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Abstract

In order to progress towards more energy efficient buildings, vertical ground coupled heat pumps are a
promising solution. Optimisation of both the design and operation of boreholes heat exchangers is a
key factor to reduce energy consumption of such systems. This requires a fast evaluation of the
thermal response factor of the ground heat exchanger, particularly if it contains numerous boreholes
and operates for multiple years. To overcome this challenge, this article reports a new global model
combining the finite line source (FLS) model, the two-dimensional (2D) heat conduction equation, and
a newly developed three-points method. The borehole field is sorted in increasing distance categories,
each being simulated with varying timesteps. The 2D heat conduction equation is used to determine:
1) when the detailed calculation needs to be performed; and 2) the growth of the timestep. A three-
points method avoiding double integration of the temperature profiles is proposed to evaluate the
borehole wall temperature. The global model calculation time and accuracy were evaluated. The
thermal response factor calculation for a square field of 26 x 26 boreholes for 1 simulated year took
4 seconds, showing a calculation time reduction factor of around 1 000 000, and relative errors smaller
than 2 % compared to the original FLS model with superposition principle. For 20 simulated years, the
proposed model took only 1 minute. It is appropriate for various boreholes configurations. Its features
such as accuracy, speed and load-independency are essential for its integration into building energy
simulation tools.

Keywords: geothermal boreholes; ground heat exchanger; thermal response factor; finite line source;
two-dimensional heat equation; calculation time reduction

1. Introduction

Vertical ground coupled heat pump (GCHP) systems have been more and more widely used in the
buildings sector in China because of their energy efficiency [1] and environmental friendliness [2]. A
vertical GCHP system mainly consists of a vertical ground heat exchanger (GHE), heat pumps and
distribution units. The vertical GHE exchanges heat with the ground that serves as a heat source or
heat sink, respectively in winter and summer. Buildings might be equipped with large-scale boreholes
GHEs which may contain hundreds of boreholes due to their high energy loads [3]. The optimisation
of the design and control of GCHP systems can yield more energy efficient buildings [4]. A building
energy simulation (BES) tool integrated with a vertical GCHP model is helpful for building designers
to achieve this goal. However, it is difficult and time costing due to the large amount of calculations
required for a large-scale boreholes GHE.

The simulation of a GHE mainly aims at predicting its returning fluid temperature and the ground
temperature in the borehole field [5]. Fast and accurate calculation of these temperatures is essential
for the long-term evaluation of the GCHP performance and the proper design of the system [6,7]. The
temperature variation of a point in the ground can be represented in a dimensionless form by
introducing a proper thermal response factor (also called temperature response factor in some
references [8-10]), which gives the relation between the temperature variation and the overall heat
extraction rate in the borehole field. The most utilised method to analyse a vertical GHE consisting of
large-scale boreholes is firstly to use a heat transfer model of a single borehole to obtain the thermal
response factor of one borehole, and secondly to apply Duhamel's superposition principle [11] to
evaluate the temperature responses caused by all the boreholes in the field [12].

The energy analysis models for one borehole can be divided into analytical models and numerical
models. Although the numerical models [13-19] might take into account all the elements (including
U-pipe, grout and ground) and offer more accurate results compared to analytical models using



simplifying assumptions [20], they are very complex and they cannot be easily integrated into BES
tools. Many analytical models have been proposed [21] such as the infinite line source model [22], the
finite line source (FLS) model [23], the infinite cylinder source model [24], the infinite composite-
medium line source method [25], the full scale model [26], and the transient quasi-3D entire time scale
line source model [27]. These analytical models are more easily implemented in BES tools. The FLS
model is widely employed in GHE simulation for its simple mathematical form and relatively good
accuracy in long operation time simulation, therefore this study is based on this model. Some studies
improved the FLS model by considering more elements, such as multilayer [28], heat fluxes at the
ground surface [29], buried depth [30], advection of vertical water flow [31] and more complex initial
and boundary conditions [32]. As a first step and in order to present our model more easily and clearly,
this article focuses on the original FLS model. These improvements could be integrated in future
work.

The borehole wall temperature is an essential parameter in the borehole analytical model. The outlet
fluid temperature of a borehole could be derived if the borehole wall temperature is known, and thus
the outlet fluid temperature of the whole borehole field. In Zeng et al.’s study [23], it is indicated that
the middle-point temperature (called the middle-point method in this paper) and the integral mean
temperature (called the double-integration method in this paper) could be two representative borehole
wall temperatures in the FLS model, and that the middle-point temperature is more often chosen for its
convenience. However, there are two main problems for the application of this method. The first
problem is the conflict between accuracy and calculation speed of the FLS model. If the middle-point
temperature is used to represent the borehole wall temperature, the accuracy can be low when the
operation time is long (section 3.2) [33]. If the integral mean temperature is used, the double-
integration form of the model (see equation (2) in section 2.1) increases the calculation complexity
[34]. The second problem is that the calculation load is massive when a large-scale borehole field
operates over a long time (e. g. a 26 x 26 borehole field during 20 years) under dynamic loads. Long
time scales (larger amount of data), varying loads (thermal history) and multiple boreholes (thermal
interactions) are the three major challenges to obtain the optimal design of GHEs based on the
operating performance simulation of GCHPs [35]. The intensive computation makes this method not
suited to be integrated into BES tools.

A few studies have been conducted to simplify the calculation for a large-scale boreholes GHE
operating for a long period. Yavuzturk and Spitler [36] proposed the load-aggregation algorithm to
lump the hourly loads on GHEs into larger blocks of time. Cullin and Spitler [37] proposed a
computationally efficient hybrid time-step methodology for simulation of GHEs by setting a
reasonable peak load and peak load duration according to the daily load profiles. Bernier et al. [38]
presented a multiple load aggregation algorithm to perform annual hourly energy simulations, by
subdividing the past thermal history into four time intervals. Claesson and Javed [39] proposed a new
load-aggregation scheme to perform multi-year simulations of GHEs using a step-response function.
Mitchell and Spitler [40] investigated the different parameters in the developed load aggregation
methods and claimed a 73-fold reduction in simulation time when compared to non-aggregated
simulations. However, the computed hourly temperature is not exactly that corresponding to the heat
load history obtained by the load-aggregation algorithm [35]. The reshaping of load history does not
simulate the interactions between the ground temperature and the heat pump efficiency at each
timestep which is an important feature for the integration in the BES tools. Lamarche and Beauchamp
[41] presented a history-independent mathematical algorithm to calculate ground dynamic thermal
response by applying Green function to solve heat conduction problem of the infinite cylinder source
model. It can be applied in GHEs under any kind of step response [42]. Zhang et al. [43] used the fast
Fourier transform (FFT) method to reduce computational complexity but did not provide a detailed
description. Marcotte and Pasquier [44] proposed a method to reduce the computing time by sub-
sampling the analytical function at a few selected times with a geometric sequence using the cubic
spline interpolant, and based on FFT. Katsura et al. [44] presented a high-speed algorithm to calculate
the ground temperature of multiple GHEs, reducing the computation time by about a factor 135.
Zhang [46] indicated that a representative boreholes matrix of 3 x 3 can be employed to substitute the
large-scale boreholes GHESs based on his study for a GHE operating for dozens of days. However this
representative boreholes matrix is not appropriate for longer operation time. Chen et al. [6] combined



