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Abstract
With bore fields for energy extraction and injection, it is often necessary to predict the
temperature response to heat loads for many years ahead. Mathematical methods, both
analytical and numerical, with different degrees of sophistication, are employed. Often
the g-function concept is used, in which the borehole wall is assumed to have a uniform
temperature and the heat injected is constant over time. Due to the unavoidable
thermal resistance between the borehole wall and the circulating fluid and with varying
heat flux along the boreholes, the concept of uniform borehole wall temperature is
violated, which distorts heat flow distribution between boreholes. This aspect has often
been disregarded. This paper describes improvements applied to a previous numerical
model approach. Improvements aim at taking into account the effect of thermal
resistance between the fluid and the borehole wall. The model employs a highly
conductive material (HCM) embedded in the boreholes and connected to an HCM bar
above the ground surface. The small temperature difference occurring within the HCM
allows the ground to naturally control the conditions at the wall of all boreholes and the
heat flow distribution to the boreholes. The thermal resistance between the fluid and
the borehole wall is taken into account in the model by inserting a thermally resistive
layer at the borehole wall. Also, the borehole ends are given a hemispherical shape to
reduce the fluctuations in the temperature gradients there. The improvements to the
HCM model are reflected in a changed distribution of the heat flow to the different
boreholes. Changes increase with the number of boreholes. The improvements to the
HCM model are further illustrated by predicting fluid temperatures for measured
variable daily loads of two monitored GCHP installations. Predictions deviate from
measured values with a mean absolute error within 1.1 and 1.6 K.
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Abbreviations
BH, borehole;
EED, earth energy designer;
EHCM, enhanced highly conductive material;
FDM, finite difference method;
FEM, finite element method;
FLS, finite line source;
GCHP, ground-coupled heat pump;
GHE, ground heat exchanger;
GLHEPRO, ground loop heat exchanger professional;
HCM, highly conductive material;
MAE, mean absolute error;
MBE, mean bias error;
RMSE, root mean square error;
SBM, superposition borehole model;
TRF, Temperature response function;
TRL, Thermally resistive layer

Nomenclature
α Thermal diffusivity (m2/s)
B Borehole spacing (m)
D Inactive upper part of the borehole (m)
δ Thickness of the thermally resistive layer (m)
FoH Fourier number, with H as the characteristic length
H Total active borehole length (m)
k Thermal conductivity (W/(m-K))
Q Heat flow (W)
Average heat flow (W) per borehole
q Heat flow per unit length (W/m)
Average heat flow per unit length (W/m) per borehole

Rb Local GHE thermal resistance ((m-K)/W)
Rb* Effective GHE thermal resistance ((m-K)/W)
rb Borehole radius (m)
t Time (s)
tS H2/9α (s) Characteristic time
T Temperature (°C)

Subscripts
bh Borehole
bw Borehole wall
g Undisturbed ground

1. Introduction
A conventional ground-coupled heat pump (GCHP) system consists of three main
components: an indoor air or water circuit in the building, an outdoor heat carrier fluid
circuit buried in the ground, and a heat pump. The advantage of using the ground as a
heat source or sink derives from the fact that the ground temperature is relatively
stable, higher during winter and lower during summer, as compared to the temperature
of the outdoor air. The outdoor circuit is commonly a bore field, made up of a closedloop of vertical U-pipe heat exchangers buried in the ground, the ground heat
exchangers (GHEs), normally connected in parallel. The outdoor circuit is designed to
keep the inlet fluid temperature of the heat pump (outlet fluid temperature of the GHE)
within specified operational limits as the ground supplies the intended energy demand
of the building. To ensure a sustainable and high performance of the heat pump over
the years, long-term prediction of the thermal response of the ground and the GHEs are
required. Both numerical and analytical methods are utilized to predict the long-term
response of the ground. Usually convective processes in the ground are disregarded
because of their irregular nature and only thermal conduction is considered. The
thermal conductivity of the ground is known from e.g. thermal response tests.
When modeling GHEs connected in parallel, two simultaneous boundary conditions are
usually applied: a uniform temperature at all borehole walls and a defined total heat
flow to the bore field. The assumption of a uniform borehole wall temperature has its
foundation on the parallel hydraulic connection of the boreholes and on the small
temperature difference between incoming and outgoing heat carrier fluid. Because of
the thermal resistance between the heat carrier fluid and the borehole wall and the fact
that the heat flux increases towards the borehole ends (bottom and top), the condition
at the borehole wall differs from the assumption of a uniform temperature along the
borehole wall.

This paper describes improvements applied to the numerical approach reported in
Monzó et al. [23] in order to correct the representation of the temperature and heat
flux profiles at the borehole wall. The model presented in this paper is utilized to
generate the long-term temperature response for multiple bore field configurations
when a constant total heat flow is injected into the bore field. The long-term
temperature response obtained from the model described in this paper is illustrated
along with the long-term temperature response obtained from the previous version of
the model and other state of the art solutions. The improved model is also utilized to
compute daily fluid temperature predictions for variable measured daily loads of two
monitored GCHP installations. The predicted daily fluid temperatures are compared
with the corresponding measured fluid temperatures and with the predicted values
obtained from the previous numerical model.

2. Background
The energy demand of a building is characterized by a variable (heating and/or cooling)
load profile. Subsequently, if using a GCHP with vertical boreholes, a bore field is also
subjected to a variable load profile (heat extraction and/or injection). Commercial
design software programs widely in use, such as Earth Energy Designer (EED) [14] and
Ground Loop Heat Exchanger Professional (GLHEPRO) [20], are capable of easily
predicting the temperature response due to a variable load profile (repeated over the
user's simulation time with a period of one year) for hundreds of bore field
configurations, normally contained in their pre-calculated libraries. Due to the linear
nature of heat conduction, the thermal response of the bore field to a variable load, the
procedure implemented in these software programs, is based on a sequential
superposition of the stepwise variable loads over the characteristic temperature
response of the bore field, traditionally called the g-function.
The g-function is a dimensionless temperature response factor that relates the change
in temperature over time at the borehole wall (Tbw) from its undisturbed value (Tg) when
a constant total heat load (
) is injected into the bore field. This response is
obtained from the assumption that pure heat conduction occurs in a homogenous
surrounding ground medium with the definition of constant temperature (undisturbed
value) at the boundaries of the surrounding ground. The g-function is usually
represented over a non-dimensional time and is unique for given geometrical aspect
ratios of the borehole field. The g-function is mathematically defined in Eq. (1)
equation(1)

One important aspect of the g-function generation is the definition of the boundary
condition at the borehole wall as discussed in Bernier [2]. Eskilson [10] introduced the
concept of the g-function, in which the definition of the boundary condition at the
borehole wall was carefully studied. Three types of boundary conditions at the borehole

wall were considered and implemented in Eskilson's 3D-finite difference method (FDM)
computing program (SBM-Superposition Borehole Model). Cimmino and
Bernier [6] provided a comprehensive categorization of these different types of
boundary conditions. The first boundary condition assumes an equal heat distribution
among the boreholes and a uniform heat flux along their depth. The second boundary
condition refers to an average borehole wall temperature in all the boreholes. In this
second type of boundary condition the heat extraction rate is different in each borehole
but it is uniformly distributed along each borehole depth. The third type of boundary
condition considers that the temperature along the borehole walls is uniform and equal
in all boreholes. Simultaneously, the total heat flow in all the boreholes should be equal
to the total heat flow transferred to the bore field at any given time, which should be
constant for the g-function generation. This third boundary condition was Eskilson's
preference for the g-function generation.
The assumption of a uniform temperature along the borehole length can be justified
with the small temperature difference between incoming and outgoing heat carrier fluid
in U-pipe GHEs at high flow rates [16]. The second assumption, the same borehole wall
temperature in all boreholes, is justified by the hydraulic and thermal connections that
occur when boreholes are connected in parallel. The uniform borehole wall temperature
condition is widely accepted as a good representation of the thermal process at the
borehole wall. Therefore, g-functions were generated for several bore field
configurations and implemented in libraries of commercial design tools. Since then,
these temperature response factors by Eskilson have been considered as benchmark
solutions.
During the last two decades, exhaustive research activities have been dedicated to
analytical solutions for the g-functions because of their flexibility, especially in design
and optimization tasks. The efforts have been focused on finding accurate and fast
computational methods for the generation of g-functions. Early efforts were dedicated
to making the analytical solution practical for engineering purposes. In this direction,
simpler expressions of the FLS solution to calculate the mean borehole wall temperature
were investigated by Eskilson [11], Zeng et al. [29], Lamarche and Beauchamp [17], and
Claesson and Javed [8]. The simplifications proposed by Lamarche and
Beauchamp [17]and Claesson and Javed [8] could both rapidly solve the FLS problem.
However, as shown by Lee and Lam [19] and Fossa [12], the g-function obtained from
pure FLS approaches, which assumes that the heat flux is constant at the borehole wall,
overestimates the g-function as compared to the one obtained from the SBM model
with the uniform borehole wall temperature condition. These deviations increase with
the number of boreholes and time, which is attributed to the definition of the boundary
condition at the borehole wall.
Lately, research efforts have been focused on the representation of the boundary
condition at the borehole wall when using the FLS solution. Cimmino and
Bernier [6]proposed a semi-analytical solution in which the borehole is modeled as a
series of segments. The uniform temperature condition at the borehole wall is fulfilled

