate
data to calculate underground heat fluxes considering thermal budgets on the ground
surface. This study assigned outdoor temperatures for the present and future, as described
above. Other climate data for solar radiation, relative humidity, and wind velocity were
obtained from the same data source (mentioned above). Figure 6 shows the mesh designs
for the 1D numerical simulation for both cities. The model domain in the vertical direc-
tion was 500 m; the vertical mesh size was 0.2 m to a depth of 5 m and became coarser
with increasing depth, reaching 50 m at the bottom. The geologic conditions, denoted as
different colors in Figure 6, were assigned according to the drilling records of boreholes
in Sapporo and Tokyo. Following the drilling records, the water table was kept at 7 m in
Sapporo and at 17 m in Tokyo. Downward fluxes of water and heat were calculated from
input data in the software as the surface boundary condition. All water drained vertically
without horizontal flow because of the almost flat ground at each site. The effective thermal
conductivity of unsaturated soil λ was assumed to be 1.3 W/(m·K), and that of saturated
soil was calculated to obtain the agreement of thickness-averaged thermal conductivity
(i.e., ground thermal conductivity) between the calculations and observed results from an
in-situ thermal response test by the authors in each city; i.e., 1.8 W/(m·K) in Sapporo and
2.4 W/(m·K) in Tokyo. The large observed ground thermal conductivity for Tokyo was
probably due to the groundwater flow effect at the test site. Other geologic parameters,
such as heat capacity and porosity, were set as the software’s default values. Hydraulic
conductivity for heat advection was adjusted to be 1.4 times higher than the default value to
obtain sufficient agreement between each borehole’s simulated and observed temperature
profiles. Figure 7 compares the simulated and observed soil temperature profiles for each
city. The observed profiles showed almost zero or negative temperature gradients with
increasing depth. One reason for this is that upward geothermal fluxes from the deep zone
were small due to thick sediment of low thermal conductivity at each location. Another
reason is the vertical groundwater flow for heat transfer to the deep zone. In Figure 7, the
root mean square error (RMSE) between the calculations and observations was 0.027 ◦C in
Sapporo and 0.037 ◦C in Tokyo, indicating the reasonableness of the simulation.
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2.3. GSHP System Performance Simulation

The authors previously developed a methodology to simulate the thermal energy cycle
during the operation of a GSHP system [8,32]. The methodology has been commercialized
as a standard tool for the designing and planning of GSHP systems in Japan. It executes
cyclic calculations for the temperatures of (1) the soil surrounding the GHE, (2) the heat-
transfer fluids in the U-tubes, and (3) the fluids entering and leaving the heat pump. The
calculations were performed according to hourly thermal loads, resulting in a realistic solu-
tion at the highest level [16]. At each calculation time step, the change in soil temperature
around the BHE was estimated as the superposition of temperature changes according to
all hourly thermal pulses. To improve the accuracy of the methodology, the calculations
considered theoretical heat transfer for an infinite cylindrical source for the targeted BHE
itself instead of an infinite linear heat source. The theoretical thermal response along the
cylindrical heat source was in a semi-infinite integral form. The methodology derived
a nonlinear relationship of thermal responses with a dimensionless Fourier number to
reduce the computational costs for hourly calculations over a long period (here, 20 years).
The calculations based on the infinite source theory were modified by correction factors
for finite heat sources such as a BHE. The heat transfer rate between the fluid and soil
was calculated from their temperature difference with respect to the borehole thermal
resistance. The borehole thermal resistance was estimated using a 2D boundary element
method for the steady temperature difference between the fluid and the borehole surface,
considering the properties of the circulating fluid, the materials, the U-tube geometry, and
the grout materials. The temperature of the fluid at the shank of the outlet U-tube was
calculated from the temperature of the fluid at the shank of the inlet U-tube considering
the heat transfer rate between the fluid and the surrounding soil and the thermal capacity
within the BHE. The electricity consumption of the GSHP was calculated at each time step
using the relation between the coefficient of performance (COP) of the heat pump and the
temperature of the fluid flowing into it. The temperature of fluid flowing out of the heat
pump changed after heat extraction for heating or injection for cooling. The calculation
cycle was carried out for each time step. The electricity consumption by the heat pump and
another fluid-circulation pump were summed to estimate seasonal performance factors for
heating and cooling (i.e., SPFh and SPFc, respectively).

