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Abstract: This study proposes a simple ground heat exchanger design capacity that is applicable
in the schematic-design stage for several configurations used for borehole heat exchangers (BHEs).
Three configurations—single, compact, and irregular types—were selected, and the heat transfer
rate per unit BHE was calculated considering heat interference. In a case study with a typical
configuration and general range of ground thermal conductivity, the BHE heat transfer rate of
the compact configuration decreased owing to heat interference as the number of BHEs increased.
However, with respect to the irregular configuration, the heat transfer rate increased as the same
number increased. This was attributed to the relatively large increment rate of the distance between
the boreholes in the irregular configurations, making the heat recovery factor more dominant than
the heat interference. The results show that the average heat transfer rate values per BHE applicable
to each configuration type in the schematic-design stage were 12.1 kW for the single configuration,
5.8 kW for the compact type, and 10.3 kW for the irregular configuration. However, owing to the
large range of results for each case study, the error needs to be reduced by maximally utilizing the
information available at the schematic-design stage.

Keywords: bore field configuration; borehole heat exchanger; ground-coupled heat pump; prelimi-
nary design

1. Introduction

The design capacity of a ground-coupled heat pump system (GCHP) during the early
design stage of a construction project is determined through the application of a set capacity
per unit of equipment. In this work, GCHP systems refer to a heat pump coupled with
vertically installed borehole heat exchangers (BHEs). However, the ground-coupled heat
pump system is distinct such that the capacity and efficiency of the system are largely
dependent on the design of the ground heat exchanger constituting the heat source loop,
which may cause problems such as increased costs following an inaccurate early design
stage. In general, the detailed estimation of an equipment system’s capacity is determined
upon the completion of the building design by selecting the appropriate equipment factors
to counter the acquired loads [1]. However, before the design development stage, the
estimation of the approximate capacity and cost via a simple method in order to factor
in the size and limitations of the entire construction project is common. The American
Institute of Architects (AIA) divides the construction project process into five stages as
shown in Figure 1 [2].
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Figure 1. The five main stages of a construction project and the ground-coupled heat pump system (GCHP) design process

in the early stage.

The schematic-design process belongs to the early stage, where the preliminary system
concept is analyzed by defining the goals as well as the general scope and scale of the
project. The building loads and demand are estimated in a simple way to select possible
building energy systems. For instance, a building load per unit area or system capacity
per unit design factor can be used that would be determined by heuristic assumption. The
design development stage, which is also regarded as the early design stage, details the
design process: the construction details are developed, and all the building systems are
determined. In the succeeding stage, the construction documents are prepared in detail, the
requirements of the client are implemented through conflict resolution and supplemental
services, and the goal of the construction project is achieved. As the design progresses from
the initial step of schematic design, the construction cost estimates are further subdivided,
and the impact on the future revised cost is significant. Thus, there is a growing need for
the establishment of a clear design from the schematic-design stage.

GCHP systems are also considered in the schematic-design stage. At this stage, an
approximate GCHP capacity is estimated to elucidate the overall scale of the system
without considering a detailed bore field configuration, the number of BHEs, and so
on. After the approximate GCHP capacity is estimated in the schematic-design stage,
whenever a change in design occurs such as in the number or configuration of BHEs
or other parameters, a detailed review must be conducted through simulation in the
design development stage. Here, well-known detailed design methods and commercial
simulation tools can be used. In this case, repetitive feedback occurs during the review
process for design proposal confirmation, resulting in additional cost and time, and the
construction cost estimates in the schematic-design stage may increase in the subsequent
design development stage. Conversely, excessive capacity design in the schematic-design
stage can lead to the complete exclusion of the GCHP system from the project owing to
the limitation of the construction cost and the client’s decision based on the estimated
construction cost from the schematic-design stage. In other words, the empirical design of
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the GCHP system greatly increases the difference between the schematic-design stage and
design development stage in some cases, and problems arising from such differences may
hinder the market formation and development of the GCHP system.