with the definition of an equal temperature in all the segments in all boreholes at every
given time. The borehole wall temperature at each segment is calculated from a spatial
and temporal superposition of the FLS solution. This approach is employed to model
boreholes with different lengths and buried depths in Cimmino and Bernier [6],
implemented in a pre-processor tool [7]. A similar concept was used and extended to
inclined boreholes by Lazzarotto [18].
An experimental setup was built to measure the thermal response at the borehole wall
for a scaled single borehole in a sand tank during a sufficient time span to reach steady
state condition, as reported in Cimmino and Bernier [5]. The non-dimensional borehole
wall temperature measurements were compared to non-dimensional temperature
response obtained from the approach in Cimmino and Bernier [6] with a uniform
borehole temperature condition. It was reported that, in general, the theoretical
solution tends to underestimate the experimental response. The deviations started
when ln(t/ts) = −3 and increased with time. A 4.7% difference was observed at
ln(t/ts) = 1.92. However, the theoretical response was within the uncertainty threshold
of the experiment. Differences were partly attributed to air temperature variations
above the top surface of the sand tank, which differed from a controlled temperature
boundary condition at the top surface as defined in the theoretical model.
Concerning numerical methods, during the last years, researchers also tried to develop
solutions that are capable of providing an accurate and detailed description of the
thermal process in bore fields. Zanchini et al. [28] developed a 2D axisymmetric model
with a constant heat flux boundary condition at the borehole wall. Priarone and
Fossa [25] developed a model in COMSOL Multiphysics®, in which temperature
response factors for the single borehole are generated for different boundary
conditions, defined as constant heat flux boundary condition and constant borehole wall
temperature boundary condition. Priarone and Fossa [24] extended their model for the
single borehole to predict ground temperature response, with a similar concept as
proposed in Monzó et al. [23].
As pointed out by Lee and Lam [19], most GHE models are based on a constant heat flux
or uniform temperature approach to model the response of the surrounding ground and
on a fixed GHE thermal resistance that accounts for the heat transfer inside of the GHE.
However, the coupling effect between the boreholes and the surrounding ground may
not result in either a uniform temperature or a constant heat flux along the borehole
length. Thus, efforts have also been focused on the development of more detailed
models that take into account the response of the GHE along the borehole depth,
coupling it to the response of the ground.
Lee and Lam [19] proposed a 3D implicit FDM that modeled the heat transfer inside the
borehole with a 3D FDM under a quasi-steady state condition. The heat transfer in the
surrounding ground was also modeled with a 3D FDM with a rectangular coordinate
system in which boreholes are represented by square columns. These two solutions
were coupled and solved iteratively at each time step. Temperature profiles of the fluid
along upward and downward pipes and of the borehole wall were obtained for a single

borehole (rb/H = 0.0005) under continuous heat injection for a 10 year-period. The
temperature profile at the borehole wall showed that the maximum temperature
occurred near the top edge of the borehole, in contrast to the maximum value observed
at mid-height borehole when results were obtained from a pure FLS solution, as
proposed by Zeng et al. [30]. Besides the edge effect at borehole ends, a temperature
difference of 0.2 K between the upper and downward part of the borehole wall was
found in Lee and Lam [19]. A slight temperature difference in the averaged-over-thedepth fluid temperature at the upward and downward pipes was also observed in Lee
and Lam [19], being around 0.7 K.
Recently, Cimmino [4] proposed a semi-analytical solution that accounts for the axial
variation of temperature and heat rates at the borehole wall for single U-pipes
connected in parallel, due to the thermal interaction between the fluid and the borehole
wall. In this model, an analytical approach of the heat transfer process between the fluid
and the borehole wall is coupled to a system of equations that solve temperature and
heat transfer rate, based on the aforementioned procedure by Cimmino and Bernier [6].
This model is solved for an equal inlet fluid temperature in all boreholes. The effect of
the GHE thermal resistance and the fluid flow rate in temperature response functions
are studied for a total constant heat flow and given geometrical aspect ratios of single
and of 4 × 4 bore fields. No relevant effects in relation to the fluid flow rate were
observed for particular geometrical aspect ratios on the steady state values of the
temperature response functions. Simulations were performed at steady state for a
ground with a thermal conductivity equal to 2 W/(m-K) and for a GHE with a local
thermal resistance of 0.1 (m-K)/W, which showed that a model with uniform borehole
wall temperature underestimate the steady-state g-function value by 2.1% for a 4 × 4
bore field and by 4.3% for a 10 × 10 bore field. An extended model that accounts for
fluid and borehole wall interaction in multiple U-pipes is proposed in [3]. Independent,
parallel and in series connection of U-pipes in a single borehole are investigated in this
work. For the case of double U-pipes with parallel connection in a single borehole with
given geometrical aspect ratios and a fluid flow rate of 0.2 kg/s, the fluid temperature
along the downward and upward pipes were shown along with the temperature at the
borehole wall after 10 years of continuous heat extraction. By analyzing them, it could
be observed that an average between the downward and upward fluid temperatures
showed a small temperature change along the borehole depth. The fluid temperature
change increased with depth, as heat is extracted, being less than 0.1 K difference
between the temperature at the upper and lower part. Besides the edge effects at the
top and bottom parts of the borehole, near the ends of the borehole, a small
temperature difference between the upper and lower part of the borehole can be
observed. The temperature difference is less than 0.1 K, which increased with depth.
Field measurements of fluid temperatures along the downward and upward pipes in Upipe GHEs and for relatively high flow rates, reported in Acuña [1] showed a small
temperature gradient when the fluid temperature (down and up flow) is averaged along
the borehole depth.

As supported by theoretical and observational investigations, the temperature gradient
along the borehole depth is small. Therefore, the assumption of a uniform fluid
temperature along the borehole depth can be accepted as representative for typical Upipe GHEs, with typical borehole lengths and high flow rates.

