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Closed-loop borehole heat exchangers (BHEs) are used for heating/cooling buildings. For the sustainable
design of these systems, analytical solutions provide fast and flexible tools to investigate the subsurface
thermal response. In this study, from an existing analytical solution which predicts temperature field for
discontinuous heat extraction/injection of multi-BHEs field, is improved to consider the case of heteroge-
neous heat loads (HHLs), i.e. heat loads tuned independently for each BHE to improve the long-term heat
refurbishment in the subsurface. Also, we implemented the concept of BHE thermal resistance in order to
determine the heat carrier fluid temperature. To provide accurate extreme temperatures, two aspects
were analysed: the time step discretization; and the temporal resolution of thermal loads. The require-
ment for defining hourly thermal loads was demonstrated in order to properly predict extreme temper-
atures in the subsurface, as would be the case in an optimization problem of multi-BHEs with HHLs. As a
study case, we showed the interest of HHLs to reduce localized thermal exhaustion of the geothermal sys-
tem and to reduce extreme temperature variations and thermal drift in the most critical BHEs.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Geothermal energy is a good alternative to produce electricity
and especially for heating/cooling buildings [1]. Nowadays, several
technologies are available to exploit this renewable energy [2].
Shallow geothermal energy (SGE) which is easily accessible and
available worldwide and more specifically ground-coupled heat
pumps (GCHPs) system are the most used [3,4]. A typical configu-
ration of GCHPs involves borehole heat exchangers (BHEs). BHEs
consists of a high-density polyethylene (HDPE) pipe where the
heat carrier fluid circulates and a grout material that fills the bore-
hole to maximize heat transfers and to seal the pipes. Depending
on their geometry, BHE can be classified as follows: single U-
pipe, double U-pipe and coaxial tubes. These types of vertical heat
exchangers usually reach a depth of 50 m to 250 m and have a
diameter of 10 cm to 15 cm [5]. For individual houses one BHE
could be enough, but for larger buildings BHEs can be associated
in parallel in order to compose a multi-BHEs field.

Accurately determining the temperature variation inside, in the
near field and in the far field of BHEs depending on the energy
extraction or injection, the hydro-thermal properties of the ground
and the geometry of the multi-BHEs field is crucial. Indeed, it is
important to ensure the regeneration of the thermal ground reser-
voir in order to guarantee the performance of these systems year
after year. An irreversible drift of the ground temperature toward
high or low values may significantly reduce the coefficient of per-
formance of the heat pump, associated to the BHEs, for cooling or
heating, respectively [6,7].

Consequently, in order to avoid the exhaustion of the ground
heat source, it is of paramount importance to design the multi-
BHEs field (i.e. number of BHEs and their depth) based on mathe-
matical models that predict the temperature field in the BHEs
(i.e. heat carrier fluid) and the surroundings (i.e. the ground) [8].

Since the early analytical model called Infinite Line Source (ILS)
model presented by Ingersoll & Plass [9] in 1948, many analytical
and numerical methods and solutions have been developed to
study heat transfers between BHEs and ground, for single or
multi-BHEs fields. Using the work of Carslaw & Jaespar [10], Inger-
soll et al. [11] introduced the Infinite Cylindrical Source (ICS)
model. These first models ignore the end effect, also called axial
effects, of the BHE. Therefore, Eskilson [12] and then Zeng et al.
[13] developed the Finite Line Source (FLS) model, more appropri-
ate for studying the long-term performance of BHEs [14]. These
analytical solutions are commonly used in practice because they
are easy to implement, computationally fast and offer greater flex-
ibility for parameterized design. However, these pioneer analytical
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Nomenclature

Nomenclature c specific heat capacity J kg�1 K-1

D shank spacing m
f x; y; z; tð Þ temperature response function mKW�1 s�1

H borehole length m
L spacing between BHEs m
Nu Nusselt number -
qL heat flux per unit length Wm�1

qL tð Þ heat extraction function Wm�1

Rb borehole thermal resistance KmW�1

r radius m
rpi inner pipe radius m
rpo outer pipe radius m
s volumetric heat source Wm-3