a d-function (a thermal response factor to unit rectangular heat pulse) with FFT; it took only less than
1.5 minutes for a 30-years hourly simulation of 5 x 8 boreholes. Some researchers [47,48] used
monthly loads to simulate long term operation to avoid long calculation time. Beck et al. [49] divided
a rectangle borehole field into four mirror symmetric quadrants so the calculation time can be reduced
to one fourth, but even a single month by month load for a period of 30 years still required a
calculation time of several minutes. Yu et al. [12] indicated that a representative boreholes matrix can
replace the original large-scale ground heat exchanger for heat transfer analysis and proposed the
method to determine the number of the representative boreholes matrix from the thermal influence
radius of a single borehole. This method indeed reduces calculation complexity by using geometric
simplification but still cannot solve the difficulty of the large computing resources needed when the
operation time is long. Cimmino and Bernier [50] introduced a new methodology for the generation of
thermal response factors of geothermal borehole fields. They proposed to divide boreholes into
segments to consider the variation of the heat extraction rates along the length of the boreholes.
However this method will increase the calculation time. Then, Cimmino [7] introduced a similarity
identification method and a load history reconstruction method for fast calculation. The similarity
identification method identifies the pairs of boreholes that have the same FLS calculation value, and
the load history reconstruction method evaluates the thermal response factors at non-uniform
timesteps. The calculation time for the g-function of a rectangular field of 12 x 12 boreholes is reduced
by a factor 300.

It can be inferred from the literature review that although some efforts have been made on reducing
the computation load, there is still a lack of a global, convenient and fast model to simulate the large-
scale boreholes GHE, especially one which can be easily linked with GCHP models and integrated
into a BES tool without reshaping the load history. This article presents a new global model, which is
different from the existing methods, that overcomes the abovementioned issues. The main goal of this
work is to propose a fast calculation method for the thermal response factor based on the FLS model.
Firstly, the GHE model is introduced by using the FLS model and the superposition method. Secondly,
a novel method (the three-points method) to evaluate the borehole wall temperature is presented.
Thirdly, a new model to quickly calculate the thermal response factor of the large-scale boreholes
GHE is proposed, combining the FLS model, the two-dimensional (2D) heat equation and the three-
points method, and then applied to a case study. Finally, the model is validated against the original
FLS model, and the results are presented and discussed. It should be noted that in this paper, if not
particularly indicated, the time refers to the operation time of a borehole or a GHE from initial
conditions where the ground temperature is uniform.
2. GHE heat transfer model

2.1 Finite line source model

In the FLS model, the ground is regarded as a homogeneous semi-infinite medium with constant
thermophysical properties and a uniform initial temperature. The effects of underground water, air
temperature variations and solar radiation are not taken into consideration. The radial dimension of the
borehole is neglected so that it may be approximated as a line-source stretching from the ground
surface to the borehole depth.

Considering the effects of one borehole exchanging heat with the ground at a constant heat load g

(positive values when a GHE extracts heat from the ground), the ground temperature T at any point at
time t, as shown in Figure 1, is given by the FLS model [23]:
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where r is the radial distance to the borehole centre line; z is the vertical coordinate; T, is the initial
ground temperature; As and as are respectively the thermal conductivity and thermal diffusivity of the



ground; H is the borehole depth; h is an integral variable along borehole depth; G is the thermal
response factor; and erfc denotes the complementary error function.

Ground surface
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Figure 1: Temperature in the ground under the effect of one borehole

The integral mean temperature along the borehole length is considered to be a reasonable proxy to
represent the borehole temperature [23], which can be obtained by the double-integration method.
Thus, considering the heat interaction between two boreholes, the borehole wall temperature T, of a
borehole at time t under the effect of the other borehole located at radial distance r with constant heat
load q is given by:
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where Gi(r,t) is the thermal response factor of a borehole wall temperature under the other borehole’s
effect using the double-integration method. Considering a special case for the self-effect of one
borehole, the borehole wall temperature response under the effect of its own heat load can be
calculated by setting r = r,, where r, is the borehole radius.
2.2 Superposition principle
In the BES model COMFIE developed by Peuportier’s research group [51], the time-varying heating
and cooling loads are step-wise constant values. Even though some studies (e.g. [52]) suggest
considering the non-uniform distribution of the energy load of the building to each borehole, here a
uniform distribution is assumed. It corresponds to the first type of boundary condition defined in [50]
and it is a common assumption adopted for multiple borehole heat exchangers [12,53-55]. This
assumption is made because this work mainly aims at fast calculation of Gy;, which is a dimensionless
response factor independent from the energy load. The uniform distribution could help simplify the
mathematics regarding the temperature. This will be discussed in more detail in section 4.5. However
the non-uniform distribution of the heating load for each borehole could be an improvement of this
method. Therefore, the heat loads of all boreholes during a timestep are identical:
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0im is the lineic heat load of i™ boreheole in a GHE consisting of N, identical boreholes at timestep m;
gm is the lineic heat load of a single borehole; and Qgne(m) is the heat load of the GHE field at
timestep m.



The borehole wall temperature in a large-scale boreholes GHE could be evaluated by employing the
superposition principle to the FLS model. The superposition principle consists of the temporal
superposition and spatial superposition. The time-varying heating and cooling loads are step-wise
constant values in this study, as shown in Figure 2 (a). In fact, the heat load has an effect on both the
current time and the future, as shown in Figure 2 (b). For one borehole without the effects of other
boreholes, its borehole wall temperature at timestep m is determined by employing temporal
superposition to equation (2):
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Figure 2: Temporal superposition principle for the timesteps of one borehole heat load: (a) the step-
wise heat load and (b) heat load increment for various time intervals

The spatial superposition considers the effects of other boreholes on the calculated borehole, as shown
in Figure 3. The borehole wall temperature of the j" borehole at timestep m can be determined by
applying the spatial superposition to equation (4):
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where i is the i" borehole in the borehole field; k is the k™ timestep; q is the heat load of each
boreheole at timestep k; r;;is the radial distance between borehole centre lines of i™ boreheole and j"
boreheole, and r;j = r, when i = j; t,, is the time at timestep m.