3. Numerical model
The numerical approach described in Monzó et al. [23] employed the concept of a
fictitious highly conductive material (HCM) to model the response of the ground when
a total heat flow is imposed in the bore field. This model was named the HCM model. In
the past and the present study, the ground is considered as a homogenous and isotropic
medium with constant and temperature independent thermo-physical properties. Thus,
the heat transfer in the ground is modeled as a pure heat conduction process. The HCM
model consisted of a fictitious HCM embedded in the boreholes and of a bar of the same
HCM located somewhat above the top surface to which the boreholes are physically
connected. The connection of the boreholes to the bar is carried out to represent the
parallel thermal connection when the bore field comprises more than one borehole.
Auxiliary cone elements of HCM are used to represent the inactive upper part of the
boreholes so that the top surface of the active borehole is connected with the bar. A
typical thermal conductivity for the HCM may be 1010 W/(m-K). The high value of the
thermal conductivity of the HCM material creates a very small temperature difference
within the cylinders embedded inside the boreholes so that by means of applying the
total bore field heat flow at one spot of the HCM bar, the heat flow is distributed through
the HCM to each borehole according to the temperature response of the surrounding
ground.
The main advantage of the use of the HCM to model the response of the ground with
bore fields is a substantial simplification of the computational calculation in two aspects.
The first aspect is the simplification of the thermal response of the GHE through the use
of the HCM. Modeling of the heat transfer in each of the components in the GHE (fluid,
grouting, piping) is made simpler through the use of the HCM, which imitates the
averaged-over-depth temperature response of the fluid. The second aspect is that
tedious iterative computations to calculate the heat flow distribution among the
boreholes and along the borehole depth are avoided as ground response naturally
controls the heat flow through the borehole walls.
The temperature and heat flux distributions along the boreholes walls were studied in
Monzó et al. [23]. The temperature was uniform along the borehole wall and equal in all
boreholes. The heat flow in each borehole was distributed according to the thermal
conditions of the ground surrounding in each borehole. The heat flux profile along the
borehole length presented much higher values at the top and bottom of the borehole
than at the remaining borehole length. The comparison of temperature response
functions with reference solutions based on uniform borehole wall temperature
resulted in similar results as compared to the response from the HCM model. However,
the high temperature gradients occuring near the edges of the borehole and the size of
the elements of the mesh caused unexpected high heat flux values at the borehole edges

as compared with Cimmino [4]. Further investigation was carried out to identify the
cause of the high heat flux values.
Thus, the observations of unexpected high heat flux values resulted in the revision of
the features of our mathematical approach, such as time step, mesh or geometry and
the definition in mathematical modeling of the heat transfer process occurring between
the fluid and the borehole wall. The inevitable thermal resistance occurring between the
fluid and the borehole wall results in a temperature drop between the fluid and the
borehole wall, which becomes higher at the ends of the boreholes where the heat flux
is higher. Thus, the temperature profile along the borehole wall moves away from the
assumption of an isothermal borehole wall when local heat flux variations are
considered. Thus, a uniform temperature boundary condition at the borehole wall is not
fully in agreement with the original boundary condition with a uniform fluid
temperature. This aspect was disregarded in Eskilson's studies and is the subject of study
in the present paper, which contributes to recent studies presented in Cimmino [4].
Thus, the improvements applied in the HCM model are intended to model the response
of the ground according to original assumption of heat transfer process along the
borehole wall (uniform temperature) and to correct the heat flux distribution through
the borehole wall. As the HCM model, COMSOL Multiphysics®, a numerical software
based on the finite element method (FEM), is employed to develop the enhanced
version of the HCM model. The numerical model that contains the improvements
applied to the HCM model is named ‘enhanced HCM model’ and labeled EHCM model
in the following sections.
The correction of the heat flux distribution through the borehole walls is accomplished
by introducing a thin thermally resistive layer (TRL) between the HCM and the borehole
wall. Thus, the thermal resistance between the fluid and the borehole wall is reproduced
by the TRL located at the borehole wall. In COMSOL Multiphysics®, the TRL is defined at
the boundaries relative to the boreholes walls.The thickness and the thermal
conductivity of the TRL are given as inputs to the model according to Eq. (2) and as a
function of the value of the borehole radius and the GHE thermal resistance of interest.
For instance, for a borehole radius (rb) of 0.07 m and a GHE thermal resistance (Rb) equal
to 0.1 (m-K)/W, its thermal conductivity corresponds to 0.159 W/(m-K) for an arbitrary
choice of 5 mm thickness of the TRL (δlayer).
equation(2)

To avoid strong heat flux gradients at the bottom ends of the boreholes, a hemispherical
element is drawn at the bottom part of the borehole. It should also be noted that in the
EHCM model, the use of TRL results in the temperature in the HCM to be equal to the
fluid temperature and the temperature outside the thermally resistive layer to be equal
to the borehole wall temperature. To avoid the transition region, a radial distance of

1.01 × rbis chosen for the evaluation of the borehole wall temperature and heat flux
profiles, as shown in [26].
Taking advantage of heat transfer symmetries ocurring within the bore field, the
computing domain is reduced to the greatest possible extent. Thus, the computing
geometries of the 2 × 3 and 4 × 4 bore fields, studied in this paper, have been reduced
to one quarter and one eighth, respectively, of the entire domain.
The meshing strategy is similar to the one utilized in Monzó et al. [23] with some
improvements that have increased the accuracy and still keeping an acceptable
computing time (around 8 h) for g-function generation and less than 1% deviation on
total heat flow calculations. As in the HCM model, the surrounding ground is split into
several meshing regions for size elements refinement purposes. The mesh in the region
surrounding the bore field comprises radial elements made up of triangular elements
swept from the top layer below the inactive upper part of the bore field. The
surrounding outward region next to the bore field is meshed with tetrahedral elements.
Thetrahedral elements are also used to mesh the remaining domains: hemispherical
elements at the bottom of the boreholes, an eighth hemispherical region downward the
bore field and the remaining region downward the bore field region. The size of the
elements is controlled in each meshing region. The closer the region is to the borehole
edges, the finer the elements of the mesh. Thus, regions near the borehole edges
comprise the finest mesh, increasing with distance. Free tetrahedral elements are also
utilized in the HCM bar and the HCM embedded in the boreholes. The total number of
elements in the mesh is around 200,000. The simulations of the EHCM model were
performed on two computers, one with an Intel Core i7 2.8 GHz processor and 8GB RAM
and another one with an Intel© Xeon© processor CPU E5-2620 at 2.00 GHz (2
processors) with 32GB RAM.

4. Generation of the temperature response function
The pioneering work of Eskilson with the g-function approach is used as a benchmark in
this paper. Similarly, to the g-function concept, the EHCM model is utilized to obtain the
average borehole wall temperature in the bore field when a constant total heat flow is
imposed in the bore field.
When the g-function concept was introduced, it was clearly stated as a formula to relate
the temperature at the borehole wall and the heat extraction rate when either heat flux
or temperature boundary conditions are defined at the borehole wall. However, in the
numerical model described in this paper, the total constant heat flow defined as a heat
rate across the boundaries on the HCM bar (Neumann boundary condition) differs
somewhat from the definition of the boundary condition in the g-function concept (at
the exact location at the borehole wall). Besides, it should be noted that in the EHCM
model the temperature at the borehole wall is slightly different in each borehole, as
ground conditions naturally control the heat flux distribution across borehole wall. This
fact also differs from the assumption stated above that all the boreholes have the same
borehole wall temperature. Thus, the total average bore field temperature results from

the average borehole wall temperature along the borehole length in all boreholes. For
this reason, the term “temperature response function” (TRF) is used in this paper to
refer to the dimensionless temperature response of bore fields obtained from the EHCM
model with a continuous total heat flow. When illustrating the results in Figs. 1, Fig.
7 ; Fig. 11 and 12and their analyses, both the TRF from the EHCM model and g-function
solutions, are referred as TRF, as it is a more general term, along with an abbreviation
tag relative to the source of their solution.

Fig. 1. TRFs for a 2 × 3 bore field (with k = 3.5 W/(m-K); Rb = 0.1 (m-K)/W in the EHCM model).

TRFs for a 2 × 3 bore field and a 4 × 4 are obtained from the EHCM model, for a ground
thermal conductivity of 3.5 W/(m-K) and a GHE thermal resistance of 0.1 (m-K)/W. The
TRF from the EHCM model is illustrated along with reference solutions in Figs. 1 and 7,
respectively. The TRFs presented in Figs. 1 and 7 are labeled with an abbreviation that
makes reference to the approach utilized (FDM, FEM or FLS) and to the boundary
condition defined at the GHE. Reference solutions obtained from a uniform borehole
wall temperature condition and equal in all the boreholes are tagged as ``Uniform
Temperature”. The reference solution obtained from the commercial design tool
([14] or [20]) based on the SBM [11] is tagged as ``FDM - Uniform Temperature”. The
reference solutions tagged as ``FLS - Uniform Temperature” resulting from the semianalytical approach based on the FLS developed by Cimmino and Bernier [6]. The
solutions resulting from the numerical HCM model presented in Monzó et al. [23] are
tagged as ``FEM - HCM”. The solutions obtained from the EHCM model are tagged as
``FEM - EHCM”.
This paper also includes the analysis of the temperature and heat flux profiles along the
boreholes walls resulting from the EHCM model for the aforementioned bore field
geometries. These results demonstrate the differences on the thermal response
between the original assumption (uniform fluid temperature) and the most-common
accepted hypothesis (uniform borehole wall temperature). Moreover, the influence of
the borehole thermal resistance on the thermal response of the ground at the borehole
wall is also analyzed in this paper.