In the schematic-design stage, the traditional design method is based on empirical
estimates currently used in engineering handbooks or technical guidelines. The capacity of
the GCHP system is estimated based on the energy demand of the building or the nominal
capacity of the system [3—6], or the total length of the ground heat exchanger is calculated
using the heat pump capacity [7,8]. For example, in the schematic-design stage, the reported
cases of GCHP unit capacity estimation include the method of assuming ground boring to
a depth of 100-200 m for the borehole heat exchanger (BHE) and connecting a heat pump
of approximately 5-10 kW in capacity [9], or applying a constant capacity of 7-11 kW
(~=2-3 RT (Refrigeration Ton)) per borehole for implementation in the design [10,11]. Such
existing design methods are mostly based on rule-of-thumb estimation and assuming
several design parameters. These methods are limited such that only very experienced
and competent designers may design for an adequate capacity at the schematic-design
stage [12,13]. The commonly used design method based on those rough estimations can
lead to the over- or under-sizing of the GCHP system due to the following reasons.

First, the ground load is imbalanced [14-17]. Among the factors considered when
designing a GCHP system, the total required length of BHEs is the most important factor
since this can determine whether the required ground load is covered by BHEs or not,
particularly over a long-term period. BHEs reject heat during cooling operations and extract
heat in heating mode by means of heat transfer between the BHE and surrounding ground.
In the ground where the BHE is installed, owing to the large heat capacity, the operation
hysteresis affects the ground temperature over a long period of time. The temperature
change in the ground affects the amount of heat collection (extraction) through the BHE.
For example, in an area where the demand for cooling is dominant, heat is continuously
injected to the ground, leading to an increase in ground temperature and, eventually,
an imbalance in the ground load. This phenomenon lowers the heat exchange rate and
degrades the system performance [18]. In such a case, the heat injection rate per BHE
decreases, necessitating the additional installation of BHEs.

Another reason is that various bore field configurations are used for GCHP [5,19-26].
Gultekin et al. [20] investigated the heat exchange rate according to geometrical design
parameters such as the spacing and number of BHEs. It is reported that a rectangular
arrangement produced higher total heat transfer rates since the thermal interaction effects
were smaller, while a square type, regarded as a compact and dense arrangement, showed
the minimum value. Li et al. [22] investigated the thermal interaction particularly for the
case of building loads unbalanced between heating and cooling, showing the differences
from a single BHE case. Lazzari et al. [24] studied the long-term performance of BHEs for
cases of a single BHE, a single and two staggered lines, and a square filed configuration.
Compared to a single BHE, the other test cases needed a load adjustment to balance the
heating and cooling ground loads.

Most of the existing studies have mainly suggested ways to increase design capacities
by modifying design factors using detailed simulation tools typically employed not at
the schematic-design stage but at the design development stage, as shown in Figure 1.
An example is the work of Fossa and Rolando [27,28], which provided a new bore field
design method based on the penalty temperature, considering the interference effect of
eight surrounding BHEs, namely, Tp8. They compared the total length with the new
method with the approach based on ground response functions for 240 cases of BHE
fields, including squares; rectangles; I-, L-, and U-shapes; and open rectangles. They
reported that the average difference is only 2.7% within a range of 10%. Their methodology
provides a simplified but accurate sizing method for BHEs, but it can be used for the design
development stage, as BHE locations and soil properties must be specified in detail.

Some of the studies have been conducted to provide useful design capacity informa-
tion for use in the schematic-design stage. Woloszyn [29] and Li Zhu et al. [30] investigated
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the impact of design parameters of the GCHP on the heat exchange rates, especially for
borehole thermal energy storage cases where regular arrangements were typically adopted.
Ferrantelli et al. [31] proposed a simple methodology to estimate the heat transfer yield
(kW) per unit length of energy piles, considering the soil types, spacing, and pile depth.
Their work could be useful, but they still did not consider the thermal interference effects
that are variable according to different irregular BHE arrangements.

This work aimed to propose design capacities and corresponding reference data that
could be useful in the schematic-design stage of GCHP, considering unbalanced building
loads, the number of BHEs, and irregular bore field configurations. All the simulations
were based on the modified duct storage (DST) model proposed by Park et al. [32], as the
model can describe the irregular configurations tested in this work. The following section
will describe the simulation methodology, and it is followed by the results and discussion.

2. Methodology
2.1. Effects of Heat Interference among Boreholes

The effect of heat interference varies depending on the configuration of the BHE.
Despite the similarity between the number and spacing of BHEs, stronger heat interference
is generally observed in compact bore fields. The greater the number of boreholes, the
more the imbalance in the ground load and the smaller the ground thermal diffusivity.