Figure 3: A square borehole field consisting Ny, boreholes and the spatial superposition principle
2.3 Modelling challenges for large-scale boreholes GHE

Equation (5) shows that the calculation of one borehole wall temperature can be costly due to three
challenges: (1) its double-integration form, (2) the interactions with a large number of boreholes N,
and (3) the calculation of G for a large number of timesteps m. Besides, the calculation load of the
GHE needs to be multiplied by a factor of N, because this calculation needs to be performed for each
borehole, which brings the final challenge: (4) to model the large-scale boreholes GHE in the BES
tools. Thus, a global model is presented in the following section to solve these issues.

3. Global model for fast calculation of thermal response factor
3.1 Case description

To illustrate the proposed model, a case study is introduced in Table 1, assuming that the ground is
siliceous rock [56]. For the sake of simplificity for the presentation of the methods, a constant heat
flux g of 10 W/m is assumed, considering a yearly unbalanced heating and cooling load [23]. In the
BES tools, the load is variable and therefore the temporal superposition should be considered. The
default duration of one timestep is 1 hour, but it can be changed as needed.

Table 1: Main parameters of the case study

Component Parameter Value Unit
GHE Layout 26 X 26
Number of total boreholes Ny 676
Borehole spacing B 4 m
Borehole length H 133 m
Radius for the borehole ry 0.11 m
Ground Ground thermal conductivity 4,  2.635 W/m.K
Ground thermal diffusivity o, 1.23 x 10° m?/s
Intial ground temperature Ty 19 °C
Building load Heat flux g 10 W/m

3.2 Three-points method

By using the middle-point method, the borehole wall temperature T, of a borehole at time t under the
effect of the other borehole located at radial distance r with constant heat load q is given by:
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where Gy(r,t) is the thermal response factor of a borehole wall temperature under the other borehole’s
effect using the middle-point method.

However, we found that the difference between the middle-point temperature and the integral mean
temperature due to the heat flux can be non-negligible. For two typical boreholes with parameters in
Table 1, the considered borehole wall temperature differences between the middle-point method and
the double-integration method (as reference) under the effect of the other borehole at different radial
distances and times are shown in Figure 4 (a). For the self-effect of the borehole (r = r, = 0.11 m), the
absolute temperature difference is over 0.1°C when t = 5 years. It increases with time and can reach
over 0.2 °C after 25 years. This difference increases with the number of boreholes. Considering the
effects of all boreholes, the wall temperature of the borehole located at the corner and in the centre
with different sizes of borehole fields is shown in Figure 4 (b) and (c) respectively. It is found that the
absolute temperature difference increases with the field size. The difference could reach over 12 °C for
the corner borehole and 36 °C for the centre borehole when t = 25 years for a 26 x 26 field, which is
not acceptable for the fluid temperature calculation. The middle-point method is not appropriate for
large borehole fields for long operation time. This non negligible difference was also observed in [33].
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Figure 4: (a) The borehole wall temperature differences under the effect of a single borehole located
at radial distance r and the borehole wall temperature difference (b) for the corner borehole and (c)
for the centre borehole in a field with different sizes between the middle-point method and the double-
integration method (as reference)

The borehole wall temperature evolution under the self-effect with depth at different times is shown in
Figure 5 (a). The borehole wall temperature tends to remain constant around the middle. However, it
varies sharply at the top and bottom of the borehole due to the finite length of the borehole. Only using
the middle-point temperature cannot represent the borehole wall temperature, especially when time is
long (beyond 1 year), because it does not consider the top and bottom parts. If the integral mean
temperature is used, the single integration will become double integration (see equation (2)) in the



calculation, which will sharply increase the computational time. Thus, a method that gives a good
calculation accuracy and keeps the single-integration form is needed.

In the proposed method, three typical points (Pip, Pmidale @Nd Ppottom) are chosen instead of only one
middle point, as shown in Figure 5 (b), and the average temperature of these three points is used to
represent the borehole wall temperature. The three points are the middle point and two points
symmetrical to the middle point located in the top and bottom areas, so the effects of the borehole top,
middle and bottom can be all taken into consideration. This method is called the three-points method
for the borehole wall temperature calculation in this paper.

Borehole wall temperature (°C)

. 15 16 17 18 19 5 round _ Er_Olﬂd surface
surface
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Figure 5: (a) Borehole wall temperature evolution under the self-effect with depth at different times
(b) the three-points method to calculate a borehole wall temperature under the other ’s effect

The top and bottom points are located at Hip and Hyoom respectively. Although the borehole wall
temperature T, at time t under the effect of another borehole at radial distance r varies with depth,
assuming a constant heat load q is a necessary approximation to apply the FLS model. This leads to
the following equation:

1
Tp(r,t) — Ty = ﬁ {6 @t Hop) + G(r,t, H/2) + G(r, t, Hpottom)}
—~ O

_—q
= I G3p(T,t)

where Hiop = XaisH, Hootom = (1 - Xais)H; Xais IS the location factor of the top point; and Ggy(r,t) is the
thermal response factor of a borehole wall temperature under the other borehole’s effect using the
three-points method. It should be noted that the top and bottom points are assumed to be symmetrical
in order to keep equation (7) simple. In perspective, these two points could be non-symmetrically
located to improve the accuracy.

In order to apply this method, it is essential to determine the location factor xgq;. Firstly, we identified
the optimal xg;s for different radial distances r (0.11 m to 200 m), time t (30 minutes to 25 years) and
borehole depths H (20 m to 200 m). Then we assumed that xg;s is an exponential function of these three
parameters:

H-a
Xgis = max <a1 + az(l — e(_a3't)) + a4(1 — e(_as'r)) + ag <1 - e(_ a; 7)> , a8> (8)

The coefficients a; to ag were finally obtained by using an exponential regression method (a; = 0.056,
a, = 0.0425, a;=8.39 x 10°, a,=0.0443, a;=0.105, ag=-0.03, a; = 118.5). Moreover, Xgis Was
constrained to a minimum (ag = 0.052). The identification process of these parameters is shown in
Appendix A. It should be noted that equation (8) is based on the soil parameters in Table 1. A more
general equation covering a larger scale of the parameters should be developed.




Using the three-points method and considering the superposition method, T,;(m) is given by the
single-integration equation below, which solves challenge (1):
Np m
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3.3 Distance category simplification

For a borehole in a square field of N, boreholes at a certain timestep as shown in Figure 3, the
interactions with other boreholes are calculated based on the radial distance. This requires Ny
evaluations of Gg,, as shown in equation (9). If it is used to calculate the outlet fluid temperature of the
GHE at a certain timestep, Gs, will be calculated N, x N, times. However the calculation of G, at a
certain timestep is only a function of the radial distance r;; between boreholes i and j. Identical radial
distances will bring unnecessary repetition of calculation of Gg,: for the same r;j, G, only needs to be
calculate once.