It should be noted that an error related to the size of the surrounding domain of the
GHEs was found in the results of the EHCM model presented in [26] and [27]. The
corrected results and their corresponding analysis are presented in this paper.

4.1. TRF for 2 × 3 bore field
The TRF for a 2 × 3 bore field configuration obtained from the EHCM model is presented
in Fig. 1 along with the aforementioned reference solutions.
In Fig. 1, at short times, differences between the TRFs resulting from the ‘FEM - EHCM’
and ‘FEM - HCM’ are very small. For instance, at ln(t/ts) = −4.5 (90 days when H = 100 m
and α = 1.58 × 10−6 m2/s) the TRF-‘FEM - HCM’ underestimates the response as
compared to the TRF- ‘FEM - EHCM’ by 0.01 units (0.2%). However, the differences
increase with time. The response from the ‘FEM - HCM’ is 0.27 units (1.8%) lower than
the response from the ‘FEM-EHCM’ when ln(t/ts) = 1.5 (100 years when H = 100 m and
α = 1.58 × 10−6 m2/s). The comparison against the TRF – ‘FLS - Uniform Temperature’
shows that TRF-‘FEM - EHCM’ is slightly lower at short times, whereas the opposite
behavior is observed when ln(t/ts) > −1.1. To illustrate this fact, at ln(t/ts) = −4.5, the TRF‘FEM - EHCM’ is 0.09 units (1.7%) lower than the TRF ‘FLS Uniform Temperature’,
whereas the TRF-‘FEM - EHCM’ is 0.09 units (0.6%) higher than the TRF - ‘FLS Uniform
Temperature’ at ln(t/ts) = 1.5. The TRF- ‘FDM – Uniform Temperature’ presents slightly
higher values than TRF- ‘FLS – Uniform Temperature’ (0.06 and 0.15 units of difference
when ln(t/ts) is equal to −4.5 and 1.5, respectively). These differences are attributed to
the mesh utilized in the FDM. The TRF- ‘FDM – Uniform Temperature’ is 0.05 units higher
than the TRF- ‘FEM - EHCM’ at ln(t/ts) = 1.5.
Fig. 2 illustrates the comparison of the (a) normalized heat flux and (b) temperature
profiles at the borehole wall of the center and corner boreholes for a 2 × 3 bore field
(geometrical aspect ratios as specified in Fig. 1) obtained from the HCM and EHCM
models at one specific time (ln(t/ts) = 0.1 which corresponds to 25 years when H = 100 m
and α = 1.58 × 10−6 m2/s) when a total constant heat flow is injected into the bore field.
To study the profile at the vicinity of the borehole wall, the heat flux and temperature
profiles are obtained from the EHCM model at 1.01 × rb (0.0005 m away from the
borehole wall) in order to avoid the transition between the fluid wall temperature and
the borehole wall temperature [26].

Fig. 2. Normalized heat flux and temperature along borehole length for a 2 × 3 bore field (geometrical
aspect ratios as shown in Fig. 1, k = 3.5 W/(m-K); Rb = 0.1 (m-K)/W) at ln(t/ts) = 0.1 (25 years for H = 100
and α = 1.58 × 10−6 m2/s) resulting from the HCM and the EHCM models.

In Fig. 2(b) it can be observed that the borehole wall temperature in each borehole is
not the same, being higher in the center borehole. Average borehole wall temperatures
in each borehole and the total average in all boreholes are shown in Fig. 6. These results
also illustrate that the thermal response of the ground at the borehole wall is not fully
represented by the assumption of uniform borehole wall temperature with equal
response in all boreholes. The difference of the average temperature along the borehole
between the center borehole and the corner borehole is 0.35 K at steady state condition
with k = 3.5 W/(m-K) and Rb = 0.1 (m-K)/W, see Fig. 6. The heat flow distribution among
and along the boreholes is illustrated in Fig. 2(b) and compared with previous results
from the HCM model. The maximum heat flux at the corner borehole at ln(t/ts) = 0.1 (25
years when H = 100 m and α = 1.58 × 10−6 m2/s) resulting from the HCM model is
5.3 W/m, which is observed at the top edge. The maximum heat flux resulting from the
EHCM model, which is also observed at the top edge, is 2.8 W/m as shown in Fig. 2. Thus,
the borehole thermal resistance has a substantial effect on the heat flux distribution at
the borehole edges. In both the HCM and EHCM models, edge effects are greater at the
top of the borehole, as a result of the smaller distance from the top borehole edge to
the top surface.
Fig. 3 shows the effect with time of a constant heat injection in the (a) normalized heat
flux and (b) temperature profiles along the borehole length of the center borehole in a
2 × 3 bore field at two specific times, ln(t/ts) equal to −3.1 and 0.1 (1 and 25 years,
respectively, when H = 100 m and α = 1.58 × 10−6 m2/s). Edge effects are more
prominent with time. A larger effect is observed at the top end of the borehole. Fig.
3 also shows the normalized profiles when the heat flux and temperature are calculated
at 200 elements along the borehole depth.

Fig. 3. Normalized heat flux and temperature at the center borehole in a 2 × 3 bore field (geometrical
aspect ratios as shown in Fig.1; k = 3.5 W/(m-K); Rb = 0.1 (m-K)/W) at ln(t/ts) = −3.1 and 0.1 (1 and 25
years, respectively, for H = 100 and α = 1.58 × 10−6 m2/s) resulting from the EHCM model with 200 and 25
discretized elements along the borehole length.

Fig. 3 also shows the profiles when the 200 elements are sorted out in 25 elements
groups so that each group represents the average value of eight of the 200 elements
and located at mid-height of that particular group. The profile with 25 elements group
is of the same level of compression as used by Cimmino [4]. The edge effects are
significantly reduced when the profiles are discretized in 25 element groups, as shown
in Fig. 3.
Fig. 4 illustrates the normalized heat flow per borehole within a 2 × 3 bore field with
geometrical aspect ratios as described in Fig. 1 resulting from the EHCM model when a
total constant heat flow injection is imposed in the bore field. The results here are
compared with the results from the HCM model previously reported in Monzó
et al. [23]. Improvements in the meshing strategy have overcome the HCM model
limitations to compute the heat flow per borehole, as illustrated by the wiggles, for
periods of ln(t/ts) < −1.8 (around 3.5 years for H = 100 and α = 1.58 × 10−6 m2/s), as
observed in Fig. 4.

Fig. 4. Normalized heat flow per borehole in a 2 × 3 bore field (geometrical aspect ratios as shown in Fig.
3; k = 3.5 W/(m-K); Rb = 0.1 (m-K)/W) resulting from the EHCM model and compared to previous results
from the HCM model.

In Fig. 4, the comparison of the results from the EHCM model against the HCM model
also shows that the heat flow among the boreholes tends to be more evenly distributed
when the GHE thermal resistance is considered. For ln(t/ts) > −2, the normalized heat
flow in the corner borehole has changed from 1.07 to 1.04 (−3%), while the share of the
center borehole has changed from 0.85 to 0.89 (4%). At short times the distribution of
the heat flow per borehole is very similar in all boreholes. Differences in the heat flow
distribution show an increasing tendency until a period around ln(t/ts) = −2, at which the
heat flow distribution per borehole is kept virtually constant during the remaining
period. The error of the EHCM model for the total heat flow calculation after simulation
and compared to the input value is around 0.6% for the time period at all instances.
The small difference between the TRFs resulting from the EHCM model with a given GHE
thermal resistance and the g-function approaches, reflect the small influence of the
borehole edges (top and bottom) in comparison to the total borehole length in the heat
transfer rate. Although there are no significant differences on the TRFs resulting from
the EHCM model and from HCM model, the improvements applied to the EHCM model
are able to reproduce the effect of the GHE thermal resistance on the heat flux and
temperature profiles along the borehole wall.
An analysis of the GHE thermal resistance is performed to evaluate the influence of this
parameter on the heat flow distribution among the boreholes and on the temperature
and heat flux distribution at the borehole walls. Fig. 5 shows the (a) normalized heat flux
and (b) temperature profiles of the center and corner boreholes at steady state when
the GHE thermal resistance is varied from 0.001 to 0.1 and 1 (m-K)/W when heat is
injected to the ground. It can be observed that for Rb equal to 0.001 (m-K)/W the
normalized heat flux presents the largest heat flux at the borehole edges, while
temperature profiles are almost uniform and the same in all the boreholes. This result
resembles the one from the HCM model, with no GHE thermal resistance. When the
GHE thermal resistance is increased up to 1 (m-K)/W the normalized heat flux along the
borehole length remains almost uniform along the borehole depth in all the boreholes,

while normalized temperature profiles present the largest edge effects and a large
difference can be observed on the temperature profiles as compared to the other two
analyzed cases (Rbequal to 0.001 and 0.1 (m-K)/W) and with different response in each
borehole.