Figure 2 shows the heat transfer pattern of a single BHE without heat interference be-
tween adjacent boreholes and different configurations of four BHEs with heat interference.
Assuming that an individual BHE is connected in parallel and heat is transferred to the
ground for cooling, heat transfer from the BHE occurs as shown in the vertical section A-A’.
The darker gray colors represent higher ground temperatures as a result of heat transfer
from the nearest BHE or from neighboring BHEs, particularly for multiple BHE cases. Here,
B is the spacing among the BHEs. The BHE at the center in the I-type bore field exhibits
heat interference from two adjacent boreholes to the left and right, whereas the BHEs at
both ends have heat interference from one adjacent borehole. On the other hand, in the
bore field of the compact diamond configuration, each BHE is affected by three adjacent
boreholes. In this case, if cooling is dominant, only a small amount of heat injected into the
ground is recovered during the heating period, leading to heat accumulation in the ground
and possibly stronger heat interference between the BHEs.
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Figure 2. Heat interference effects according to BHE configuration.
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In this study, to analyze the heat interference effect according to the configuration type,
the BHE configuration, the representative type commonly used, was selected as shown
in Table 1 with reference to the research by Park et al. [30]. The selected configurations
were a single BHE, compact BHE, and irregular BHE on a uniform grid (2L-, Rec-, U-, 1L-,
and I-shapes). In Table 1, the configurations are numbered in order of strong to weak heat
interference, apart from the case of a single BHE.

Table 1. Selected bore field configurations for tests.

Reference Test Cases
. (2) 2L-shape )
Single BHE (1) Compact (double lines) (3) Rec-shape

(Single borehole) (4) U-shape

(5) 1L-shape

(single line) (6) I-shape

If the thermal properties of the ground are uniform, the heat interference effect in
a specific configuration can be evaluated by the sum of the distances between BHEs as
expressed in Equation (1) [30]: S is the total distance, N is the total number of BHEs,
and x; and y; are the coordinates of the individual BHE as Cartesian coordinates. As an
example, Figure 3 shows how to calculate S using Cartesian coordinates, and the case is
the cylindrical configuration proposed in the original DST model. S can be calculated by
inputting the coordinate values of the BHEs into Equation (1).

A ¥ (m)

° e |40 °

# S e e e e | e i >
=12.. -8 . -4 4 8 12.x (m)

° o T4 °

= Configuration type : Compact
= N:19
= B:5(m)

Figure 3. Example of BHE coordinates for calculating the total distance according to Equation (1).

In this study, S was compared for the quantification of the heat interference effect and
used for the analysis of the heat transfer rate according to the configuration.
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2.2. Calculation of Heat Transfer Rates for the Bore Fields

In the case of unbalanced cooling or heating loads, the GCHP system is subject to a
continuous increase or decrease in the ground temperature due to unbalanced heat extrac-
tion or injection for each year, which leads to a decrease in the coefficient of performance
(COP) of the heat pump each year. Therefore, when designing a GCHP system, it must
be reviewed over a long period of time to ensure that the maximum or minimum value
of the entering water temperature (EWT) does not exceed the allowable design range. In
general, when cooling is dominant, the maximum allowable temperature for the EWT is
set within the range of 30-35 °C, and when heating is dominant, the minimum allowable
temperature for the EWT is set within the range of 0-5 °C for the design of the BHE. This
temperature ranges above the freezing point, but the fluid is typically an antifreeze that is
a 30% propylene glycol/water mixture.

The heat transfer rate continuously decreases due to heat interference between BHEs,
and to investigate this trend, two types of profiles of building loads dominated by cooling
and heating were used in this study. Figure 4 represents the load pattern used in this study:
(a) represents the building load dominated by cooling, and (b) represents the building load
dominated by heating. Here, the cooling load is indicated as (+), and the heating load, as
(—). In the case of Figure 4a, the ratio of the heating demand accounts for 16.7% of the total,
while that of the cooling demand accounts for 83.3%. As shown in Figure 4b, the annual
heating demand ratio is 5.7% of the total, and the cooling demand ratio is 94.3%.
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Figure 4. Test building load: (a) cooling-dominant case and (b) heating-dominant case.