Thus, the idea of distance category simplification is to identify all the possibilities of r;; (entitled
distance category in the following, each distance category corresponds to a specific radial distance),
and calculate the corresponding Gg,. Then, in order to calculate each borehole’s wall temperature, only
the number of times each distance category occurs needs to be identified (that is the number of times
other boreholes located at the radial distance from the considered borehole are found); afterwards the
accumulation needs to be performed to determine Gg, for each distance category. For a square field of
N, boreholes, there exist Nq radial distance possibilities in total. The number of times G3, evaluated is
Np X Np
Ng

found in other references e.g. [57].

An example of a square 3 x 3 borehole field is shown in Figure 6. There exist 5 radial distance
possibilities between a pair of boreholes: B, V2B, 2B, v/5B and v/8B. Considering the radial distances
between borehole 1 and the other boreholes, B occurs twice: from 1 to 2 and from 1 to 3; v/2B occurs
once: from 1 to 5; 2B occurs twice: from 1 to 3 and from 1 to 7; v/5B occurs twice: from 1 to 6 and

from 1to 8; V8B occurs once: from 1 to 9. Combining the self-effect, the borehole wall temperature of
borehole 1 under all boreholes’ effects at timestep m is given by:

I N
T, (tm) —To = . 1—27”1 (G3p (1ot — teeq) +2- G3p(B: tr — tet)
= S
+ Gap(V2B, ty = ti-1) + 2 Gap(2B, tym — ty—1) + 2 - Gap(V5B, ty — ty—1) (10)
+ G3p(VBB, ty, — 1))

Similarly, other boreholes’ temperatures can be derived from the number of times each radial distance
occurs.

(9)

reduced by a factor , Which is a significant calculation time reduction. A similar idea is also
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Figure 6: Radial distance possibilities between boreholes in a square 3 x 3 borehole field

For a square field, the radial distances between borehole 1 and the other boreholes contain all possible
radial distances between any pair of boreholes in the field. The first step of this distance category
simplification method is to calculate ry; from j=1 to j=N,, and identify and sort them into N
categories of increasing radial distances. Then for the calculated borehole j, all the boreholes in the
field can be converted to Ny categories, as shown in Figure 7, where r,is the radial distance of the n™
distance category, N;,, is the number of times the distance category n occurs for borehole j. The next
step is to count Nj,, fromj =1 toj =Npand fromn=1ton = Ng.
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Figure 7: Borehole field converted to distance categories from borehole j

By knowing all N;,,, equation (9) can be converted to the following equation, which helps in solving
challenge (2):

Ng
2 :m dk-1 — k 2 :
Ty i(tm) —Tp = —_— N:i, -G ybm — -
b,](m) 0 k=1 27_[/15 L jn 3p(rn m k 1)

m [—
qrk-1 — 9k ]
- Zk=1 TAS G3p,b0rehole(]' tm - tk—l)

where Gap porenole(J,tm — tk-1) is the thermal response factor of j™ borehole’s wall temperature under all
boreholes’ effects at time t,, — t, .1 using the three-points method.

3.4 Thermal response factor of the GHE
The thermal response factor of the whole GHE at timestep m using the three-points method is given
by:

(11)

Np

1 .
GBp,GHE (tm) = N_bz GBp,borehole (]: tm) (12)
j=1

Similarly, the thermal response factors of the j" borehole’s wall temperature under all boreholes’
effects and the whole GHE at timestep m using the middle-point method and double-integration
method are:



Ng

Gm,borehole U tm) = Z Nj,n *Gm (T, ) (13)
n=1
Ng

GZi,borehole (iv tm) = Z Nj,n ' Gzi(rn: tm) (14)

n=1

Np
1 .
Gm,GHE(tm) = N_bz Gm,borehole (]' tm) (15)
=1

Np
1 .
GZi,GHE (tm) = N_bz Gzi,borehole(]r tm) (16)
j=1

3.5 Initial effect simplification

The next step is to consider how to simplify the calculation of Gz, for numerous timesteps. The
evolution of Gg, with time is presented in Figure 8 for different radial distances during one year. There
are two potential methods to reduce the computational complexity: the initial effect simplification
(IES) and the time averaging simplification (TAS).
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Figure 8: Gg, vs t for different r

According to Figure 8, at a certain time, t, the larger r is the smaller Gg, is. This means that for one
borehole, the closer the other boreholes, the larger influence they have. Before t =500 h, G, is nearly
0 when r equals to 4 m, 8 m and 12 m. Only the borehole itself (r = r, =0.11 m) has an effect on its
wall temperature. That is to say the effects of other boreholes do not reach the considered borehole
wall before this time. The further the other borehole, the later it starts to affect the considered
borehole. The Gg, calculations concerning all the other boreholes are not necessary because they are
negligible. As time goes on, more and more boreholes need to be taken into consideration.

For a field converted to distance categories as presented above, other boreholes located at distance

category n start to have a non-negligible effect on borehole j from timestep mes(j,n) onwards. mes(j,n)
is the first timestep that fulfils the following condition:

=1 Nji* Gap (T tmygg(jimy)
N
ZiZ1Nji Gap (1 by (jim))
where gs is the tolerance of the IES method, which is set at 0.5 % in this article. For borehole j,
before timestep mes(j,n), the effects of distance categories 1 to n-1 contribute to over 1 - ggs

(99.5 %) of the total effect of all distance categories. Figure 7 illustrates how the IES fits into distance
categories.

<1- EIES (17)



For different boreholes, mis(j,n) is different due to the different distance category distribution. In
order to simplify the calculations, the minimal mgs(j,n) among all boreholes is chosen to represent the
mes for distance category n (this conservative approach ensures that the tolerance is respected for all
boreholes):

mgs(n) = 1?;‘15\1/1, mgs(j, ) (18)

In fact, only approximately 1/8 of the total boreholes (in total Ny sm) need to be considered due to the
symmetry of the squared field, as shown in Figure 9. The idea of symmetry can help in solving
challenge (4). Equation (18) can then be converted to:

mgs(n) = 1sj1g11\lil?5ym mies(j,n) (19)

Figure 9: The calculated part (in red) of a square borehole filed after symmetry simplification

Before this timestep Gsy(rnt) is negligible, and is therefore set at 0. This method is entitled initial
effect simplification method and it can be expressed in the flowing equation:

0 ift< Cmygs(n)
G3p(r7l’ t) = {G3p(Tn, t) ift> Unygs(n)

where tp, . ) IS the time at timestep mies(n).

The IES method solves challenge (2) regarding the interactions between boreholes. It determines from
which timestep a borehole at a certain distance starts to influence the calculated borehole; no
calculation is needed before this timestep, thus much computing effort is avoided. It should be noted
that the determination of mes requires knowing the values of Gg,, which is contrary to our goal to
calculate Gg,. This problem will be solved by the simplified method to determine ms presented in
section 3.7.