This study assumed that the GSHP system consisted of a single BHE, a 10 kW water-
to-water heat pump, and a duct system to supply heated or cooled air to each room, as
shown in Figure 8. The modeled heat pump (SIJ10MER, Dimplex, Co., Tokyo, Japan) was
chosen because the product catalog gives the relationship of its COP with the inlet brine
temperature (Tb) of the fluids entering the GSHP, as shown in Figure 9. The relationship
was assumed not to differ between the present and the future. The BHE was assumed to
consist of a single vertical 32 A HDPE U-tube buried with silica sand grouting in a borehole
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(length, 100 m; diameter, 0.14 m), as often designed in Japan. The electricity consumption
of the GSHP system was calculated from the hourly COP as a function of Tb and thermal
pulses at each hourly step. A circulation pump and duct system for the heat-transfer fluid
was assumed to use electricity at a constant rate of 0.4 kW at each operation time. The
performance of the GSHP system was evaluated from the ratio of the total thermal load
over total electricity consumption for heating and cooling, respectively. The results are
represented as seasonal performance factors: SPFh for heating and SPFc for cooling.
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A simple analysis established the life cycle cost (LCC) as the sum of the initial capital
and the ongoing operation and maintenance costs without considering other renovation
or disposal costs to evaluate payback time (PT) for the GSHP system. For neglecting the
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renovation cost and considering practical time limitations for the cost-effectiveness of the
GSHP system, this study assumed 20 years as the calculation period of LCC. A system
commonly used in Japan, especially in the north, is considered for comparison; it consists
of five 3 kW ASHPs (one for each room in residence) for cooling and an oil boiler central
system for heating. The COP value of the ASHP was taken from previous research [33] and
assumed not to differ between the present and the future, similar to that of GSHP. As the
oil and gas boilers used for heating often differ among residences, this study assumed a
ratio of ASHPs, gas boilers, and oil boilers used for heating of 0.16:0.03:0.81 in Sapporo
and 0.32:0.47:0.21 in Tokyo, as determined by a previous survey [34]. Our market research
assessed the systems’ capital costs as 2.8, 2.0, and 0.87 million JPY, respectively. A subsidy
of 0.6 million JPY for the GSHP system was also considered. The operating cost for the
present was calculated as the sum of each year’s energy consumption multiplied by the
energy price for that year. At the present, the prices of electricity, gas, and oil for LCC are
plotted in Figure 10 [35], which shows their variability and the generally increasing trends
for gas and oil prices. Maintenance costs were assumed to be 25% of the operating costs.
Three future cost (prices per joule) scenarios are compared:

• S1, no change from the present;
• S2, the 20-year oil/gas prices would double those in the present while the electricity

price would remain the same, considering their recent trend in Figure 10. The increase
of the oil/gas prices was equal to an assumption that an annually rising rate of 5%;

• S3, both electricity and oil/gas prices in the future would double.
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Figure 10. Current 20-year trends of oil, gas, and electricity prices in Japan.