T temperature K
T0 undisturbed ground temperature K
Tb temperature at the borehole wall K
Tf temperature of the heat carrier fluid K
t time s
Dt time step discretization s

v volumetric flow rate m3 s�1

x; y; z space coordinates m

Greek symbols
a heat transfer coefficient Wm-2 K�1

b total number of BHEs -
k thermal conductivity Wm�1 K�1

l dynamic viscosity Pa s
p geometrical value -
w density kgm-3

Subscripts
av average
b borehole
f heat carrier fluid
j j th BHE
m porous medium, ground
p pipe
w water
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models are based on strong assumptions such as purely conductive
heat transfer, continuous heat loads, uniform initial temperature,
etc. which have led researchers to create more realistic models
since the 2000s. Lamarche & Beauchamp [15] and Marcotte & Pas-
quier [16] developed a solution for the modelling of a BHE for a
short time transient response. Bandos et al. [17] presented a new
FLS model that considers the geothermal gradient effect and the
temperature changes at the soil surface. Wagner et al. [18] and Erol
et al. [19] have worked on a solution that takes into account
groundwater flows based on the moving line source theory, ini-
tially proposed by Molina Giraldo et al. [20]. Erol et al. [19] also
presented an analytical solution of discontinuous heat extraction
both for single and multi-BHE field. Erol & François [21] as well
as Hu [22] studied the heterogeneity of the subsoil and proposed
an analytical solution considering a multiple sub-layer soil with
different thermal properties.

Alternatively, with the rise of computers and numerical meth-
ods, numerical models have emerged for the simulation of BHEs
(see [23–25], among others). They allow considering more complex
configurations including multi-physical processes (conduction,
convection, advection, etc.) [26], complex BHE geometries
[27,28], ground heterogeneities [29] or irregular multi-BHEs field
grid [30]. The counterpart being an important computing time
and a long implementation procedure. Cui et al. [31] made a com-
prehensive review of the existing 2D and 3D models. All those
studies, regardless of whether they are analytical or numerical,
have highlighted the necessity to consider discontinuous heat
loads if the aim is to capture the extreme temperatures in BHEs
for design purposes.

In the studies presented above, it is also always assumed that
the heat load is the same for all BHEs composing a multi-BHEs field
(i.e. homogeneous heat load). However, Yu et al. [32] have shown
that heterogeneous heat loads (i.e. heat loads can be tuned inde-
pendently in each BHE) are more effective to ensure thermal
regeneration of the ground. de Paly et al. [33] developed optimiza-
tion procedure based on an analytical solution which regulated
energy extraction for each single BHE of a system in order to min-
imize the maximum temperature change in the subsurface using
linear programming. Beck et al. [34] used the same methodologies
to define the best geometric arrangement and operation mode
2

adjustment of a multi-BHEs field with heterogeneous heat loads.
Retkowski et al. [35] confronted an analytical and numerical
approach to a 16-borehole system with individual borehole speci-
fic heat extraction rates. However these literature review high-
lights the scarcity of development of models where
heterogeneous heat loads can be considered, i.e. thermal loads that
can be tuned independently in each BHE. In addition, all these
studies only consider monthly heat loads while such coarse time
resolution of the heat load is probably not sufficient to provide
accurate estimations of the extreme temperatures, especially in
the pipes and the near-field where the reactivity of temperature
variations requires a smaller time resolution of the heat load.

In this study, we start from an existing analytical solution [19]
which predicts temperature field for (i) discontinuous heat extrac-
tion/injection of (ii) multi-BHEs field and we improve it by incor-
porating the possibility to consider (iii) heterogeneous heat
extraction/injection loads, i.e. different heat loads for each BHE of
a multi-BHEs field. For that purpose, we first implement the con-
cept of thermal resistance of the BHE, Rb, in order to determine
the heat carrier fluid temperature evolution inside the BHEs. Sec-
ondly, the model equations are reorganized to consider heteroge-
neous heat loads. In order to provide accurate temperatures, two
specific aspects are then analysed. First the discretization of the
time step is optimized in order to obtain the best compromise
between accurate determination of temperatures and calculation
time. Then the temporal resolution of the thermal loads is investi-
gated. The requirement for defining hourly thermal loads is
demonstrated if accurate determination of the extreme tempera-
tures is needed, as would be the case in an optimization problem
of multiple BHEs with heterogeneous heat loads. Finally, the possi-
bilities offered by our analytical solution which takes into account
hourly and heterogeneous thermal loads are illustrated through a
case study.
2. Mathematical model