As shown in Equation (2), the building load (Qp14) can be converted to ground load
(Qg) via the COP of the heat pump. The COP is an index that indicates the system
performance in relation to the EWT of the GCHP. Based on the catalog data provided by
the manufacturer, the COP can be expressed as a polynomial of the EWT, as shown in
Equation (3). For simulation, the heat pump was modeled using Equations (2) and (3), and
for all the cases, identical coefficients of &, , and v were applied. Based on Equation (3),
the COP curve used in the test is illustrated in Figure 5, and the average heat pump COP
was 4.5 for cooling and 3.7 for heating.

1+ &5 (Cooling)
Qg = Qbld ¥ QP : 2
g~ <bld { 1— %Ph (Heating) @
COP. = a; + B1EWT + 91EWT?2 (Cooling) 3)
COPy, = ay + BoEWT + 7,EWT? (Heating)
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Figure 5. Heat pump entering water temperature (EWT)—coefficient of performance (COP) curve for
heating and cooling cases.

The Qg derived from the COP and Qg can be represented by the flow rate (1) of
the BHE loop, specific heat (c,) of the working fluid, and heat pump AT(=LWT — EWT),
according to Equation (4). If m is constant, AT can be determined according to the magni-
tude of Qg. In this study, assuming that the flow rate per BHE was constant at 0.3 kg/s, a
sizing simulation of the BHE for 20 years was performed for a specific bore field case where
the configuration type and number of boreholes were determined. During the 20-year
simulation period, the heat transfer rate for the peak load (Qphe,peak, kW) was calculated
for each bore field case by adjusting the magnitude of Q14 such that the maximum EWT
value of the BHEs became the desired EWT (EWTsgr) value. In the building load condition
where cooling is dominant, the EWTgg is set at 30 °C, and in the building load condition
where heating is dominant, the EWTggr is set at 0 °C.

Qg = m xcp x AT 4)

In order to compare the Qppe, peak of the BHE configurations of the bore fields with
numbers of BHEs between those of the single BHE configuration and other configurations,
the Qphe, peak Was divided by the number of BHEs per case and expressed as the heat
transfer rate per borehole (Qppe). The average heat transfer rates per borehole can be
compared using this rate.

2.3. Sizing Simulation for Boreholes and Calculation of Heat Transfer Rates

TRNSYS, a detailed simulation program, was used to analyze various configurations
of the GCHP system. The TESS [33] library of the TRNSYS [34] program provides various
types of ground heat exchanger analysis models. In this study, the duct storage (DST)
model, a ground heat storage analysis model developed by Hellstom [35], was used
as the basic model. The DST model numerically calculates bore fields using a regular
cylindrical configuration with a U-tube-type BHE. The DST model numerically calculates
the ground heat transfer through a local and global mesh network for BHEs defined under
the cylindrical coordinate system (r, z). The detailed calculation process of the DST model
is presented in the work of Chapuis et al. [36]. The DST model is a well-known numerical
model, and it has been validated through previous studies [23,30,37]. The volume of the
heat accumulator (Vpgr), including the number of ground boreholes (N), spacing (B), and
height (H), is defined in Equation (5). The heat transfer rate was calculated using these
simple parameters. Here, the volume occupied by a single BHE was approximately equal
to the volume of a cylinder with a diameter of 0.525B and a height of H (m).

Vbst = 71 x N x H x (0.525 x B)? (5)

The DST model was designed as a ground heat storage analysis model, and the
configuration of the BHE was assumed to be cylindrical in all cases. Therefore, although
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the arbitrary modification of the cylindrical configuration of the DST model is not possible,
the results from the research of Park et al. [38] were used to analyze irregular configurations
other than the cylindrical configuration. In their study, the method of implementing an
irregular I-shape configuration into the DST reported by Bertagnolio et al. [39] was further
developed, and a rule-of-thumb equation that can depict the rectangular, U-type, and
L-type configurations by modifying Vpst was proposed, as shown in Equation (6). In
their paper, the DST model that uses the equation shown in Equation (6) was compared
with GLHE, a commercial program, and apart from in a specific case, a difference in root
mean square error (RMSE) of 5% or less was reported. Here, s represents the number of
subconfigurations that can be expressed in the form of an I-shape. In the case of the L-shape
configuration, the value of S is 2.