3. Results
3.1. SoilT

Figure 11 shows the calculated daily temperature at a shallow depth (2 m), Ts, and
at the target depth for a BHE (50 m), Td, for the two 20-year periods (present and future)
for Sapporo. The shallow temperature fluctuated seasonally like Ta but with a narrower
range, and its peaks were relatively late. In contrast, Td has not fluctuated for both 20-year
periods due to the superposition of the heat transfer in the deep zone. Table 2 summarizes
the calculation results, indicating that both Ts and Td were, on average higher than Ta for
both cities. In particular, the average Ts was ~2 K higher than the average Ta due to solar
radiation and water infiltration. The annually increasing rate of temperature was about
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6 to 7 ◦C/100 y during both the present and future periods in Sapporo. The rates of Ts
were almost equal to those of Ta, whereas the slopes of Td were smaller but probably not
negligible (~2 ◦C/100 y). The difference of 20 year-averaged Td between the future and
present was 1.47 K. In Tokyo, the rates were relatively low during the present, around
1.5 ◦C/100 y for Ta and 0.29 ◦C/100 y for Ts. In the future, however, both rates will increase
to around 4–5 ◦C/100 y in Tokyo. The rates of Td were low (1.15 ◦C/100 y), indicating
almost constant temperatures in the deep zone. The difference of 20 year-averaged Td
between the future and present was 0.61 K, which might be significant to the performance
of a GSHP system considering the dependence of the GSHP assumed in this study. For
example, if the inlet brane temperatures Tb increased by 0.6 K in the future after 50 years
from the present, Figure 9 indicates the COP was no more than 0.1 higher for heating and
lower for cooling. The differences were almost neglected, considering the accuracy of the
uncertainty of various factors in the GSHP operation simulation.
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Figure 11. Calculation results of ground temperature at a depth of 2 m, Ts, and 50 m, Td, in (a) the
present and (b) the future in Sapporo.

Table 2. Summary of soil temperature calculations, Ts and Td, at a depth of 2 m and 50 m, respectively.

Period Category Sapporo Tokyo

Ta Ts Td Ta Ts Td

2001–2020 ave [◦C] 9.40 11.65 10.52 16.60 19.35 17.73
slope [◦C/100y] 6.96 6.00 2.56 1.45 1.46 0.29

2076–2095 ave [◦C] 11.36 13.66 11.99 19.51 20.96 18.34
slope [◦C/100y] 6.90 5.96 2.09 5.17 4.01 1.15

3.2. Seasonal Performance of a Residential GSHP System

The box plots in Figure 12 show the simulation results for the seasonal performance
factor for heating (SPFh) and cooling (SPFc) during both 20-year periods for both cities.
In Sapporo, the SPFh during the present had a median of 3.04 and a small range of <0.1.
The median future SPFh * was 0.14 higher due to decreased heating demands, and the
range increased owing to the different future climate conditions. SPFh and SPFh * were
not sufficiently high compared with the targeted value, i.e., 4.0 [36], despite the high COP
of the GSHP, as shown in Figure 9. This means that the electricity consumption used for
circulation pumps and ducts (0.4 kWh in this study) was not neglected in the residential
system of limited thermal loads, even in the cold region. For cooling, both present SPFc
and future SPFc * showed similar medians of 4.1–4.2, and the range of SPFc * was larger
than that of SPFc. This means that the system efficiency was consistent in the northern city,
except for some years with exceptionally severe climates. In Tokyo, the median SPFh was
3.64, the range was small, and the value was lower than the targeted value above. SPFh *
becomes lower, resulting in its median of 3.19 with a larger range. The decrease of SPFh
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* was caused by reduced future heating demand in the warm city, while the electricity
consumption for the circulation pump and duct system remained relatively consistent.
SPFc and SPFc * for cooling showed fairly similar statistics, like in Sapporo. As heating
demands were greater than cooling demands in the assumed residence, the GSHP system
might be sufficiently efficient for the future when heating demand would be lower.
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Figure 12. Box plots of seasonal performance factors for heating and cooling in 20-year periods in the
present and future and in (a) Sapporo and (b) Tokyo.