As mentioned above, Erol et al. [19] have proposed an analytical
solution taking into account groundwater flows and discontinuous
heat extraction/injection for both single and multi-BHEs field.
Current developments start from this original model, the basic



Fig. 1. Two typical BHE configurations with their associated geometrical (radius, r,
and shank spacing, D) and thermal (thermal conductivity, k) parameters.
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equations of which being summarized in the following section for
the sake of clarity. For more completeness, full details can be found
in the original paper [19].

2.1. Temperature in the ground for homogeneous thermal load

The heat transfer problem which takes into account conduction
of heat is governed by the following equation:

qmcm
@2T
@t

¼ km
@2T
@x2

þ @2T
@y2

þ @2T
@z2

 !
þ s ð1Þ

where qmcm is the volumetric heat capacity of the porous medium,
km is the thermal conductivity of the porous medium and s is a vol-
umetric heat source.

Starting from a Green’s function, Erol et al. developed the solu-
tion to the partial differential Eq. (1) for a multi-BHEs field taking
into account the axial effect:
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where b is the number of BHEs, (xj; yj) is the coordinates of the jth
borehole and H the borehole length. With reference to the G-
function introduced by Eskilson [12], this analytical f-function is
the temperature response function of the model which is obtained
by the sum of the contributions of each individual BHE j. Indeed,
physical and thermal properties of materials are considered as tem-
perature independent. This assumption is commonly used since
temperature variations are relatively small in BHE problems. There-
fore, the principle of superposition can be applied.

In order to be able to consider discontinuous heat extraction or
injection, which is the case in practice for cooling or heating build-
ings, Erol et al. used convolution between the heat extraction func-
tion qL tð Þ and the f-function. This mathematical operation leads to
the determination of the temperature difference, DT , at the loca-
tion (x,y,z) as follows:

DT x; y; z; tð Þ ¼
Z 1

�1
qL sð Þf x; y; z; t � sð Þds

¼
Xn�1

i¼1

qL iDtð Þf x; y; z; t � iDtð ÞDt ð3Þ

where n is the number of time steps. The convolution integral equa-
tion is discretized with a differential of Dt to be able to make an
analytical evaluation.

By comparing this analytical solution with 3D-FEMmodels, Erol
et al. demonstrated that this solution is able to provide tempera-
ture distribution around single and multi-BHEs for discontinuous
heat extraction. In the following, in order to consider heteroge-
neous thermal loads, we improve the analytical model by imple-
menting the effect of thermal borehole resistance, to predict the
heat carrier fluid temperature (in the borehole pipe), and we opti-
mize the discretization of the time step.

2.2. Heat carrier fluid temperature for homogeneous thermal load

In order to determine the heat carrier fluid temperature from
the temperature at the borehole wall, Tb, calculated with Eq. (3),
the work of Hellström [36] can be used. The mean temperature
of heat carrier fluid, Tf , is obtained by:
3

Tf ¼ Tb þ Rb � qL ð4Þ
where Tb is the temperature at the borehole wall calculated with Eq.
(3), Rb the fluid-to-ground thermal resistance and qL the heat fluxes
from the pipes. This relationship is only valid under the assumption
of a steady-state heat flux in the borehole. This assumption is linked
to the fact that Rb does not take into account the heat capacity of the
borehole [15]. Eskilson [12] estimated the order of magnitude of the
minimum time to reach this equilibrium state and showed that its
order of magnitude is about one hour. This involves that the
dynamic variation of the thermal load of less than one hour cannot
be computed by the model presented here.

There are a number of methods to evaluate borehole thermal
resistance [37] which can be analytical, empirical or even deter-
mined with in situ tests [38]. In this work, it was decided to use
the analytical multipole method [39] limited to the first order for
two typical BHE configurations, namely the single and the double
U-pipe. This method has proven to be efficient and is implemented
in well-known software for BHEs design such as EED [40]. Briefly,
the mathematical developments for the two configurations are
shown below with the parameters shown in Fig. 1.