3.6 Time averaging simplification

Figure 8 shows that G, increases sharply in the beginning and tends to stay stable as time goes. It can
be inferred that the closer to the beginning of the operation, the more detailed calculation is needed.
Therefore, it is possible to divide the whole timespan into several periods (called averaging periods).
In each averaging period, G3, only needs to be calculated once every certain number of steps (called
averaging ranges), because its variation for a specific radial distance during that time is negligible. For
an averaging period p, its corresponding averaging range is l,. The whole timespan is divided into pmax
averaging periods. For example, the time averaging simplification of Gg, at the radius of a borehole
during one year is shown in Figure 10. This method is named the time averaging simplification
method.

(20)
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Figure 10: Time averaging simplification method at radial distance r;

In averaging period 1 (p = 1), G, is calculated at each timestep (I, = 1); in averaging period 2 (p = 2),
the averaging range I, is 2, is calculated every 2 timesteps; in the last averaging period (averaging
period pmax), the curve slope is small, so Gs, only needs to be calculate every lymax timesteps. In this
paper, the correspondence between p and |, is set as shown in Figure 11, in which I mx= 1060,
Pmax = 141.
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Figure 11: The correspondence between p and I,

Mras(p,n) is the timestep at the end of averaging period p for the n" distance category. It is determined
by the following three steps:

1. Based on the distance category itself, Gz, is used to determine mrasqc(p,n) which is the first
timestep that fulfils the following condition:

Gsp (Tn, tmTAS,dc(p»n)+lp) - G3P(Tn' tmTAS,dc(p'n))

(G3p (Tn, tmTAS,dc(p»n)+lp) + G3p (Tn, tmTAS,dc(p:n)))/z

where erps IS the tolerance of the time averaging simplification method, which is set at 0.5 % in this
study. This equation means that the difference of G, between the beginning (timestep Mras q(p,n))
and the end (timestep mrasqc(p,n) +1,) of an averaging range (l,) within averaging period p is
negligible (smaller than 0.5 %). It is used to find mrasq(p,n); Gz, ONnly needs to be calculated once
every |, in this averaging period p.

< &ras (21)



Equation (21) indicates that unlike myes(j,n) that depends on the position of the borehole, mras q(p,Nn)
is not related to N;,, thus it only needs to be applied to the first borehole which includes all the
distance categories.

2. Based on the total effects of all distance categories for one borehole, G porenole IS Used to determine
Mrasn(P,j) Which is the first timestep that fulfils the following condition:

G3p,borehole (]. tmTAs,bh(p,j)Hp) - G3p,borehole (]' tmTAS,bh(p,j))

. _ < €TAS (22)
(G3p,borehole (]. tmTAs,bh(p,j)Hp) + G3p,borehole (]' tmTAs‘bh(p,j))>/2

Using the symmetry of the square field, the maximal mraspn(p,j) among all Ny ,m boreholes is chosen
to represent mras for distance category n (this is conservative to ensure mraspn(p,n) can cover all the
boreholes):
Mrasph(P, 1) = max  mraspn(p,j)in=123,..,Ng (23)
<j<Np,sym
3. mras(p,n) is the smallest value between mrasqc(p,n) and mraspa(p,n) (this conservative approach
ensures that enough calculations will be done), as shown below:
mras(p,n) = min (Mras gc (P, 1), Mraspn (P, 1)) (24)
The TAS method solves challenge (3) regarding the numerous calculations of G for long-term
simulation by updating its value only when significant change is expected, therefore much calculation
time is saved. Similar to mgs, the determination of mras also requires knowing the values of Gg,. The
flowing section 3.7 illustrates how to solve this problem.

3.7 Two-dimensional heat equation

Based on these two simplification methods, Gs, does not need to be calculated for each distance
category at each timestep. The computation time can be drastically saved. If we want to use the two
simplification methods above, the timesteps for simplification (mras and mies) have to be determined
before the calculation of Gs,. Using equation (17), (21) and (22) to calculate mrasand mies requires to
firstly calculate Gsp, which is contrary to our aim. Therefore, another method is needed to replace Gs,
in these equations to identify mrasand mgs.

The 2D heat equation describes how the distribution of heat evolves over time in a solid medium in
two dimensions. Considering the axial symmetry, the temperature variation at radial distance r and at
time t from uniform initial conditions under a line heat source input at r=0 and t=0 (also called
Dirac delta function) is given by [58]:

exp (- 7
X — —

4
Ono(r,t) = - fast (25)

4agmt

Equation (25) gives the heat propagation under an infinite line source of Dirac delta function, with a
simple mathematic form. It represents the theoretical heat propagation speed. Although in this study
the borehole is regarded as a finite line source under a step-wise heating load, it can reasonably be
represented by equation (25) which in reality, is a conservative approach.

The heat propagation of Dirac delta distribution under different times and radial distances is shown in
Figure 12. It takes a certain time for the heat to propagate to a certain radial distance, which is similar
to the heat transfer process from a borehole to the other in this study. Accounting for the similarity, the
simplicity and the conservativeness, it is possible to use 6y, calculated by the 2D heat equation instead
of Gg, in equation (17), (21) and (22) to evaluate mrasand Migs.
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Figure 12: The heat propagation calculated by the 2D heat equation

As abovementioned, the heat transfer process of a borehole is under a constant heat flux g during each
timestep. Using the 2D heat equation, the wall temperature variation of borehole j considering all the
effects of the boreholes (each borehole under a line heat source of a constant initial unit of heat flux)
located at distance category n and timestep m can be calculated by:

2

1
™ exp (- 772
4t «a
Ohe,j (T, tm) = Z Ttks ‘Njn (26)
=1 sittk

Combining equation (17) with equation (26), mies(j,n) is the first timestep that satisfies the following
condition:

Yi=10he,j (T tmyps (i)
Z:ivzdl 9he,j (7 tmIES(j'n))
Then migs(n) can be determined by equation (19).
As explained in the TAS method, mras(p,n) is determined by the following steps:
1. Determine mrasq(p,n) by:

<1- EIES (27)

Ohe,1 (Tn, tmTAS,dc(prn)"'lp) - ghell(rn' tmTAS,dc(prn))

(ehe,l (Tn, tmTAS,dc(p»n)‘Hp) + Ghell(rn' tmTAS,dc(prn))>/2
2. Determine mraspn(p,n) by the following equation and equation (23):

< €raAs (28)

Ng _ Ng ) )
Yns1 Ohe,j (Tn’ Umrasbn (DJ)Hp) Yin<1 Ohe,j (Tn, Umrasbn (PJ))

Ng Ng
(Zn<1 One,j (rn' tmms,bh(p,j)ﬂp) + 2521 One (T tmpas pn(p.) )/ 2

3. Determine mras(p,n) by equation (24).
Using mrasand mies calculated by equation (27), (28) and (29), G, is calculated sooner and more often
than needed, ensuring accuracy.