VST modified = § X 7T X H x [{(NB/s) + B} /n]* (6)

Table 2 shows the numbers of boreholes, configurations, and ground thermal con-
ductivities for the selected cases used to derive the heat transfer rate (Qppe) for each case.
Among the configurations shown in Table 1 of the previous section, 4 cases with numbers
of BHEs of 37, 91, 169, and 271 were divided for the respective configurations, compact
and irregular, apart from the case of a single BHE. There were 5 cases of ground thermal
conductivity for each scenario, (k, W/m-K), which included 1.5, 2.0, 2.5, and 3.0 W/m-K.
The compact configuration represents the configuration of the DST model included in
the TESS library of TRNSYS, a building energy analysis program, and as for the irregular
configuration, the DST model was modified according to Equation (6) and was depicted
indirectly.

Table 2. Simulation cases.

Parameters Value Unit
Single BHE 1 -
Number of BHEs (N) Compact
Irregular (2L-, Rec-, U-, 1L-, I-shape)

37,91, 169, 271 -

Ground thermal

conductivity (k) Single BHE 1.5,2.0,2.5,3.0,3.5 W/m-K

Table 3 shows the input values required for the simulation. The values shown in
Table 3 were applied in a similar manner for all the cases, and 15 °C, similar to the annual
average temperature in Korea, was used for the ground initial temperature [40,41]. The
BHE depth (H) was 150 m and, in the case of Korea, the same as the minimum depth
eligible for subsidies for installing renewable energy equipment.

Table 3. Parameters of GCHP system simulation.

Parameter .

Value Unit
Borehole

Header depth 1 m
Borehole radius 55 mm

Borehole spacing (B) 5 m

Borehole depth (H) 150 m
U-tube spacing 23.5 mm
U-tube inside diameter 13 mm
U-tube outside diameter 16 mm
Flow rate per borehole 0.3 kg/s

Pipe thermal conductivity 0.4 W/m-K
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Heat transfer (injection) rate, Qbh .

.~

(

Single BHE

Table 3. Cont.

P t
arameter Value Unit
Borehole
Ground
Heat capacity 2160.5 KJ/(m3-K)
Initial temperature 15 °C
Fluid
Density 1022 kg/m3
Specific heat 3960 J/(kg-K)
Heat pump
Average cooling COP 4.5 -
Average heating COP 3.7 -
Cooling EWTggT 30 °C
Heating EWTggt 0 °C

3. Results

Figures 6 and 7 summarize the Qp},. (kW) obtained after performing TRNSYS simula-
tions for all the cases shown in Table 2. Figures 6 and 7 each consist of seven subgraphs,
and one graph corresponds to one configuration case. In Figures 6 and 7, starting from the
single BHE case with one BHE, the compact configuration and irregular cases (2L-, Rec-, U-,
1L-, and I-shape) are shown in the same order presented in Table 1. The x-axis of each graph
represents the number of BHEs, and the y-axis represents Qyp, the heat transfer rate per
borehole for each case. The upper and lower limits for Q. in the two figures are matched
so that the differences between cooling and heating can be more readily compared. In each
subgraph, when the number of BHEs is identical, the five marks indicate different ground
thermal conductivities. The simulation results for the test cases are presented numerically
in Appendix A, Tables A1 and A2.
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Figure 6. Variation in the heat transfer rate (Qppe) for test configurations of bore field (cooling-dominant case).
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Figure 7. Variation in the heat transfer rate (Qppe) for test configurations of bore field (heating-dominant case).

In the simulation, the Qy,e of the single BHE case without the heat interference effects
between the BHEs was the highest, and as expected, the Qyp,. of the compact case was the
lowest, indicating the strongest heat interference. On the other hand, the configuration of
the respective irregular case showed higher values than the compact case, but Qy},. was
low for the configurations wherein the heat interference effects were strong, except for the
I-shape case. These results were the same for all the heating and cooling load patterns.