Fig. 5. Normalized (a) heat flux and (b) temperature profiles of the representative boreholes in a 2 × 3
bore field at steady state for different values of GHE thermal resistance (Rb) and k = 3.5 W(/m-K).

Fig. 6 shows the influence of the GHE thermal resistance on the (a) normalized heat flow
distribution and (b) average borehole wall temperature per borehole when heat is
injected to the ground.

Fig. 6. Normalized (a) heat flow per borehole and (b) borehole wall temperature in a 2 × 3 bore field at
steady state for different values of the GHE thermal resistance (Rb) and k = 3.5 W/(m-K).

As in accordance with Fig. 5 ; Fig. 6(a) shows that the heat flow tends to be more equally
distributed among the boreholes as the GHE thermal resistance increases, being almost
equal to 1 when Rb = 1 (m-K)/W. For very large values of Rb, the boreholes act as
cylindrical heat sources with uniform heat flux. If the GHE thermal resistance decreases,
the differences in the average borehole wall temperature among the borehole decrease,
being minor for Rb = 0.001 (m-K)/W, which is in accordance with the observations in Fig.
5(b). The errors of the total heat flow calculations presented in Figs. 5 and 6 as
compared to the input value given in the model range around ± 0.4% when Rb varies
from 0.02 and 0.2 (m-K)/W, respectively, with and error 0.1% for Rb equal to 0.001 (mK)/W. The error increases up to −0.8% and 2.6% for Rb equal to 0.001 and 1 (m-K)/W,
respectively.

4.2. TRFs for a 4 × 4 bore field
The work presented in Cimmino [4] is used as reference and the 4 × 4 bore field for the
geometrical aspect ratios reported in this work is reproduced in the present paper using
the EHCM model when the GHE thermal resistance, Rb = 0.1 (m-K)/W and the soil
thermal conductivity, k = 3.5 W/(m-K).
Fig. 7 shows the TRFs for a 4 × 4 bore field (geometrical aspect ratios as specified in Fig.
7) obtained from the EHCM model along with TRFs from the aforementioned reference
solutions: ’ FDM – Uniform Temperature’, ‘FLS – Uniform Temperature’ and the solution
from the HCM model when a total constant heat injection is imposed to the bore

field. Fig. 7 also contains the TRF resulting from the model proposed in Cimmino [4] with
a non-dimensional thermal conductance equal to 0.300, a non-dimensional fluid flow
rate 0.9425 and a non-dimensional borehole thermal resistance of 2.19 with
k = 3.5 W/(m-K), tagged as Cimmino [4].

Fig. 7. TRFs for a 4 × 4 bore field for given geometrical aspect ratios (k = 3.5 W/(m-K); Rb = 0.1 (m-K)/W in
the EHCM model).

The comparison of the TRFs shows that at short times, differences between all solutions
are barely appreciable. For long times, when ln(t/ts) > 0, differences between the TRFs
start to be distinguishable. In general the TRF-‘FEM - HCM’ tends to underestimate the
response as compared to the TRF-‘FEM - EHCM’ . For instance, when ln(t/ts )= −4.5
(around 200 days for H = 150 and α = 1.58 × 10−6 m2/s) TRF-‘FEM - HCM’ underestimates
the response by 0.03 units (0.6%) and by 0.89 (3.4%) units when ln(t/ts )= 1.5 (around
224 years for H = 150 and α = 1.58 × 10−6 m2/s). The TRF resulting from the HCM model
deviates from TRF – ‘FLS Uniform Temperature’ −1.5% at ln(t/ts) = 1.5. The comparison
of the TRF-‘FEM - EHCM’ and TRF- ‘FLS – Uniform Temperature’ shows that the EHCM
model deviates −0.01 units (−0.3%) as compared to TRF- ‘FLS – Uniform Temperature’
and 0.5 (2%) at ln(t/ts) equal to −4.5 and 1.5, respectively. The analysis of the comparison
of TRF - ‘FEM – EHCM’ against TRF – ‘Cimmino [4]’ shows that at a time equal to
ln(t/ts) = −4.5, the EHCM model results in slighter lower values with 0.02 units difference
(0.3%). At ln(t/ts) = 1.5, the TRF – ‘FEM – EHCM’ is 0.03 units (0.1%) higher than the TRF
- ‘FLS – Cimmino [4]’. The deviation observed between the TRF resulting from the ‘FLSUniform Temperature’ and the ‘EHCM’ model at steady state are of the same magnitude
(2%) as compared to the deviation observed in [4] in an equivalent comparison. For
ln(t/ts) = −2, the TRF – ‘FDM – Uniform Temperature' starts to deviate as compared to
its equivalent solution (TRF- ‘FLS – Uniform Temperature’). It overestimates the
temperature which increases with time. At ln(t/ts) = −4.5, TRF – ‘FDM – Uniform
Temperature’ overestimates by 0.12 units the bore field temperature response as
compared to TRF- ‘FLS – Uniform Temperature’, while a difference of 1.03 units is
observed when these two solutions are compared at ln(t/ts) = 1.5. The differences
observed when comparing the TRF – ‘FDM – Uniform Temperature’ against approaches
based on a uniform borehole wall temperature are partly attributed to the aspect ratio

D/H, which is disregarded in the finite difference solution. The TRF – ‘FDM - Uniform
Temperature’ as compared to the TRF - ‘FEM – EHCM’ overestimates the response by
0.1 and 0.5 units when ln(t/ts) = −4.5 and 1.5, respectively, which results in 2% deviation
for both examined instances.
Fig. 8 shows the normalized (a) heat flux and (b) temperature profiles at the borehole
wall (at a distance 1.01 × rb) at steady state for each representative borehole within a
4 × 4 bore field (geometrical aspect ratios as specified in Fig. 7) for a Rb = 0.1 (m-K)/W
with a given heat flow injection. The heat flux and temperature profiles are represented
by both 200 points and 25 element groups along the borehole length. For 200 elements
discretization, higher heat flux and temperature values are observed at boreholes edges,
being larger at the top edge. As above, the results from the 200 element discretization
is sorted out in 25 element groups, as explained above. The 25 element groups analysis
reduces significantly the maximum heat flux and temperature values, resembling the
results presented in [4]. It can also be observed that the temperature at the borehole
wall is different in each borehole, due to the thermally resistive layer. The temperature
difference between the center borehole and the corner borehole is 1.3 K at steady state.
The difference between temperatures inside the inner and the corner boreholes
increases with the number of boreholes, at least for packed bore fields.

Fig. 8. Normalized heat flux and temperature of representative boreholes in a 4 × 4 bore field
(geometrical aspect ratios as shown in Fig. 7) and Rb = 0.1 (m-K)/W and k = 3.5 W/(m-K) at steady state
resulting from the EHCM model with 200 and 25 discretized elements along the borehole length.