Hellström [36] developed explicitly the first-order multipole
approximation for single U-pipe BHE:
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where kb and km are the thermal conductivities of the grout and the
ground respectively, rb and rpo are the borehole and the outer pipe
radii respectively, D is the shank spacing,
r ¼ kb � kmð Þ= kb þ kmð Þ;b ¼ 2pkbRp and Rp is the thermal resistance
between the fluid and the material surrounding the pipe defined by:

Rp ¼ 1
2prpia

þ 1
2pkp

ln rpo=rpi
� � ð6Þ

where rpi is the inner radius pipe, a ¼ Nukf =2rpi and Nu is the
dimensionless Nusselt number.

Claesson & Javed [41] developed explicitly the first-order multi-
pole approximation for double U-pipe BHE:
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Fig. 2. Discretization of the f-function at the borehole wall for two single BHE of
different radii, rb (km ¼ 2:5W=mK).

Fig. 3. Discretization of the f-function at the borehole wall of a single BHE for two
different ground thermal conductivities, km (rb ¼ 0:06m).
2.3. Ground and heat carrier fluid temperatures for heterogeneous
thermal load

In most models that predict the temperature variation in heat
carrier fluid and ground around BHE, it is usually assumed that
the heat load is similar in each borehole of the multi-BHEs field.
Therefore, with those models, it is not possible to investigate sce-
narios where heat loads vary according to the BHEs. However,
these situations can have a positive effect on the regeneration of
the thermal reservoir and avoid a decrease of the system
performance.

The modifications made to the analytical solution consist in
defining a temperature response function f j and a heat extraction
function qL;j for each BHE j of the system. In this way, the thermal
loads are defined individually for each BHE. This modification
implies an increase of the calculation time proportional to the
number of BHEs of the system. Indeed, the superposition principle
involving the b boreholes is now performed after the convolution
product:
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2.4. Time step optimization

The implementation of heterogeneous thermal load increases
the calculation time. It is therefore necessary to optimize the time
step discretization, Dt, involved in Eq. (10). The time step should be
chosen in order to reduce the calculation time but also to avoid dis-
cretization errors. Indeed, defining a very small time step improves
the accuracy of the solution but also increases significantly the res-
olution time. On the other hand, too large time steps can lead to
inaccurate temperatures. In practice, both functions of Eq. (10)
(i.e. qL tð Þ and f-function) must be correctly discretized.

Concerning the discretization of qL tð Þ, the time step must be
equal or smaller than the smallest period without variation of
the thermal load. In this way, any variation in the heat load can
be accurately discretized. Due to the steady-state heat flux
assumption in the implementation of the fluid-to-ground thermal
resistance, Rb, it was determined that the variation of the thermal
load could not be less than one hour. As a result, in the most critical
situation, the time step discretization will be a maximum of one
hour.

Since the f-function (Eqs. (2) and (9)) defines the thermal
response of the analytical model it must be accurately discretized.
The sensitivity analysis showed that this function has strong
variations when evaluated close to the heat source (i.e. at the bore-
4

hole walls), especially upon high thermal conductivity of the
ground.

As can be seen in Figs. 2 and 3 for various ground thermal con-
ductivities and borehole radii for a single BHE, the thermal
response at the borehole wall consists of a fast-increasing phase,
a maximum and then a relatively slow decreasing phase. This
behaviour is identical at greater distances from the borehole but
the amplitude is reduced and the maximum is reached at a much
longer time. This is consistent with the fact that in the far field,
thermal load is lower and the thermal plume takes longer to arrive.

The adopted methodology for the discretization of the f-
function is to divide the increasing phase of this function in at least
two time steps. In practice, the time corresponding to the maxi-
mum of the f-function can be easily determined analytically from
Eqs. (2) and (9). This procedure illustrated in Figs. 2 and 3 shows
that to correctly discretize the f-function the time step is between
5 and 16 min for typical values of the radius of BHE, rb, and ground
thermal conductivity, km, when one considers the variation of tem-
perature at the borehole wall.