Equation (26) can be easily solved due to its simple mathematical form. Thus, the proposed method
can quickly calculate mrasand mies, and afterwards the calculation time of G, will be largely reduced.

3.8 Summary of the proposed model

The fast calculation model for the thermal response factor of a large-scale boreholes GHE is shown in
Figure 13. It contains four main steps:

1. Convert the field into distance categories

< €TAS (29)



The Ny distance categories and their radial distances r, (n varying from 1 to Ny) are identified from the
position of borehole 1 (top left borehole). The number of times each distance category N;,, occurs is
then evaluated for each borehole in the field.

2. Calculate the 2D heat equation
B, Is calculated for each distance category and all timesteps by applying equation (26) to all
boreholes.

3. Determine the simplification timesteps mras and myes

According to the results of step 2, equations (19) and (27) are used to obtain mies(n) for all N, distance
categories. Equations (24), (28) and (29) are used to obtain myas(p,n) for each averaging period p and
each distance category n.

4. Calculate the thermal response factor

Xqis 1S firstly calculated by equation (8) to be used in the three-points method. Based on the results of
step 3, Gap, Gapporenole aNd Gapere are calculated by equations (9), (11) and (12), respectively, for all
distance categories and all timesteps.

Step 1 Step 2 Step 3 Step 4

Calculate mgg

Category Calculate the heat with eq. (19) and G Calcul:’rt]ed%p,
distances for equation with eq. (27) W?',Eﬁfh"'zg) (15";':5
each borehole (26) Myas With eq. @

12)
(24), (28) and (29)

i)

Calculate Xg;q
with eq. (8)

Figure 13: The flow chat of the global model for fast calculation of the thermal response factors
4 . Results and discussion
4.1 Case study

In order to deal with the long-time operation of 20 years, one year in this paper contains 8 766 hours
((365 x 3 +366) x 24/ 4), considering the leap year. The total number of timesteps is 175 320.

The 676 boreholes contribute to 294 distance categories as shown in Figure 14. Distance category 1
has the smallest radial distance r = r, =0.11 m, and the largest radial distance r,y, is between the first

and last borehole (the diagonal of the square field) which equals to \/(25B)% + (25B)2 = 141.42 m.
Then N;, is evaluated for all N, boreholes.
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Figure 14: The distance categories and their radial distances

Four representative boreholes are chosen: top left corner borehole (borehole 1), top right corner
borehole (borehole 13), bottom right corner borehole (borehole 325) and centre borehole (borehole
163) of the left top 1/4 field, as presented in Figure 15. The numbers of boreholes at different radial
distance for these four boreholes are shown in Figure 16.
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Figure 15: Four representative boreholes in the 26 x 26 square borehole field
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Figure 16: Number distribution of boreholes at a certain radial distance for borehole 1, 13, 163 and
325

mes for each distance category is calculated and shown in Figure 17. It can be inferred that distance
category 1 starts to have an effect from the first timestep. mes increases with the radial distance. When
distance category is 210 (rp0 = 98.06 m), mes is 174 809, which means that the effect of the boreholes
at distance category 210 only need to be considered from timestep 174 809 onwards. It should be
noted that the total number of timesteps for 20 years is 175 320; all the boreholes at distance
categories from 211 to the last distance category 294 have negligible effects on the calculated
borehole, so the thermal response factor of this part does not need to be evaluated, and calculation time
can be massively saved.
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Figure 17: mgs of different radial distances for 20 years operation

Figure 18 shows mras for different distance categories. For ry, from timestep 1 to mras(1,1) =53, Gg,
is calculated every timestep; from timestep mras(1,1) +1 =54 to mras(2,1) =93, Gs, is evaluated
every 2 timesteps. From timestep mras(141,1) = 21 377 to the last timestep 175 320, G, only needs to
be determined every |, =1 060 timesteps (around 44 days). For a certain averaging range, Mras
increases with the radial distance. For the largest distance category 294, the largest mrasis 172 955 for
p = 135, and the corresponding I, equals to 976. This means from timestep 172 955 to the last timestep
175 320, Gg, is calculated every 976 timesteps (around 40.6 days).
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Figure 18: myas of each averaging range at distance category 1, 2, 10 and 294
4.2 Three-points method validation

The three-points method is validated by comparing the results from the double-integration method. It
focuses on the accuracy of the three-points method and does not incorporate abovementioned
simplifications. The relative differences of G between the three-points and the double-integration
methods (i.e. (G3p-G2i)/G,) for different radial distances r are shown in Figure 19 (a) for short periods
(below one year) and Figure 19 (b) for long periods (above one year), as well as those of the middle-
point method (i.e. (Gn-G2;)/Gy). It can be inferred that both methods are accurate for short periods,
with a maximal relative difference under 6%. However the three-points method shows a better
accuracy for long periods. The maximal relative difference is maintained under 4 % by the three-



points method, instead of 34 % by the middle-point method. The three-points method shows good
accuracy in the calculation of G. Figure 20 (a) indicates the borehole wall temperature difference
under the effect of another borehole between using the three-points method and the double-integration
method (as reference). All the absolute temperature differences remain below 0.03 °C, which is an
improvement compared to over 0.2 °C for t = 25 years by the middle-point method in Figure 4 (a). For
large-scale boreholes fields, this improvement is more significant. The wall temperature differences of
the corner borehole and the centre borehole in different fields between two methods are shown in
Figure 20 (b) and Figure 20 (c) respectively. The absolute difference increases with the size of the
borehole field and are all below 0.6 °C for the corner borehole and 1.5°C for the centre borehole for
different times. This is a significant improvement compared to over 12.5 °C by the middle-point
method in Figure 4 (b) and over 36 °C in Figure 4 (c). The small differences prove that the three-
points method is a valid method to replace the double-integration method, meanwhile its single-
integration form makes it very fast and easily computed.
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Figure 19: Relative difference of G between the three-points/middle-point method and the double-
integration method for (a) short periods (below one year) (b) long periods (above one year)
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Figure 20: (a) The borehole wall temperature difference under the effect of a single borehole located

at radial distance r and the borehole wall temperature difference (b) for the corner borehole and (c)

for the centre borehole in a field with different sizes between the three-points method and the double-
integration method (as reference)

4.3 Model validation

This subsection aims at validating the proposed model including all the simplifications. This study
focuses on multi-year simulation, however it is very difficult to obtain experimental data for such a
long duration. Therefore, this paper compares the thermal response factors calculated by the proposed
model with the original FLS model (validated by another study [59] for long operation time) with
double integration not involving any simplification, which is considered as an accurate reference.
More exactly, the three thermal response factors Gg,, Gspporenole aNd Ggzpche Of the case study were
compared to Gz, Gaiporenole aNd Gyigre. As abovementioned, Gs, gives the thermal response of one
borehole wall caused by another borehole located at a certain radial distance at a certain time,
Gapporenole gives the thermal response of one borehole wall caused by all boreholes in the field at a
certain time, and Gg, gre gives the thermal response of the whole GHE at a certain time.