In all the cases shown in Figures 6 and 7, Qpp, increased as k increased given the same
number of BHEs. This is thought to be because as the thermal diffusivity increases, ground
heat transfer becomes active, thus relieving the buildup of heat or cold. In addition, as the
number of BHEs (N) increased under the same k condition, the Qy},e of the compact case
decreased, as shown in the study of M. Kayiany [42], and the Q. of the irregular cases
increased, showing a different trend. The reason for the difference in trend depending
on the case is the difference between the increase rate of the heat interference among the
boreholes and the heat diffusion rate superimposed in the surroundings. Thus, the irregular
cases may make the heat recovery factor more dominant than the heat interference. This
indicates that a distinction can be made between the configuration type wherein the heat
interference becomes stronger and Q.. is reduced as N increases, and another type wherein
the heat interference becomes weaker and Qy,, is increased as N increases. Interestingly,
despite the increase in N, the decrease in Qy,. can be prevented by a suitable setting of the
bore field configuration.

Furthermore, the I-shape, which is expected to show the weakest heat interference
effects among the boreholes, had a lower Q. overall, compared to the 1L-shape. This is
thought to result from the limitation of Vpsr, modified by Equation (6), which is used as
the configuration analysis model. According to Park et al. [38], who proposed the model,
when the I-shape was modeled using the DST model, the most irregular error was yielded,
and the RMSE increased from 1.5% to 12.4% depending on the application range of the
I-shape bore field. In addition, the case of the I-shape being installed at a long spacing
of 5 m is unlikely to occur in actual operating conditions. The data on the I-shape case
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presented in Figures 6 and 7 and Tables A1 and A2 were excluded from the subsequent
analysis of this study.

To verify the results for Qppe, the proposed method was compared with the commercial
GLHE program [43] for selected cases as shown in Figures 6 and 7. GLHE was developed
for designing ground loop heat exchangers based on the finite-line-source g-function.
GLHE can allow hourly calculations for estimating long-term EWTs and the total length
of BHEs under user-defined bore fields. Q. was evaluated with GLHE for the cooling-
dominant cases of a single BHE and 37 BHEs with k =2.0, 2.5, and 3.0 W/mK. Figure 8
shows the Qp, differences between the proposed method and GLHE program. The Qpp,e
from GLHE is slightly smaller than the proposed Q,; the average difference is 0.42 kW,
which is 4.3%. This result is similar to that with the Tp8 method [28], so our proposed
method can be used for a detailed sizing at the design development phase where all the
required inputs for sizing are prepared.

Color legend
" e Single BHE

A e Compact
» " -5% e 2L-shape
A e Rec-shape
_ U-shape

® e L-shape

Marker legend
o k=2.0W/m-K

A K=25W/m-K
O k=3.0W/m-K

1 1

3 6 9 12 15
Proposed Obhe (kW)

Figure 8. Comparison between proposed Qppe and GLHE (reference) Qppe-

Figure 9 shows a box plot showing the range of Q. according to the BHE configura-
tion depending on the cooling/heating load case, and Table 4 outlines the median values
of Qppe shown in the box plot. The range expressed in the box plot shows the range of
Qphe for each configuration when the range of k is 1.5-3.5 W/m-K and the number of BHEs
changes. The minimum/maximum values for each configuration are determined by a
combination of the minimum /maximum value of the ground thermal conductivity and
the minimum /maximum number of BHEs per configuration. For example, in the case
of a compact configuration, the minimum value is obtained when the ground thermal
conductivity is the lowest and the number of BHEs is 271.

Table 4. Median values of heat transfer rates per borehole (Qype, kW) for test BHE configurations.

Median Value of Qy;,., kW

Borehole Configuration
Cooling Heating
Single BHE 12.8 11.3
Compact configuration 6.4 51

Irregular configuration 11.2 9.3
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Figure 9. Range of heat transfer rates per borehole (Qppe, kW) according to test BHE configurations.

In the single BHE case, the median value of Q. was 12.8 kW when the cooling load
was dominant and 11.3 kW when the heating load was dominant, whereas in the compact
configuration, Qyp,. was 6.4 and 5.1 kW, respectively, for the cooling and heating scenarios,
which corresponded to 0.5 and 0.45 times the values for the single BHE case. The values
yielded by the irregular configuration groups were 11.2 and 9.3 kW, which corresponded
to 0.88 times and 0.82 times the values for the single BHE case. In other words, in a
compact bore field where the heat interference is strong, the heat extraction or injection
performance of the borehole is 47% compared to in the single BHE case, and 85% in a
bore field where the heat interference is relatively weak. In comprehensive consideration
of these trends, this study proposes the estimation of the schematic-design capacity by
referencing Tables A1 and A2 upon the determination of the approximate configuration
type, number of BHEs, and local ground thermal conductivity. Generally, the capacity per
hole can vary greatly depending on the case.