In the end, the time step adopted is the minimum between the
time step related to the thermal load and to the f-function.
3. Validation of the analytical solution

EED software has been chosen for the validation of the analyti-
cal solution in the case of multi-BHEs field with homogeneous
thermal loads, since it is one of the most common and reliable
geothermal tools used by the industry. EED is used for practical
application in the design of BHE installations. Among other things,
this software allows determining the heat carrier fluid tempera-
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ture, Tf , inside the pipe at half the depth of the borehole. In case of
multi-BHEs field, the software provides the average heat carrier
fluid temperature, Tf ;av , which is defined as the average fluid tem-
perature between the b BHEs, at half the depth of the boreholes.
The validity of EED average temperature results has been demon-
strated several times using finite element numerical simulations
[42].

The validation is done using a case study inspired from the ‘‘tu-
torial examples for EED v4” [43]. The practical example is a large
office building with hourly simulation (i.e. the thermal load
changes every hour). It consists of a multi-BHEs field of 25 bore-
holes with a regular grid of 5 x 5 BHEs and a spacing of 6 m
between them. Parameters of the case study are shown in Table 1.
The heating and cooling loads are shown in Fig. 4. The total heat
load is slightly unbalanced in favour of heat extraction. For the val-
idation, and to be able to compare the obtained results with the
results from EED, an identical thermal load is applied to each BHE.

The objective being to validate the thermal response function f
proposed by Erol et al. and its time discretization, as well as the
implementation of the thermal resistance Rb, the simulations are
carried out over a period of one year and the average temperature
of the fluid Tf ;av are compared. It should be noted that the case of
individual heat loads per BHE is not considered here but will be
addressed in the next section, as an extension of the study.

Since EED only provides an average fluid temperature of all
BHEs, the average fluid temperature is obtained from Eq. (4) using
the borehole wall temperature averaged between each BHE:

Tf ;av ¼ Tb;av þ Rb � qL ð11Þ

with

Tb;av ¼ average Tb;j
� � ð12Þ

where j refers to all BHEs of the system. By defining this, the com-
parison between the models and EED can be made. The average
fluid temperature at half the depth of the 25 BHEs provided by
EED and by the analytical solution are shown in Fig. 5. These results
are more than satisfactory and show the accuracy of the analytical
solution developed in this work for the prediction of fluid temper-
ature in a multi-BHEs fields and for discontinuous heat loads, iden-
tical for each BHE (i.e. homogeneous heat loads).
Table 1
Parameters of the case study used for the validation of the analytical model.

Parameter Symbol Value Unit

Borehole heat exchanger
Type – double U-pipe –
Configuration M x N 5 x 5 (25) BHEs
Spacing L 6 m
Depth H 120 m
Borehole radius rb 76.2 mm
Grout thermal conductivity kb 1.6 W/mK
Outer pipe radius rpo 16 mm
Inner pipe radius rpi 13 mm
Pipe thermal conductivity kp 0.42 W/mK
Shank spacing 2D 60.4 mm

Heat carrier fluid
Fluid thermal conductivity kf 0.48 W/mK
Specific heat capacity cf 3795 J/kgK
Density qf 1052 kg/m3

Viscosity lf 0.0052 Pas
Volumetric flow rate per borehole v f 0.48 l/s

Ground properties
Undisturbed ground temperature T0 11.2 �C
Volumetric heat capacity qmcm 2.20 MJ/m3K
Ground thermal conductivity km 2.9 W/mK

5

Through this case study, the analytical model has proven to be
effective in determining the evolution of the average fluid temper-
ature with hourly simulations. In addition, the analytical model
allows determining the fluid temperature specific to a BHE. Thus
the extreme temperatures of the system, which can sometimes
be noticeably different from the average temperature, can be
defined. These results demonstrate that the analytical solution
can be used for practical applications as the analysis of existing
project monitoring data.

4. Result and discussion

This section highlights the new insights provided by the analyt-
ical solution for multi-BHEs field. For that purpose, the case study
presented in the previous section is considered.