With regard to the GHE thermal resistance (Rb), a sensitivity analysis is also performed
for the given 4 × 4 bore field in Fig. 7. The GHE thermal resistance is varied between
0.001 and 1 (m-K)/W. The results are shown in Figs. 9 and 10. Fig. 9 shows the (a)
normalized heat flux and (b) temperature profiles at representative boreholes at steady
state when heat is injected to the ground. Fig. 10 shows (a) the normalized total heat
flow per representative borehole and (b) the average temperature along the borehole

length at steady state against Rb with heat injection. As Rb decreases, the heat flow
distribution among the boreholes is more unequal, so that the corner boreholes
exchange a larger amount of heat than the boreholes in the central part of the bore
field. The temperature responses at walls in each borehole, with decreasing Rb, result in
very similar profiles, as shown in Fig. 9(b). This behavior can also be observed in Fig.
10(b) as the differences in their average borehole wall temperature between the
boreholes are very small. The case of Rb = 0.001 (m-K)/W resembles the models with
uniform borehole wall temperature condition. On the other hand, the heat flow
distribution among the boreholes tends to be equal when Rb increases, behaving as
cylindrical sources with constant heat flux along the borehole length when Rb = 1 (mK)/W. The temperature response for large values of Rb shows that differences are larger
among the boreholes and at the edges, see Figs. 9(b) and 10 (b). The error of the results
presented in Figs. 9 and 10 varies between −0.5% and 0.4% for Rb varying between 0.05
and 0.15 (m-K)/W, respectively; with 0.1% error for Rb equal to 0.1 (m-K)/W, while the
deviation increases up to around 3.5% for both extreme values of Rb (0.001 and 1 (mK)/W).

Fig. 9. Normalized (a) heat flux and (b) temperature profiles of representative boreholes in a 4 × 4 bore
field at steady state for different GHE thermal resistances and k = 3.5 W/(m-K).

Fig. 10. Normalized (a) heat flow per borehole and (b) borehole wall temperature in a 4 × 4 bore field at
steady state for different GHE thermal resistance and k = 3.5 W/(m-K).

5. Illustration of daily fluid temperature predictions and
comparison with measured data
Once the EHCM model has been validated for the generation of the TRFs, it is employed
to simulate daily fluid temperatures of two monitored GCHP installations.

5.1. Description of the monitored GCHP installations
The first GCHP installation under study supplies space heating and domestic hot water
to an elementary school located in the northwest of Spain, Galicia. This installation
comprises a heat pump, with a nominal capacity of 52 kW. On the building side, the heat
pump is connected to a radiant floor heating system for SPH and to a thermal buffer
tank of 1500 l that serves as an instantaneous DHW supply. The outdoor circuit coupled
to the heat pump consists of 5 GHEs connected in parallel. The borehole length is 120 m
each with an inactive upper depth of 2 m. The borehole diameter is 140 mm with a
double-U tube HDPE SDR 11 32 × 2.9 mm. The borehole is grouted with a mixture of
sand, concrete and bentonite materials. Further details about this installation are
described in Iglesias et al. [15] and Puttige [26]. The operation of the system has been
monitored since the beginning of the operation in February 2010 until January 2014.
Before the system started operating some heat injection tests were performed during
January 2010. Measurements are missing from that period.
The second monitored GCHP installation studied in this paper was built in the framework
of a European FP5 project called, GeoCool, at the Universitat Politecnica de València in

Valencia, on the east coast of Spain. The system has been in operation since February
2005 for the air conditioning of a set of offices at the Department of Applied
Thermodynamics. A more detailed description of this GCHP system has been presented
in previous publications by Montagud et al. [21] and Corberán et al. [9]. The bore field
consists of 6 vertical GHEs, arranged in a 2 × 3 rectangular grid, with a borehole-toborehole spacing of 3 m. Each borehole is 51 m deep with 1 m of header depth and has
a diameter of 150 mm. The groundwater level is about 3.5 m. The boreholes contain a
single HDPE U-tube 32 × 3.3 mm with a 70 mm separation between the upward and
downward shanks. The space between the U-pipe and the borehole wall is filled in each
borehole with a particular grouting material such as sand of different granularity [13].
The top layer of the borehole is filled with bentonite to prevent migration of pollutants
into the borehole. The GCHP installation has been monitored since the beginning of
operation up to now. The thermal response of this bore field was previously studied with
the HCM model for about six years of operation, as reported in Monzó et al. [23]. A
summary of source data for the two monitored GCHP is shown in Table 1. The former
installation is referred to as ‘Facility 1’, while ‘Facility 2’ refers to the latter installation.
Table 1. Summary of source data of the monitored GCHP installations.
Reference
Facility 1

Facility 2

Location

Galicia, Spain

Valencia, Spain

Monitored period

February 2010 – January
2014

February 2005 - present

Building Demand

Space
heating
domestic hot water

Space
cooling
heating

Bore
field

Soil
data

and

and

Bore field layout

2 × 3 BHs U-configuration

2 × 3 BHs Rectangular
configuration

D/H

0.017

0.074

rb/H

0.0006

0.0016

B/H

0.068

0.063

Undisturbed
ground
temperature (Tg)

16.5 °C

18.5 °C

Ground
thermal
conductivity (k)

2.9 W/(m-K)

1.6 W/(m-K)

Volumetric heat capacity
(C)

2.4 MJ/(m3-K)

2.2 MJ/(m3 -K)

0.087 (m-K)/W

0.118 (m-K)/W

Effective GHE thermal resistance
(Rb*)

5.2. Modeling the thermal response of the bore fields with the EHCM
model
The procedure to simulate the thermal response of the bore fields of these two
monitored GCHP installations using the EHCM model is similar to the procedure
explained above with use of the HCM and the TRL. Similarly, the undisturbed ground
temperature is defined at the outer boundary of the surrounding ground.
The bore fields are built up according to their corresponding geometrical aspect ratios,
as listed in Table 1. In both facilities, taking advantage of the bore field symmetry,
computing domain is reduced via an adiabatic wall in the plane of symmetry. The volume
of the surrounding ground is built so that it is large enough to ensure that the steady
state asymptote is reached when TRF is generated. The surrounding ground of the bore
field in ‘Facility 1’ is represented by a cylinder of radius 150 m and depth 240 m. The
surrounding volume of the bore field in ‘Facility 2’, consists of about 200 × 249 m in the
horizontal plane with 200 m depth and in the inactive upper part, similar to its previous
version in Monzó et al. [23]. The thermal properties of the ground are defined according
to the values at the site, as listed in Table 1. The initial temperature is set equal to the
undisturbed temperature measured at the site. The value of the thermal conductivity of
the TRL is defined so that the thermal resistance of the GHE is represented according to
their corresponding measured values in Table 1 and as expressed in Eq. (2). The total
heat flow defined as a heat rate across the boundaries on the HCM bar, either constant
for the TRFs (Section 5.3) or variable according to measurements (Section 5.4).
A similar strategy as explained in Section 3 is applied to build the mesh for these two
monitored bore fields. The mesh comprises around 200,000 elements in total in either
bore field. The simulations of these two monitored bore fields are performed on a
computer with an Intel Core i7 2.8 GHz processor and 8GB RAM. The prediction of daily
fluid temperatures in ‘Facility 1’ over 4 years of operation requires 5.5 h, whereas the
computing time is around 12 h for 11 years in ‘Facility 2’.
Firstly, the EHCM model is used to generate the TRFs according to the geometrical
aspect ratios of the bore fields and the GHE thermal resistances in Table 1. Once models
are validated for TRF solutions, they are used to simulate fluid temperatures for
measured variable loads. A similar procedure is applied in both cases, which is explained
below.
At any given time, t, the measured loads are utilized to simulate average borehole wall
temperatures (Tbw) in the bore field. The fluid temperature (Tf) is obtained from the
relation between the fluid and the average borehole wall temperature, using the
traditional effective GHE thermal resistance (Rb *) approach, and the average heat
transfer rate per unit length
, as expressed in Eq. 3. As mentioned above, the
measured loads are aggregated in daily steps and the analysis is carried out for daily
average values, with t representing daily steps in Eq. (3):
equation(3)

The calculation of the average boreholes walls temperature in the bore field was
performed by two different procedures in earlier studies presented in [26]. The first
procedure consists of giving as an input in the finite element model the total measured
variable load exchanged in the bore field. Next, the average boreholes walls
temperature in the bore field is obtained from the average of the walls temperatures in
all the boreholes at any given time. The second procedure is to calculate the average
boreholes walls temperature by temporal superposition of the total measured variable
load over the TRFs. The study about the comparison of these two procedures was
reported in Puttige [26]. Although there were not significant differences between the
results from both procedures, slightly closer agreement with the measured data was
observed for the simulated values resulting from the procedure with direct input of
measured variable loads [26]. In this work the first procedure is used to simulate the
fluid temperatures responses for the two cases studied, as presented in Figs. 13 and 14,
and for all the different approaches: (1) FEM CQ (2) FEM HCM and (3) FEM - EHCM.