Figure 10 illustrates the S value of Equation (1), which is the total distance between
the BHEs according to the number of BHEs (N) per test case in the BHE configuration; the
x-axis represents N, and the y-axis represents the S value. Because S, which is a quantified
value of the heat interference effect between the BHEs, represents the total distance, as
S increases, the heat interference between the configurations decreases. Therefore, when
the number of BHEs is the same, S has the smallest value in the compact configuration
and the largest value in the I-shape configuration. In the compact configuration, where
Qppe decreased as the number of BHEs increased, as shown above, the rate of increase in S
according to the increase in the number of BHEs was small. By contrast, in the irregular
configuration group (2L-, Rec-, U-, 1L-, and I-shapes), where Qy}, increased as the number
of BHEs increased, the rate of increase in S according to the increase in the number of BHEs
was large.
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Figure 10. Different S values according to increase in N for test bore field configurations.

When these patterns are compared to the trend shown in Figures 6 and 7, for con-
figuration types such as the case of an irregular configuration wherein the effects of heat
interference decrease as the number of boreholes increases, the S value increases rapidly,
and for a high-density configuration, as in the case of a compact configuration, the S value
shows a relatively gentle increase compared to in the other configurations. In other words,
each BHE configuration type has its own N-S curve, and Q. increases as the number of
BHE increases with a sharp increase in the N-S curve, and Q. decreases when the slope
of the increase rate is small. In addition, if a configuration exhibits a specific increase in
the N-S curve, the configuration is expected to maintain a constant Qpp, as the number
increases; this point will be further investigated in a future study.

4. Conclusions

During the early design stage, determining a rough estimate of the equipment capacity
is common practice. This study proposed a reference value and reference data that can
be used during the schematic-design stage based on the calculation method typically
implemented in the design development stage.

The heat transfer rate (kW) according to the BHE configuration type was analyzed
for each configuration. For this purpose, the heat transfer rate per borehole was calcu-
lated through TRNSYS simulation with various numbers of boreholes, ground thermal
conductivities, and load patterns for each configuration.

The results for the borehole configuration in the case study show that for a single BHE,
based on the median value, the heat transfer rate was 12.8 kW for the cooling-dominant
case and 11.3 kW for the heating-dominant case. These values were 0.45 times those for the
single compact configuration, and 0.85 times those for the irregular configuration. In the
compact configuration, as the number of BHEs increased from 37 to 271, the heat transfer
rate per borehole decreased. In the irregular configuration, this rate increased. This was
attributed to the effect of the degree of the heat interference between boreholes on the heat
transfer rate depending on the configuration. In the compact configuration, as the number
of BHEs increased, the heat interference between adjacent boreholes became stronger, while
in the irregular configuration, the heat buildup from the heat interference between adjacent
boreholes became weaker as the number of BHEs increased.

The findings of this study show that when the type of irregular configuration is taken
into account during the schematic-design stage, regardless of an increase in the number of
boreholes, a high heat transfer rate can be maintained. In addition, the proposed average
values and data per case are expected to serve as guidelines for the estimation of the BHE



Energies 2021, 14, 822

14 of 17

capacity of ground-coupled heat pump systems during the schematic-design stage of the
construction process.
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Abbreviations

BHE Borehole heat exchanger [-]
copr Heat pump coefficient of performance [-]
COP, Heat pump coefficient of performance for cooling  [-]
COPy, Heat pump coefficient of performance for heating  [-]

Ccp Specific heat [k]/kg °C]
DST Duct storage model [-]
EWT Entering water temperature [-]
EWTgpr  Desired EWT [-]
GCHP Ground-coupled heat pump [-]