4.1. Temporal resolution of the heat load profile

The models taking into account heterogeneous thermal loads
found in the literature are limited to monthly simulations. This
coarse temporal resolution of the heat load can have a relatively
strong impact on the results as it will be shown in this section.

Based on the load case presented in Fig. 4, three simulations
have been carried out with hourly, weekly and monthly homoge-
neous thermal loads. The results shown in Fig. 6 illustrate the aver-
age fluid temperature evolution of these three load cases. It can be
noticed that the thermal amplitude:

max Tf ;av tð Þ� ��min Tf ;av tð Þ� �
for t 2 0� 365ð Þ days ð13Þ

strongly depends on the type of loading. It goes from 20.5 �C for an
hourly simulation to 10.6 �C for a monthly simulation. The more
thermal load is averaged over a long period of time, the smoother
the peaks loads will be. A monthly load therefore gives the general
evolution of the temperature without determining the exact
extreme temperatures that the fluid reaches. The monthly load
could probably be used to evaluate the possible drift of mean tem-
perature year after year (in case of unbalanced thermal loading over
the year) but cannot be used to provide most critical temperature
variation upon peak demand.

Furthermore, it can be seen that when the temporal resolution
of the heat load is too low (i.e. monthly), the extreme temperatures
(i.e. Tf ;av ;max tð Þ and Tf ;av ;min tð Þ) do not coincide with those of more
detailed simulations. A monthly simulation cannot therefore deter-
mine with sufficient accuracy the period when temperature fluctu-
ations are most significant.

Those results highlight the importance of using an analytical
solution able to predict the heat carrier fluid temperature from
hourly thermal loading. Moreover, during the design phase of a
geothermal system, determining with accuracy the hourly (dy-
namic) thermal needs of the buildings seems to be a key element
to improve the accuracy of the temperature predictions.

4.2. Temperature evolution of each specific BHE

As mentioned earlier, the majority of the existing solutions,
including EED, provide the average temperature of the fluid in the
entire considered system. These results are interesting because
usually a collector unifies the heat carrier fluids coming from each
BHE in a single pipe (with averaged temperature) before the heat
pump. To obtain the inlet temperature to the heat pump, the aver-
aged temperature is sufficient. However, a result limited to the
average temperature of the heat carrier fluid does not allow analys-
ing the thermal behaviour of each individual BHE. Nevertheless, it
has been shown [33,44] that the thermal exhaustion can be concen-
trated in a certain area of the BHEs field. It is therefore interesting to



Fig. 4. Hourly and homogeneous thermal loads for 365 days of the case study. Positive values indicate heat injection and negative values indicate heat extraction.

Fig. 5. Case study: average fluid temperature inside the 25 BHEs at the half depth provided by EED and the analytical model for hourly homogeneous heat loads.

Fig. 6. Average fluid temperature inside the 25 BHEs at the half depth provided by the analytical model for three different temporal resolutions of the thermal load, annual
thermal amplitude (Tf ;av;max tð Þ � Tf ;av;min tð Þ) is given for each load case.

T. Coen, B. François and P. Gerard Energy & Buildings 253 (2021) 111520
develop a modular solution that can provide both the average fluid
temperature and the temperature of the heat carrier fluid in a speci-
fic BHE.

To illustrate the relevance of having access to the heat carrier
fluid of a specific BHE a geothermal system with a strongly unbal-
anced thermal load is used. For that purpose, we restart from the
6

previously presented study case and its homogeneous thermal load
(Fig. 4), but we remove the heat injection, only keeping homoge-
neous heat extraction (i.e. similar heat extraction for each BHE).
Fig. 7 shows the comparison between the average fluid tempera-
ture and the temperature evolution of the most peripheral (I)
and the most central (II) BHE (see BHEs configuration in Fig. 8).



Fig. 7. Comparison of the temperature evolution of two specific BHEs and the average value of the system for a homogeneous purely extraction heat load case, thermal drift is
defined from the temperature of the day 258 (mid-September) of each year and the number in bracket reports the variation of temperature over the last year.