The differences of the borehole wall temperature caused by G, and G,; (as reference) for distance
categories 1, 2, 10, and 100 during 20 years of operation are shown in Figure 21 every
5 000 timesteps. The absolute differences are all under 0.03 °C, at the borehole radius (r = r, = 0.11 m)
during during 20 years of operation. The differences reduce with the radial distance. For r=4m,
r=16 m and r = 64.5 m, the absolute differences are smaller than 0.009 °C, 0.003 °C and 0.002 °C,
respectively. Therefore, the proposed method shows an excellent accuracy for the evaluation of G. The
relative differences of Gapporenote (1-€. (Gap borenole=Gaiporenole)/ Gaiporenote) fOr borehole 1, 13, 163 and 325
are shown in Figure 22 every 500 timesteps. All absolute relative differences are below 2 %, so it can
be inferred that the proposed global model can give an accurate result for the temperature response of
each borehole considering all the effects of the boreholes in the GHE field. Regarding the thermal



response factor of the whole GHE, the relative differences (i.e. (GzpcHe-Gaicre)/Gaiche and (Gmore-
Gaiche)/Gaicre)every 500 timesteps are shown in Figure 23. The relative difference between G gne
and G,i e reaches 23 %. However the relative difference of G e is smaller than 1.5 %, indicating
that the proposed model shows a better accuracy to predict the thermal response of the whole GHE as
well.
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Figure 21: Temperature differences of the borehole wall caused by G3, and G (as reference) for
distance category 1, 2, 10, and 100 during 20 years of operation
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Figure 22: Relative differences of G, porenole fOr borehole 1, 13, 163 and 325 during 20 years of
operation compared to G porenole
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Figure 23: Relative differences of Gs, gne and G, gre during 20 years of operation compared to
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4.4 Calculation speed

The calculation time of the proposed model was compared to different calculation methods to analyse
the calculation time reduction ability for the three main steps: distance category simplification, the
three-points method and the initial effect simplification/time averaging simplification. The double-
integration method without distance categories uses equation (5). The double-integration method with
distance categories uses the form of equation (11) in which Gg, is replaced by G,;. The three-points
method with distance categories uses equation (11), without the initial effect/time averaging
simplification. The proposed global model includes all the simplification methods. The calculation
time of different methods is shown in Table 2. All methods were calculated in Matlab using a
computer with an Intel i7-6700 CPU and 16 GB RAM. In the proposed model, the parallel computing
with 4 computer threads were used. This could be adjusted based on the computer characteristics and
the limit set by Matlab. Its simulation time with and without parallel computing was also investigated.
It should be noted that the values of s and eras, Which are set to 0.5 % in this paper, influence the
calculation time. The larger they are, the faster the calculation is, with the sacrifice of the accuracy.

Considering that the double-integration method without distance categories method is heavily time
consuming, it is only possible to measure the calculation time for short simulated periods. It cost
1.4 hours in Matlab to simulate 10 hours of operation. Since the calculation time is linear to the
simulated period for this double-integration method, it was estimated that it would take almost 50 days
to simulate 1 year. By applying distance category simplification to this method, the calculation time
was significantly reduced to 1.7 hours, showing a calculation time reduction factor (CTRF) of
approximately 700. The three-points method with distance categories cost 0.68 hour for 1 year
simulated period, and it contributed to a CTRF of 2.5 compared to the double-integration method with
distance categories. The proposed global model only cost 4 seconds without parallel computing for
1 year simulated period, which meant the initial effect simplification and time averaging simplification
gave a CTRF of 600. The parallel computing gave a CTRF of around 2. For 1 year simulated period,
the overall CTRF of the proposed model with parallel computing was around 1 000 000 compared to
the double-integration method without distance categories, which was a huge improvement. Only 4
seconds of calculation time for a large-scale field of 26 x 26 boreholes for 1 year of operation makes it
appropriate to simulate GHE systems in BES tools, especially in the design phase for buildings or
vertical ground source heat pumps. Moreover, considering a long operation time of a GHE can be
interesting. The proposed model cost about 1 minute with parallel computing and 2 minutes without
parallel computing to simulate 20 years of operation, compared to nearly 1 000 days by the double-
integration method without distance categories, corresponding to a CTRF of around 1 600 000 and
760 000, respectively.



The calculation time of the proposed model using double-integration instead of the three-points
method was also investigated. It cost 1.5 minutes and almost 4 minutes to simulate 1 year and 20 years
respectively. It shows that by applying the three-points method in the initial effect simplification/time
averaging simplification can give higher CTRFs, which are 24 for one year, 8.9 for 10 years and 4.4
for 20 years simulated period. Thus, the three-points method can further increase the calculation
ability, and maintain high accuracy at the same time.

Table 2: Calculation time reduction of the proposed model for a 26 x 26 borehole field

Calculation time

Proposed
:?]ct): brlg;ion Double- Three- Vrr\)iet':]hod Proposed Eroo dpe(ised
; g integration  points model .
Simulated  method parallel . with
iod . method method . without
perio without with with computing arallel parallel
distance . . using P . computing
: distance distance computing
categories categories  categories double- (3P method) (3P
(estimated) g g integration method)
method
1 year 50 days 1.7 hours 0.68 hours 96 seconds 4 seconds 4 seconds
5 years 250 days 8.4 hours 3.4 hours iei?on ds 18 seconds 11 seconds
10 years 500 days 16.8 hours 6.9 hours ggfon ds 40 seconds 23 seconds
20 years 1000 days 33.5 hours 12.9 hours gg’c(:)on ds 114 seconds 53 seconds

It should be noted that, although the proposed model is presented with a square field configuration, it
is also suitable for other configurations such as L-shaped, box-shaped, U-shaped and even irregular.
The distance category simplification can be applied to other configurations but the CTRF will vary
depending on the shape of the field. The initial effect simplification/time averaging simplification only
considers the distance categories, thus it can still simplify the calculation after the various
configurations are converted into distance categories. The proposed model can be therefore widely
adapted to engineering cases and BES tools.

4.5 Discussion

The three-points method is an effective method to reduce the calculation time, since it can provide a
CTRF of around 2.5 in this case study. It should be noted that our proposed model could still provide
fast calculation even if it is replaced by the double-integration method.