H Borehole depth [m]

i First order [-]

j Second order [-]

k Ground thermal conductivity [W/ mK]
LWT Leaving water temperature [-]

m Flow rate [kg/s]
N Number of boreholes [-]
Qbla Building loads [kW]
Qbhepeak  Peak heat transfer rate of BHEs [kW]
Qbhe Average peak heat transfer rate per BHE [kW]
Qg Ground loads [kW]
RMSE Root mean square error [-]

S Sum of borehole spacing [m]

5 Number of I-shape bore fields [-]
Vst Heat storage volume [m3]
Vpstvi DST model with rule-of-thumb modification [m3]
X x coordinates [-]

y y coordinates [-]

« Constant for COP [-]

B Linear coefficient for COP [-]

¥ Quadratic coefficient for COP [-]
AT Inlet and outlet temperature difference for BHEs [°C]
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Appendix A Results for Heat Transfer Rate per Borehole (Qy;,.) for Test Cases.

Table A1. Results for heat transfer rate per borehole (Qy,) for cooling-dominant load case.

Borehole Number of Ground Thermal Conductivity, k (W/m-K)
Configurations Boreholes, N 1.5 2.0 2.5 3.0 3.5
Single BHE 1 9.7 114 12.8 14.1 15.2
(reference)
37 59 7.0 8.1 9.1 10.0
Compact 91 49 5.9 6.7 7.5 8.3
P 169 45 53 6.0 6.7 73
271 42 49 55 6.2 6.8
37 7.0 8.3 9.4 10.5 114
. 91 7.4 8.6 9.7 10.7 11.6
2L-shape (2 line) 169 8.1 9.4 10.5 115 12.5
271 8.6 10.0 11.2 123 132
37 7.6 8.9 10.1 11.2 122
Recshane 91 8.2 9.6 10.8 11.9 12.9
P 169 8.8 103 11.6 12.7 13.7
271 9.2 10.8 12.1 133 14.4
37 7.9 9.2 10.5 11.6 126
Usshape 91 8.6 10.0 11.3 124 134
P 169 9.1 10.6 12.0 13.1 142
271 9.4 11.0 124 13.6 14.7
37 83 9.7 10.9 12.1 13.1
. 91 8.9 105 11.8 12.9 14.0
1L-shape (1 line) 169 9.3 11.0 12.4 13.6 14.7
271 - 11.2 12.7 14.0 15.1
37 7.4 8.8 10.0 11.1 12.1
Lehane 91 82 9.6 10.8 11.8 12.8
P 169 8.8 103 11.6 12.7 13.7
271 9.2 10.8 12.1 133 14.4

Table A2. Results for heat transfer rate per borehole (Qppe) for heating-dominant load case.

Borehole Number of Ground Thermal Conductivity, k (W/m-K)
Configurations Boreholes, N 1.5 2.0 2.5 3.0 3.5
Single BHE 1 8.7 10.1 113 12.4 13.3
(reference)
37 5.1 6.0 6.8 75 8.1
Compact 91 42 49 55 6.0 6.5
P 169 3.7 43 48 5.2 5.7
271 35 3.9 44 48 5.1
37 6.0 7.0 7.9 8.6 93
. 91 6.4 73 8.1 8.7 93
2L-shape (2 line) 169 7.0 8.0 8.8 95 10.0
271 7.5 8.6 9.4 10.2 10.8
37 6.6 7.6 8.5 9.3 10.0
Rec-chape 91 7.2 8.2 9.1 9.8 10.5
P 169 7.8 89 98 10.6 11.3
271 8.1 93 10.3 112 11.9
37 6.9 7.9 8.8 9.6 10.3
Usshape 91 7.5 8.6 95 103 10.9
P 169 8.0 9.2 10.2 11.0 11.7
271 8.3 95 10.6 115 12.2
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Table A2. Cont.

Borehole Number of Ground Thermal Conductivity, kK (W/m-K)
Configurations Boreholes, N 1.5 2.0 2.5 3.0 3.5
37 7.2 8.3 9.2 10.0 10.7
. 91 7.9 9.0 10.0 10.8 11.5
1L-shape (1 line) 169 8.2 9.5 106 114 122
271 - 9.8 10.9 11.8 12.6
37 6.5 7.5 8.4 9.1 9.8
I-shape 91 7.2 8.2 9.0 9.7 10.4
169 7.7 8.3 9.8 10.6 11.2
271 8.1 9.3 10.3 11.1 11.9
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