5.3. TRFs for the bore fields of the monitored GCHP installations
Figs. 11 and 12 show the TRF resulting from the EHCM model, tagged as EHCM, and the
TRF from reference solutions. The TRFs from reference solutions are tagged as
in Section 4. ‘FDM Uniform Temperature’ is referred to the solution from the SBM with
uniform temperature at the borehole wall, ‘FLS Uniform Temperature’ is the solution
from the analytical solution with uniform borehole wall temperature and ‘FEM HCM’ is
the response from the HCM model. Figs. 11 and 12 also include the TRF when a constant
heat flux boundary condition is defined at the borehole wall, which is obtained from the
pure FLS approach and the FEM solution in Monzó et al. [22]. The TRFs resulting from
these solutions are tagged as ‘FLS Constant Heat flux’ and ‘FEM Constant Heat flux’,
respectively.

Fig. 11. TRFs for the bore field of ‘Facility 1’.

Fig. 12. TRFs for the bore field of ‘Facility 2’.

Table 2 summarizes the analysis of the comparison of the TRF resulting from EHCM
model against reference solutions. It also shows the deviation in terms of temperature
at given times when a heat flow per unit length of 20 W/m is assumed. In general, the
TRF- ‘FEM EHCM’ present slightly higher values than the TRF resulting from the previous
HCM model. In the study of both ‘Facility 1’ and ‘Facility 2’, deviations of the TRF- ‘FEM
EHCM’ against the TRF- ‘FEM HCM’ are of the same magnitude.
Table 2. Summary of deviations of the TRF resulting from EHCM model against reference solutions.
Deviations
of
TRFs - reference
solutions
against TRF FEM-EHCM

FEM - HCM

FLS – Uniform
Temperature

FEM – Constant
Heat Flux

−4.5

1.5

−4.5

1.5

−4.5

1.5

units (%)

−0.001
(−0.03)

−0.2
(−1.9)

0.05
(1.2)

−0.08
(−0.7)

−0.04
(−0.9)

0.46
(4.0)

Temperature
(K)
(q = 20 W/m)

−0.001

−0.02

0.07

−0.03

−0.05

0.5

units (%)

−0.02
(−0.6)

−0.15
(−1.1)

0.04
(1.2)

−0.03
(−0.3)

−0.0006
(−0.02)

0.62
(4.7)

Temperature
(K)
(q = 20 W/m)

−0.05

−0.29

0.09

−0.07

−0.001

1.23

ln(t/ts)

Facility 1

Facility 2

The comparison of the TRFs-‘FEM - EHCM’ and the TRFs- ‘FLS – Uniform Temperature’
presents a similar behavior as observed in Fig. 3. At ln(t/ts) = −4.5, the TRF-‘FEM – EHCM’
present slightly lower values (1.2%) as compared to the TRF-‘FLS – Uniform

Temperature’ . Whereas, the TRF-‘FLS – Uniform Temperature’ results in lower values
(varying between 0.3 and 0.7%) at ln(t/ts) = −4.5. The lesser deviations observed for the
4 × 4 bore field in Section 4.2 when comparing the TRF-‘FEM – EHCM’ and the TRF- ‘FLS
Uniform Temperature’ are associated with the size of the triangular elements at top
layer (below the inactive upper part of the bore field) that the computer can handle
without compromising its computational capability. The 4 × 4 bore field has a smaller
computing domain (one-eighth against one-quarter) than the remaining bore field
geometries. Moreover, the disposition of the boreholes in the 4 × 4 bore field results in
lesser element growth of the mesh, i.e. finer mesh elements.
In Figs. 11 and 12 for both bore field geometries, a similar behavior is observed among
the TRFs considered in this study except for the TRF-‘FDM - Uniform Temperature’. For
ln (t/ts) < 0, TRFs based on the finite difference approach with uniform temperature
condition at the borehole wall present higher values than the other solutions studied in
this paper. For example, at ln(t/ts) 0 = −4.5, the difference between the TRF- ‘FDM
Uniform Temperature’ and TRF- ‘FEM - EHCM’ are 0.16 and 0.12 units for the TRFs
in Figs. 1 and 7, respectively; these differences increase to 0.21 and 0.19 in Figs.
11 and 12. For ln (t/ts) > 0, TRF- ‘FDM - Uniform Temperature’ overestimates the
response for the cases studied in Figs. 1 and 7 as have been analyzed above. However,
the comparison of the TRF – ‘FDM - Uniform Temperature’ against solutions based on
the same boundary condition showed opposite results in Figs. 11 and 12. While the TRF
– ‘FDM - Uniform Temperature’ in Fig. 11 tends to overestimate the response and
presents a closer behavior to the TRF based on a constant heat flux boundary condition,
the TRF – ‘FDM - Uniform Temperature’ in Fig. 12 results in a smaller response as
compared to solutions based on the same boundary condition. For example, in Fig. 11,
at ln (t/ts) = 1.5, TRF- ‘FDM - Uniform Temperature’ deviates 0.46 units from the TRF‘FEM - EHCM’ . In Fig. 12, TRF- ‘FDM - Uniform Temperature’ differs from the TRF – ‘FEM
- EHCM’ by −0.11 units.
In Fig. 11, the deviations observed in the TRF – ‘FDM Uniform Temperature’ are
attributed to the aspect ratio D/H (actual aspect ratio of D/H vs the input value of D (4
or 5 m) in the software) and to the mesh. The differences in the TRF – ‘FDM - Uniform
Temperature’ observed in Fig. 12 are attributed to the incorrectness of the finite
difference solution to account for the effect of the upper inactive part in shallower
boreholes (<100 m).
These comparisons showed that the TRF – ‘FDM – Uniform Temperature’ reported in
this study, which are embedded in the library of the g-function of commercial software
programs, differ from solutions based on the same boundary condition and from more
advanced solutions (i.e. EHCM and [4]). Although these differences are not relevant for
the bore field configurations studied in this paper and at the designed lifetime span of
these systems, a revision of the TRFs embedded in the library of the design tools is
recommended.
Apart from this observation, at short times when ln(t/ts) < −2, the TRFs obtained from all
the other approaches present very similar behavior as observed in Figs. 1 and 12. The

deviations among the TRFs with different boundary conditions, as discussed in Section 4,
will not be of importance until borehole thermal interactions and axial heat transfer
becomes important.

5.4. Fluid temperature prediction and comparison with measured data
Inlet and outlet temperatures and mass flow measurements of the GHE circuit have
been monitored at intervals of 10 min in ‘Facility 1’, while data is logged at 20 s intervals
in ‘Facility 2’. The heat flow exchanged with the ground is obtained from the inlet and
outlet temperatures, the mass flow and the thermal properties of the secondary fluid.
For the present study, the heat flow and temperature measurements are grouped in
daily steps. The daily measured heat flows correspond to the measured daily loads that
are given as input the numerical model. Positive heat flow values represent heat
extraction, while injection of heat is represented by negative values.
As shown in Table 1, the monitored period of ‘Facility 1’ corresponds to 3 years and 11
months, whereas ‘Facility 2’ is being monitored from the beginning of its operation up
to now, at this study the analysis is done for around 10 years. In ‘Facility 1’, there were
some periods that lack recorded data. Further details about the monitoring activities in’
Facility 1’can be found in Puttige et al. [27]. In ‘Facility 2’ the profile load from January
2005 to December 2010 is similar to the one utilized in the previous study presented in
Monzó et al. [23] and the profile load is completed until June 2015 with the
measurements from Ruiz-Calvo et al. [31].
Figs. 13 and 14 present the comparison of measured daily temperatures and simulated
daily fluid temperatures for ‘Facility 1’ and ‘Facility 2’, respectively. The simulated
temperatures are obtained from the EHCM model, the previous HCM Model and from
the aforementioned model of FEM with constant heat flux boundary condition at the
borehole wall, which are labeled ‘Simulated Daily Temp FEM-EHCM’, ‘Simulated Daily
Temp FEM-HCM’ and ‘Simulated Daily Temp FEM-QC’ respectively. The measured daily
fluid temperatures are labeled ’ Measured Daily Temp’ and the load profile is referred
to the secondary y-axis tagged ‘Daily Average Heat Flow’ are also shown in Figs.
13 and 14.