The idea of using the 2D heat conduction equation to simplify the calculation has several advantages:

e Itisan analytical approach that can easily be integrated in a BES tool.

e It is load-independent. It focuses on the evaluation of the thermal response factor (G),
therefore it avoids the presence of the heating load. The calculation can be done in a stand-
alone tool (Matlab in this study). Besides, the heating load signal is fully respected in our
model, avoiding the reshaping procedure presented in the load-aggregation algorithm [36]
which might lead to inaccuracy. This is very important and convenient for the integration in
the BES tool, which gives the building load at every timestep (one hour or smaller).

e The values of G can be used as an input table to the BES tool. When dealing with the
temperature calculation, e.g. equation (11), the varying load and thermal interactions could be
evaluated by reading this table. The coupling between varying load and G becomes a basic
computation, which is rather straightforward and fast for most tools.

e This simplification is easy, accurate and fast, avoiding complex mathematical algorithms, such
as the FFT method [43].

This article focuses on the uniform heating load distribution to each borehole, which can help to
reduce the mathematic complexity. As abovementioned, the proposed model could also be applied to



non-uniform distribution, because the core of the simplification based on the 2D heat conduction is
load-independent. However this would require some adjustments such as in equation (11) in which,
due to the non-uniform distribution, there will be different weighting factors determined by different
loads for each Gg,, instead of identical ones in the uniform distribution.

This study did not consider the simplification of the temporal superposition (load history), because
normally it is easy and fast for a tool to deal with this mathematical problem, if G of the whole field is
known. Besides, it is much easier to integrate the GHE model in the BES tools which directly
generates the loads.

One limit of this study is that it focuses on the uniform heating load distribution to each borehole,
which can help to reduce the mathematic complexity. However, as abovementioned, the proposed
model could also be applied to non-uniform distribution, because the core of the simplification based
on the 2D heat conduction is load-independent. This would require some adjustments such as in Eq.
(11) in which, due to the non-uniform distribution, there will be different weighting factors determined
by different loads for each G3p, instead of identical ones in the uniform distribution. Since this work is
based on the original FLS model, they share some common limits e.g. a constant heat flux along the
depth of the borehole and the neglect of ground water movement. Homogeneous layer with constant
thermophysical properties is another limit which can be refined by considering multi-layers with
different properties. Integrating the improvements on these limits with our model is another
perspective.

5. Conclusion

The optimisation of the design and operation of large-scale boreholes heat exchangers for long
operation time brings massive calculation regarding the thermal response factor G of the GHE field.
middle-point temperature. This article presents a global model to quickly and accurately evaluate G,
combining the FLS model, the 2D heat conduction equation, and a newly developed three-points
method.

The three-points method is introduced to determine the representative borehole wall temperature. It
considers three points located at the top, middle and bottom of the borehole and uses the average of
these three points to represent the borehole wall temperature, avoiding the non-negligible errors of
using the borehole middle-point temperature for long operation time. The results show that the relative
differences of G between the proposed method and the double-integration method are below 5 % for
all cases. The absolute wall temperature difference of the corner borehole of a 26 x 26 field is below
0.4 °C compared to over 12.5 °C by the middle-point method for a simulated time of 25 years. Besides
its good accuracy, this method remains in the form of a single integration to keep a reasonable
computation time. In addition, the position determination equation can be applied to different borehole
configurations due to its universality.

In the global model, the first step is to sort the large number of boreholes in increasing distance
categories. In the second step, the 2D heat conduction equation determines when interactions between
boreholes are negligible and when detailed calculations are needed. In the third step, the 2D heat
conduction equation evaluates how often the interactions have to be recalculated. In the last step, the
thermal response factors are computed by the three-points method. An example of a 26 x 26 square
borehole matrix is studied in this paper. The results show that the proposed model can give accurate
results for G, (smaller than 5 %), Gsp porenole Nd G3p gre (SMaller than 2 %), meanwhile the calculation
time for one simulated year decreases by a factor of around 1 000 000 to only 4 seconds comparing to
the double-integration method without any simplification. In this case, simulating 20 years of
operation only requires 1 minute. The proposed model is suitable not only for a square borehole
configuration, but also for other configurations such as L-shaped, box-shaped, U-shaped and even
irregular. Its universality, accuracy, load-independency and calculation speed facilitate its integration
into building energy simulation tools to optimise the design and operation of GCHP systems.
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List of abbreviations

2D

BES

COP
CTRF
FFT
FLS
GCHP

GHE

Two-dimensional
Building energy simulation

Coefficient of performance
Calculation time reduction factor
Fast Fourier transform

Finite line source

Ground coupled heat pump

Ground heat exchanger

List of symbols

a; ~ dg
G

GZi

G2i,borehole

C;Zi,GHE

Gm

Gm,borehole

Gm,GHE

GSp,borehoIe

GapcHE

Location factor parameter
Thermal response factor

Thermal response factor of a
borehole wall temperature under
the other borehole’s effect using
the double-integration method

Thermal response factor of a
certain borehole wall temperature
under all boreholes’ effect using
the double-integration method

Thermal response factor of GHE
using the double-integration
method

Thermal response factor of a
borehole wall temperature under
the other borehole’s effect using
the middle-point method

Thermal response factor of a
certain borehole wall temperature
under all boreholes’ effect using
the middle-point method

Thermal response factor of the
GHE using the middle-point
method

Thermal response factor of a
borehole wall temperature under
the other borehole’s effect using
the three-points method

Thermal response factor of a
certain borehole wall temperature
under all boreholes’ effect using
the three-points method

Thermal response factor of GHE
using the three-points method

MrAs dc

MtAs bh

QGHE

)

b

Averaging simplification timestep
determined by the distance category

Averaging simplification timestep
determined by the borehole

Distance category

Number of boreholes in GHE
Number of boreholes after symmetry
Number of total distance categories

Number of times distance category n
occurs for borehole j

Averaging range
Maximal averaging range
Heat load per meter, W/m

Heat load per meter of i" boreheole
at timestep m, W/m

Heat load per meter of each
boreheole at timestep k, W/m

Heat load of GHE, W

Radial distance to the borehole
centre line, m

Borehole radius, m

Radial distance between i boreheole
and j" boreheole

Radial distance of n™ distance
category, m

Time, s

Time at timestep m, s

Temperature, °C




H

H bottom
Htop
i

J
k

Mies

Mras

Integral variable along borehole
depth

Borehole depth, m

Borehole depth of bottom point in
three-points method, m

Borehole depth of top point in
three-points method, m

The i" boreheole
The j™ boreheole
The k™ timestep

Averaging range for averaging
period p

Averaging range for maximal
averaging period Pmax

Timestep
End of timestep

Initial effect simplification timestep

Averaging simplification timestep

Initial ground temperature, °C

Borehole wall temperature, °C

Borehole wall temperature of the j™
boreheole, °C

Location factor

Vertical coordinate of borehole, m

List of Greek letters

Os

€IES

ETAS

Thermal diffusivity of ground, m%s

Tolerance of initial effect
simplification

Tolerance of time averaging
simplification

Temperature variation by heat
equation, °C

Temperature variation of j™ borehole
wall by heat equation, °C

Thermal conductivity of ground,
W/m.°C