3.3. Cost Effectiveness of a Residential GSHP System

Figure 13 shows LCC values for the residential GSHP system during the 20-year
operation in Tokyo and Sapporo for the present (P) and three other future scenarios (S1, S2,
and S3). Table 3 also summarizes two extracted LCC estimates after 10 and 20 years and
the simple payback times under different scenarios (P, S1–S3) in Sapporo and Tokyo. The
comparable cost for the conventional system consisting of an ASHP and an oil or gas boiler
is also shown for each case. The PT value was determined as when the cost increase line
of the GSHP system intersected with the line of the conventional system. For the present
(P), PT was 16.2 years in Sapporo and over 20 years in Tokyo. One reason for the long PT
in Tokyo was the low SPFh reflected the small heating demands. Another reason was the
high use of the ASHP (rather than the oil/gas boiler) for the conventional system in Tokyo
relative to Sapporo. For the first future scenario (S1), the thermal demands for heating
decreased, and SPFh * increased relative to that of the present. In contrast, the thermal
demands for cooling increased but were smaller than the heating demands. Therefore, the
slope of the cost of the GSHP system was lower for the future than the present. This study
assumed that the initial cost of the GSHP system was reduced from 2.3 to 1.8 million JPY.
However, the slope of the cost of the conventional system also reduced due to decreased
thermal demands and increased outdoor temperatures. This made PT for S1 no less than
for the present in Sapporo and more prolonged than in Tokyo. For the second future
scenario (S2), the cost of the GSHP system was not changed, but the conventional system
had increased costs because the oil and gas prices were assumed to double those in the
present; this gave the shortest PT of 8.4 for Sapporo, but still over 20 years for Tokyo. The
long PT in Tokyo was because the ASHP was used mainly for heating, and its COP would
increase owing to increased future outdoor temperatures, similar to the GSHP. For the third
future scenario (S3), PTs in both cities increased by less than one year from those in S2,
indicating the lower importance of electricity prices than oil and gas prices on PT if we
assume a constant ratio of ASHP, oil boiler, and gas boiler use.
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Figure 13. LCC estimates for a residential GSHP system (straight lines) and comparative systems
(broken lines) in Tokyo (red) and Sapporo (blue) in the present (P) and future scenarios S1, S2, and S3.

Table 3. Summary of estimated LCC after the 10 and 20 years, LCC10 and LCC20 [×106 JPY] and the
simple payback time PT [years] in different scenarios of climate change in Sapporo and Tokyo.

Period
Sapporo Tokyo

LCC10 LCC20 PT LCC10 LCC20 PT

P 3.6 4.6 16.2 3.1 3.8 >20
S1 2.5 3.3 16.0 2.3 2.6 >20
S2 2.7 3.4 8.4 2.2 2.7 >20
S3 3.1 4.5 8.5 2.5 3.3 20.0

4. Discussion

This study predicted future soil temperature through a 1D simulation of heat transfer
in the downward direction. The calculated temperatures Td at a depth of 50 m for a BHE of
standard length (100 m) would increase little, by around 1 K on average for 2076–2095 in
both Sapporo and Tokyo. The prediction results were considered reasonable, considering
the increases of Ta were also no more than 2 K. This simulation also found the stability
of Td as the temperatures of heat sources remained despite the hourly fluctuations of the
outdoor temperatures. Considering the sensitivity of the COP of the GSHP to the inlet
temperatures of entering brane Td, the increase of Td in the future had a much lower effect
on the performance of the GSHP system than another change of thermal demands related
to Ta. The soil temperature Ts at a shallow depth of 2 m was also calculated: Ts varied
cyclically, both seasonally and daily, with a time lag following the outdoor temperatures,
Ta. This means that there is less advantage to a shallow heat exchanger using Ts as a heat
source (e.g., a horizontal heat exchanger and energy piles) than a deeper one using Td.
The average Ts would be ~2 K higher than the average Ta. Future work should similarly
evaluate a GSHP system based on a shallow BHE.

The system performances were calculated for the present (SPFh and SPFc) and future
(SPFc * and SPFh *). The values for heating were sufficiently high and increased in the
future, and that for cooling remained almost constant in Sapporo, where heating demands
were relatively great. Despite the performance efficiency, the 20-year cost analysis showed
that the simple payback time (PT) for the second scenario (S2) of unchanged future energy
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prices was not shorter than in the present because the cost line increased slowly owing to
decreased thermal demands in the future. This study found that scenarios with the future
doubling of energy prices had the residential GSHP system more cost-effective than in the
present. In Tokyo, however, SPFh * was lower than SPFh because the thermal loads were
reduced to be too small relative to the energy used to operate the circulation pump and
duct fan. The PT in Tokyo was over 20 years in each scenario.

