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With bore fields for energy extraction and injection, it is often necessary to predict the temperature re-
sponse 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 bore-
hole 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 vary-
ing 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 de-
scribes 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 natu-
rally 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 hemispher-
ical 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 predict-
ing 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.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

perature is relatively stable, higher during winter and lower dur-
ing summer, as compared to the temperature of the outdoor air.

A conventional ground-coupled heat pump (GCHP) system con-
sists 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 tem-

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.
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The outdoor circuit is commonly a bore field, made up of a closed-
loop 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 tempera-
ture 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.
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Nomenclature

o Thermal diffusivity (m2/s)

B Borehole spacing (m)

D Inactive upper part of the borehole (m)

1) Thickness of the thermally resistive layer (m)

Foy Fourier number, with H as the characteristic length

H Total active borehole length (m)

k Thermal conductivity (W/(m-K))

Q Heat flow (W)

Q Average heat flow (W) per borehole

q Heat flow per unit length (W/m)

q Average heat flow per unit length (W/m) per bore-
hole

Ry Local GHE thermal resistance ((m-K)/W)

Rp* Effective GHE thermal resistance ((m-K)/W)

Iy Borehole radius (m)

t Time (s)

ts H2/9a (s) Characteristic time

T Temperature (°C)

Subscripts

bh Borehole

bw Borehole wall

g Undisturbed ground

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 be-
tween 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 assump-
tion of a uniform temperature along the borehole wall.

This paper describes improvements applied to the numerical
approach reported in Monz6 et al. [23] in order to correct the rep-
resentation of the temperature and heat flux profiles at the bore-
hole wall. The model presented in this paper is utilized to gen-
erate 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 cor-
responding 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 vari-
able (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). Commer-
cial 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 li-
braries. Due to the linear nature of heat conduction, the thermal
response of the bore field to a variable load, the procedure im-
plemented in these software programs, is based on a sequential
superposition of the stepwise variable loads over the characteris-
tic 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 (Ty,,) from its undisturbed value (Tg) when a constant total
heat load (q x H) 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 de-
fined in Eq. (1)

q t , B D)
Ty Ty = -1 gL B 22
bw ~ g 2nl<g(ts’H’H’H

One important aspect of the g-function generation is the def-
inition of the boundary condition at the borehole wall as dis-
cussed 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 bound-
ary conditions at the borehole wall were considered and imple-
mented in Eskilson’s 3D-finite difference method (FDM) comput-
ing program (SBM-Superposition Borehole Model). Cimmino and
Bernier [6] provided a comprehensive categorization of these dif-
ferent types of boundary conditions. The first boundary condition
assumes an equal heat distribution among the boreholes and a uni-
form 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 consid-
ers 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 be-
tween incoming and outgoing heat carrier fluid in U-pipe GHEs
at high flow rates [16]. The second assumption, the same bore-
hole 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 sev-
eral bore field configurations and implemented in libraries of com-
mercial design tools. Since then, these temperature response fac-
tors 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 computa-
tional methods for the generation of g-functions. Early efforts were
dedicated to making the analytical solution practical for engineer-
ing purposes. In this direction, simpler expressions of the FLS solu-
tion to calculate the mean borehole wall temperature were inves-
tigated 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
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