Fig. 13. Daily fluid temperature predictions using FEM models and comparison with measured data for
‘Facility 1’.

Fig. 14. Daily fluid temperature predictions using FEM models and comparison with measured data for
‘Facility 2’.

The deviation of ‘Simulated Daily Temp FEM-EHCM’ against ‘Measured Daily Temp’ in
‘Facility 1’ presents a mean absolute error (MAE) of 1.6 K, a mean bias error (MBE) of
1.4 K and a root mean square error (RMSE) of 1.8 K for the entire period. In Figs. 13, it
can be observed that in the first two years the deviations of predicted against measured
temperatures are higher as indicated by an MAE of 1.8 K and an RMSE of 2 K, whereas
the MAE and RMSE for the last year are 1.2 K and 1.5 K, respectively. These differences
are partly explained by the unrecorded test performed during January 2010, which was
not considered in the simulation. The maximum deviation in 2010 occurs in the first few
days. A procedure based on the TRFs and the temperature difference between the
undisturbed ground temperature and the first measured temperatures was used to
quantify the effect of the test performed in January 2010, as described in Puttige [26].
The total MAE and RMSE for the whole period are reduced by 13% and 11% respectively
when the influence of the operation in January 2010 is taken into account. Except for
the deviation observed during the first year, in the remaining years the maximum
deviation occurs in summer where some odd high temperatures are observed. Since the
raw measured data is obtained from momentary points taken every 10 min and the
response time of temperature sensors are typically much longer than the response time
of flow meters, a measurement recorded in the time frame between the response time
of the flow meters and the temperature sensors would explain the observed odd high
temperatures. Such readings are more likely to occur in summer because the flow in the
boreholes occurs for shorter durations in summer as the load is lower. Hence these
points do not represent the fluid temperature in the borehole.
With regard to the predictions from the distinct models in Fig. 13, there are no
significant differences between them. The overall analysis of the simulated
temperatures obtained from the EHCM model, the HCM model and the FEM model with
constant heat flux boundary condition at the borehole wall against measured data,
shows that the predictions from the EHCM model are closer to the measured data.
However, the deviations among the models are not significant, in the order of 10−2 K.
The order of the deviation between the EHCM model and the HCM model can be
estimated using their TRFs. For the time period analyzed, which corresponds to
ln(t/ts) = −2.3 for input parameters in ‘Facility 1’ and its monitored period, the deviation
of the TRF is 0.03 units. Then, if we consider a constant heat load of 8.75 W/m, which
corresponds to the average ground load in ‘Facility 1’ for the period analyzed, the 0.03
units difference between the responses in terms of temperature is 0.01 K. So, the
deviation of the models is of the same order of magnitude as the deviation of the
predictions against measured temperatures. Therefore, the magnitude of reduction in
error between the models is too small to conclusively state that the fluid temperature
predictions are better in the EHCM model.
In ‘Facility 2’, Fig. 14, the comparison of ‘Simulated Daily Temp EHCM’ with respect to
the measured data results in an MAE of 1.1 K, an MBE of 0.2 K and an RMSE of 1.4 K for
the whole period. The MAE relative to heating and cooling periods is around 1–1.1 K
with slightly lower deviation in heating periods. In general, the models tend to
underestimate the fluid temperatures in either heating or cooling conditions with similar

deviations in both operating modes. This observation corrects the statement about
higher deviations in cooling mode found in the previous investigation [23]. The highest
deviation occurs in 2015 with an MAE around 1.9 K (RMSE 2.1 K) followed by the
predictions in 2014 with an MAE of 1.4 K (RMSE 1.7 K). During 2014 and 2015, the
recorded loads for heating are visibly lower than the other years and fluid temperatures
also reflect this fact. No evidence could be found to explain the deviations during this
period. The predicted values in 2009 and 2012 present a low MAE, which is around
0.75 K and an RMSE of 1 K.
As in the analysis of ‘Facility 1’, the predictions in ‘Facility 2’ obtained from the distinct
models result in very similar responses with no significant deviations (in the order of
10−3 K) between them. With regard to the improvements applied to the HCM model, the
average absolute error of HCM model with respect to EHCM model is 0.026 K. The
difference between the TRFs obtained from the HCM model and EHCM model is 0.115
units at ln(t/ts) = −0.06, which corresponds to10.5 years at ‘Facility 2’). In terms of
temperature, this deviation is about 0.021 K when a load equal to the net total
imbalance is assumed (24.7 MWh of cooling load). The average absolute error of the
predicted fluid temperature with constant heat flux boundary condition (‘Simulated
Daily Temp FEM CQ’) in comparison to the predictions from the EHCM model is 0.04 K,
which increases to 0.09 K for the predictions in 2015. The approximate difference
between the models after the 10.5 years is estimated using the TRFs, which results in a
temperature difference of around 0.08 K when the 24.7 MWh of cooling imbalance of
the system is considered. Thus, the difference between the TRFs of the models is of the
same order as the difference between the predicted values and the fluid temperature
measurements.
The analyses of the predicted temperatures against measured values in both ‘Facility 1’
and ‘Facility 2’ show that although predictions from the EHCM model present closer
agreement than the other considered approaches, the magnitude of reduction in error
between the models is too small to conclusively state that the fluid temperature
predictions are better in the EHCM model. It is important to note that the predictions
resulting from the models are also subject to errors in experimental measurements.

6. Conclusions
Two simultaneous boundary conditions are usually applied to mathematical approaches
of ground heat exchangers connected in parallel: a total bore field heat flow (equal to
the thermal power required by the heat pump) and a uniform temperature boundary
condition at all the borehole walls. However, the fact that there is a borehole thermal
resistance between the fluid and the borehole wall and that the heat flux increases at
the borehole ends result in temperature changes between the borehole wall and the
fluid. Thus the borehole wall temperature deviates from the uniform assumption and
will cause an error in the simulations. This paper describes improvements applied to a
previous numerical approach, in which the temperature response of the ground is
modeled when a total thermal power is imposed through a set of boreholes connected
in parallel. The model is developed for a 2 × 3 and a 4 × 4 bore field. The improvements

are applied to take into account the effect of the fluid-to-borehole thermal resistance
on the thermal response at the borehole wall. The improved model is validated for the
generation of the temperature response functions when a total constant heat flow is
imposed in the bore field. Although no relevant deviations are observed in the TRFs
resulting from the proposed numerical model when compared with reference solutions
obtained from a uniform temperature boundary condition at the borehole wall, the
improvements applied to the previous numerical model correct the response at the
borehole wall and the heat flow distribution among the boreholes. Deviations increase
with number of boreholes, which can have a significant impact when modeling large
multiple bore fields. An analysis is performed to evaluate the influence of the GHE
thermal resistance on the temperature and heat flux along borehole wall. The error of
the proposed model for the post-calculation of the total heat flow is around 0.6% for
transient solutions and 0.01% for steady-state solutions.
The improved model is also utilized to illustrate daily fluid temperature predictions for
variable measured daily loads of two monitored GCHP facilities. The predictions from
the improved model are compared against measured data and predictions from
reference approaches. The predicted temperature against measured values in both
monitored facilities show that predictions from the improved model present closer
agreement than the other considered approaches, however, the magnitude of reduction
in error between the models is too small to conclusively state that the fluid temperature
predictions are better in the improved model, taking into account the uncertainties in
the measurements. The accuracy of the proposed model to predict fluid temperature
according to the analysis against measured data is with an MAE (RMSE) between 1.1 and
1.6 K (1.4 and 1.8 K, respectively).
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