Fig. 8. Layout of the 25 BHEs with spacing of 6 m. The field is distinguished by 16
peripheral BHEs, which are used all year round, and 9 central BHEs, which are used
during high heat extraction (>45 kW).
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The calculation was made over 3 years. In line with the fact that
the heat load is unbalanced, a thermal drift is observed year after
year. Indeed, since it is only a heat extraction, the ground is con-
stantly cooling down, it does not have the possibility to regenerate
itself and the ground temperatures are continuously decreasing
year after year. The drift is defined by the temperature at the end
of the summer period (mid-September, 258th day of the year) just
before the autumn heat extraction starts. Since the drift is greater
at the centre than at the periphery, this illustrates the greater ther-
mal exhaustion at the centre of the system. It can be observed that
the thermal behaviour is specific to each BHE and relatively large
differences can exist with respect to the average temperature.

This highlights the importance of focusing not only on average
heat carrier fluid temperature but also on the specific thermal
behaviour of each BHE. Indeed, a localized thermal exhaustion of
the system may lead to a local freezing of the subsoil.

4.3. Heterogeneous thermal load

In case of unbalanced energy needs between heating and
cooling, homogeneous thermal loading leads to non-uniform
7

deterioration of the ground thermal storage. Indeed, it has been
shown in the previous section that the centre of the system under-
goes greater temperature variation. This observation motivated us
to develop a solution capable of exploring situations where the
thermal load would be heterogeneous and hourly.

Therefore, the developed analytical model allows now to
impose a particular and independent hourly thermal load to each
BHE or group of BHEs. The objective is to reduce the thermal drift
and minimize the temperature variation in the most critical bore-
holes (usually in the centre of the BHEs field).

In order to illustrate the possibilities provided by the analytical
solution, the geothermal system presented previously will be
divided into two zones visible on Fig. 8. The first zone, consisting
of the 16 peripheral BHEs, will be operated throughout the year,
whereas the second zone, consisting of the 9 central BHEs, will only
be activated when the thermal load is high. Fig. 9 shows the total
thermal load applied to the geothermal system which corresponds
to the initial load shown in Fig. 4 but without the cooling. When
the thermal load is high (>45 kW) all BHEs are activated and each
one receives the same thermal load. For low heat extraction
(<45 kW), only peripheral BHEs are used. This threshold corre-
sponds to 30% of the maximum value of the thermal load. The con-
sequence of this heterogeneous heat load is that the peripheral
BHEs extract almost twice as much energy per year as the central
boreholes (i.e. 6.8 and 3.8 MWh/year/BHE respectively). The homo-
geneous case extracts 5.7 MWh/year/BHE.

The analysis will focus on the temperature evolution of two
BHE-named BHE I and II- representing respectively the peripheral
and central zone under homogeneous and heterogeneous thermal
load. The simulation is carried out over 10 years, with the ground
and GHE properties defined in Table 1. An initially homogeneous
ground temperature is thus considered for the case study with
heterogeneous heat loads.

Fig. 10 shows the fluid temperature of the two BHEs of interest
during the tenth year of simulation. For the peripheral BHE I in a
general way the heterogeneous thermal load slightly degrades
the temperature, especially during periods of low heat extraction
because the thermal load is concentrated to the peripheral BHEs.
This degradation is logical because the heterogeneous thermal load
configuration demands more to the peripheral BHEs. However, this
is to favour the central BHEs where, for the central borehole II, with
a reduced annual thermal load, a relatively good improvement is
noticeable. For each year two remarkable values are defined at
both BHEs (I and II): the temperature at mid-September
(thermal drift) and the minimum temperature. After ten years,



Fig. 9. Heterogeneous hourly thermal loads (only extraction) applied to the periphery and central BHEs. All the BHEs are activated when the total extraction is higher than
45 kW. Otherwise only the peripheral BHEs are used.

Fig. 10. Fluid temperature for the tenth year of simulation for two particular BHEs with two different thermal loading strategies. Two particular temperatures are defined
each year, namely the temperature of the thermal drift and of the minimum.
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heterogeneous thermal loading degrades these two temperatures
by 0.03 �C and 0.19 �C respectively for BHE I and improves by
0.56 �C and 0.82 �C for BHE II.