The high initial cost and uncertainty of PT under climate change often prevent cus-
tomers and developers from installing GSHP systems, especially residential systems. This
study establishes that a residential GSHP system would remain cost-effective in cold ar-
eas such as Sapporo, and its cost-effectiveness would increase as energy prices increase.
However, the residential GSHP system might not be cost-effective in ware areas such as
Tokyo, where thermal demands, especially for heating, are limited and set to decrease.
Obtaining cost-effectiveness in such warm areas requires reduced capital costs for installing
the BHE and GSHP and improved overall efficiency by reducing the system’s electricity
consumption. Finally, some uncertainty remains in other conditions and future scenarios.
The thermal demands would change with the city location, climate scenario, and assumed
residence. Soil temperature predictions would also change with the climate and soil con-
ditions and might greatly affect the thermal performance of the borehole heat exchanger
more, even if deep underground. It is also important to evaluate the sensitivity of GSHP’s
COP to the heat source temperature. The system ‘s performance and 20-year cost depend on
electricity consumption, energy prices, and performance advantages (high SPFh and SPFc)
compared with conventional systems. Although more detailed and realistic conditions
should be assigned to the design and planning of the system at an actual site, this study
examined the differences in the long-term efficiency and cost-effectiveness of a residential
GSHP system in cold and warm cities in different scenarios of energy prices. The present
findings revealed the problem of the GSHP system in the country and may aid the growth
of the GSHP market and help establish targets for research and development to reduce
costs and improve efficiency.

5. Conclusions

This study evaluated the operating performance of a residential GSHP system in the
future under climate change considering all engineering factors in climatology, geology,
and building environments in cold and warm climates of Japan. Hourly climate data
were used to establish demand peaks for realistic performance estimation. The prediction
of future outdoor temperatures was statistically modified from the previous projection
data; the outdoor temperature was set to increase by ~3 K in both cities for the case of
climate change. Future annual heating demands are set to decrease by ~40%. The increased
cooling demands were much smaller than the heating demands, similar to the present. Soil
temperature was calculated daily using a 1D numerical heat conduction and advection
simulation. Soil temperatures at a middle depth of a borehole heat exchanger (50 m)
were modeled to increase by ~1 K in the future, which might not significantly affect the
performance of a BHE. However, the temperatures at 2 m depth were more variable and
higher than the outdoor temperatures, indicating a potential influence on any system based
on a shallow heat exchanger.

Seasonal performance factors for heating increased slightly in Sapporo, which has
relatively large thermal demands but decreased in Tokyo owing to the operating energy
input needed for the small heating demands. Factors for cooling were mostly the same in
both cities. The simple payback time for the present was 16.2 years in Sapporo but more
than 20 years in Tokyo. The payback times in both cities were not changed for the future
scenario that assumes the same 20-year trends in energy prices. However, the economic
scenarios assuming that oil and gas prices double have the payback time reduced by half
in Sapporo, reflecting the sensitivity to oil and gas prices of conventional systems. On
the other hand, the payback time remained over 20 years in Tokyo in the future scenarios
owing to the small future thermal demands. This means that the cost-effectiveness of the
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GSHP system is changed more in cold cities with large thermal demands than in warm
cities. Technology development or cost-saving products would be required to make the
GSHP system more cost-effective in a warm city.

This study remains some limitations to address in a future study. The analysis will be
conducted on different scenarios of climate change. Other prediction databases by some
institutes and organizations, for example [37], are available. This study assumed only one
residence as a standard in Japan. However, the analysis would differ in various cases, such
as insulation level, floor area, and human activity. The configurations of the GSHP system
were also assumed; the factors, such as the COP of a GSHP product (Figure 9) and the
length of BHE (100 m in this study), affected the simulation results. In addition, a BHE
could be changed to another type of ground heat exchanger, such as a horizontal heat
exchanger. Geologic components in the underground formation and its ground thermal
conductivity are generally variable at locations within each city. In particular, this study
neglected an advection effect of groundwater flow. If groundwater flows fast, as often seen
in Japan, the performance of GSHP systems can enhance and reduce the payback times
of the systems. This study assumed the energy prices would double in scenarios S2 and
S3, but the increase ratio was uncertain. The future study will discuss the sensitivity of the
ratios on LCC and the cost-effectiveness of a residential GSHP system.
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