These remarkable temperatures which give the annual ten-
dency of the temperature evolution are plotted in Fig. 11(a) and
(b) for the first 10 years of the simulation. Since the load is unbal-
anced, these temperatures are continuously deteriorating. Further-
more, it can be seen that even though the heat extraction in the
centre (BHE II) is reduced, the temperature deterioration is still
higher than in BHE I. However, the heterogeneous strategy slightly
deteriorates both the minimum temperature and the thermal drift
for the peripheral BHE I. This deterioration occurs mainly during
the first year, after which the deterioration hardly changes at all.
For the central BHE II there is a continuous improvement of these
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remarkable temperatures in comparison to a homogeneous strat-
egy during the 10 years of the simulations.

Although the thermal load on the peripheric BHEs has increased
with heterogeneous thermal load, Fig. 11(c) shows that the degra-
dation of the remarkable temperatures is only slightly different
compared to the noticeable improvement in the centre of the sys-
tem. Moreover, the differences between the temperatures due to
the different strategies remain almost constant from the first year
for the peripheral probe I, while for the central BHE II this differ-
ence increases from year to year and only stabilizes in the long
term.

It can be concluded that, with heterogeneous thermal load, the
local deterioration of the thermal reservoir in the centre of the
system is reduced. In addition, this type of optimization with



Fig. 11. Annual remarkable values ((a) of day 258 (thermal drift) and (b) minimum temperature) for two particular BHEs with two different thermal loading strategies
(homogeneous and heterogeneous thermal load) and (c) comparison of the influence of these two strategies on the temperature evolution. Heterogeneous thermal loading
improves thermal drift and minimum temperature for the central BHE II and slightly deteriorates these values for the peripheral BHE I.
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heterogeneous thermal load only makes sense in the long term, as
the improvement is even more marked after a few years.
5. Conclusion

Starting from the analytical solution developed by Erol et al.
[19] that provides temperature distribution around single and
multi-BHEs for discontinuous heat extraction/injection, we have
incorporated the possibility to consider heterogeneous heat loads,
i.e. different heat loads for each BHE of a multi-BHEs field. The
model equations have been reorganized to take into account a
specific and independent heat load at each BHE or group of BHEs.
This new feature allows to optimize the distribution of thermal
demands on each individual BHE in order to mitigate the non-
uniform deterioration of the ground thermal storage and the local-
ized thermal exhaustion of the system.

Also, the need to predict the temperature in the heat carrier
fluid (in addition to the temperature field in the ground) led us
to implement the concept of thermal resistance of the BHE, Rb,
determined analytically for two typical BHE configurations, namely
single and double U-pipe.

By modelling a real 5 � 5 borehole heat exchanger field submit-
ted to discontinuous heat extraction and injection over one annual
cycle, we have investigated several temporal resolution of the ther-
mal load and we have shown that an heat load discretized by hour
is required to accurately determine the critical temperature varia-
tion and especially to determine when these temperatures are
reached.

Finally, the developed analytical solution has been used on the
5 � 5 multi-BHE field with hourly and heterogeneous thermal load
where central BHEs are only used during high extraction demand.
The results showed that such a thermal load distribution between
BHE allows reducing the thermal drift and limiting the tempera-
ture drop during peak demand in the central BHE without signifi-
cantly impacting the temperature evolution of the peripheral
boreholes.

This developed analytical solution provides an efficient tool for
the design of multi BHEs, considering discontinuous and heteroge-
neous thermal load. The main limitation is related to the assump-
tion of ground homogeneity. Multi-layered ground is not
considered here, even if the work of Erol and François [21] provides
a method to consider it in future developments. Also, the tool is
particularly well-adapted to calculate temperature in a limited
9

number of locations. However, the prediction of temperature
map in a large domain, that requires many calculated points,
may lead to important computational time.

For further investigations and perspectives, a comparison with
numerical models could be interesting. Also, this flexible and mod-
ular analytical solution can be combined with specific optimization
approaches to reduce the exhaustion of the system and to realize
more sustainable design. In addition, the study of the impact of
groundwater flows can be carried out quite easily by slightly mod-
ifying the equations based on the work of Erol et al. [19].
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