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Chloé Lichelle Meeng

Supervisors:
Prof. dr. ir. D.J.M. (David) Smeulders
Dr. H.J.L. (Henk) Witte
Graduation committee:
Prof. dr. ir. D.J.M. (David) Smeulders
Dr. ir. M.F.M. (Michel) Speetjens
Dr. ir. B.P.M. (Bart) van Esch
Dr. H.J.L. (Henk) Witte

Eindhoven, May 2020

Abstract
Heat pump systems coupled to Ground Heat Exchangers(GHEs), so called Ground Source Heat
Pump(GSHP) systems are energy efficient and have low environmental impact. GSHP systems
are used for heating and cooling of buildings [20]. The European H2020 project GEOFIT aims
to develop cost-effective enhanced geothermal systems for energy efficient building retrofitting.
To achieve this goal, the GEOFIT project evaluates different novel shallow Ground Heat Exchangers(GHEs) [1].
The study described in this thesis presents the development of an engineering tool for novel shallow
Ground Heat Exchanger(GHE) systems. This engineering tool can be used for design purposes
by obtaining the temperature response of GHE systems. In this thesis the theoretical background
on heat transfer and simulation of heat transfer in GHE systems is described. The models for
the simulation of novel shallow GHE are presented and the methodology to simulate the heat
transfer in these types of GHEs is granted. Two types of novel shallow GHEs are included in the
engineering tool: a slinky type GHE with a 2D complex geometry and an earth basket type GHE
with a complex 3D geometry. From literature a model for the slinky type GHE is obtained and
this model is extended to create a model for the earth basket type GHE. The methodology to
simulate the heat transfer with these models is based on the Finite Line Source(FLS) method and
the generation of so called g-functions which give the temperature response of the GHE systems
to a single step in energy load. The methodology is validated on several levels, although the earth
basket type GHE model still needs to be validated against experimental data. The engineering
tool with the integrated methodology is developed as a Python package which has been described
in a paper that has yet to be submitted. Providing the tool with the topology of the GHE system
and the thermal properties of the soil, the tool exports a g-function determining the temperature
response of the GHE system.
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Nomenclature
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GSHP
GHE
BHE
ILS
FLS

Ground Source Heat Pump
Ground Heat Exchanger
Borehole Heat Exchanger
Infinite Line Source
Finite Line Source

q
q0
q 00
q 000
T
A
V
m
λ
ρ
c
α
L
D
B
r
t
x, y, z
r, θ, z
r, θ, φ

Heat transfer [W ]
Heat transfer per unit length [W/m]
Heat flux [W/m2 ]
Heat source [W/m3 ]
Temperature [K]
Area [m2 ]
Volume [m3 ]
Mass [kg]
Thermal conductivity [W/m·K]
Density [kg/m3 ]
Specific heat capacity [J/kg·K]
Thermal diffusivity [m2 /s]
Length of borehole heat exchanger [m]
Buried depth of borehole heat exchanger [m]
Borehole spacing [m]
Radius [m]
Time [s]
Cartesian coordinates
Cylindrical coordinates
Spherical coordinates

∇
∇2

Gradient operator
Laplacian operator
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Chapter 1

Introduction
Except for the upper few meters, the ground temperature is known to be relatively stable. Besides,
the ground temperature is higher than the outdoor air temperature during winter and lower than
the outdoor air temperature during summer. This makes the ground an attractive heat source
or sink for heat pump systems. A heat pump using the ground as a source or sink is called a
Ground Source Heat Pump (GSHP). A GSHP extracts or rejects heat to the earth via Ground
Heat Exchangers (GHEs). Since the ground temperature changes while extracting or injecting
heat, coupling technologies require design rules and simulation tools to predict the ground temperature response to the intended heat and/or cool load (or energy). A GSHP is used for space
heating and cooling in buildings. These type of heat pumps are recognized as one of the most
ecofriendly alternatives due to their high efficiency and low environmental impact, contributing
effectively to the reduction of energy use(and thereby costs) as well as mitigation of CO2 emissions
[20]. A GSHP coupled with a GHE that is used for heating and cooling a building is schematically
presented in Figure 1.1.

Figure 1.1: A GSHP system used for heating and cooling [15]
A GSHP works best when the difference between source and sink is as small as possible. During
heating operation a low temperature in the emission system is preferred and in cooling operation a high temperature. Also, space is required to install the GHEs. This is a challenge for
Development of an engineering tool for the design of novel shallow GHE
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retrofit applications, where the heating distribution system normally uses high temperatures and
the space for installing a GHE is limited [22]. The H2020 GEOFIT project, initiated by the
European Union, aims to address these issues by developing integrated site investigation techniques, improved drilling methodology, evaluate different novel shallow ground heat exchanger
designs, high temperature heat pumps and improved heat distribution systems. The main objective of the GEOFIT project is to develop cost-effective enhanced geothermal systems for energy
efficient building retrofitting. This study will contribute to one work package within the GEOFIT
project with the title: ‘Design framework for novel ground (slinky/earth basket) type shallow
heat exchangers’. The intent of this work package is to provide a robust design framework for
consultants and installers with regard to an optimal design of different types of GHEs [1]. The
objectives for the work package are [1]:
• Develop an integrated design framework for ground source energy systems that can be used
by planners, construction companies and installers to select the optimal solution of ground
source heat exchanger and define the key-design parameters.
• Based on the system analysis performed for the integrated design framework a benchmarking
tool will be developed.
• Provide fundamental experimental data on the performance of slinky and earth basket type
heat exchangers and the interaction with the surrounding ground volume in laboratory and
field scale experiments.
• Develop a modelling methodology for the detailed analysis of slinky and earth basket type
heat exchangers.
• Develop an engineering calculation tool for the sizing of slinky and earth basket type heat
exchangers.
To contribute to this work package within the GEOFIT project this study will aim to develop an
engineering tool for the design of novel shallow GHEs, since currently no practical and reliable
calculation method exists. Some of the novel shallow GHEs that need to be studied for the
GEOFIT project are displayed in Figure 1.2.

(a) Horizontal slinky GHE [11]
(b) Vertical slinky GHE [11]

(c) Earth basket GHE

Figure 1.2: Shallow type GHEs
In the figure slinky type GHEs and an earth basket type GHE are shown. The development of an
engineering tool for such types of novel shallow GHEs brings several challenges [22]:
• Complex geometry, due to the unconventional shape of the GHEs.
2
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• Phase change, due to possible freezing of the surrounding ground.
• A changing near-surface soil humidity gradient, during heat dissipation (cooling operation).
• A seasonally varying near-surface temperature gradient.
The focus of this study is to tackle the challenge of the complex geometry.
The main objective of this study is to develop an engineering tool in which models are implemented to simulate the global process of heat transfer in a system using the shallow novel type GHEs.
The global process of a GHE system covers the heat transfer in the ground volume in which the
complete GHE system has been installed and includes the heat transfer from the local GHE to
the ground volume, the thermal interactions between the GHEs and the thermal exchange at the
boundaries of the ground volume [22]. To simulate this heat transfer, the temperature evolution
in the GHE system needs to be calculated.
In Chapter 2 the theoretical background information to the main objective of the engineering tool,
the simulation of the global process in a GHE system is discussed. In Chapter 3 a concept paper
is added. In this paper the implementation of the theory described in the previous chapter is
presented and the developed engineering tool is described. This paper will be published for the
GEOFIT project. In Chapter 4 the conclusions and recommendations for this study are discussed.
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Chapter 2

Theoretical background
To simulate the heat transfer in a Ground Heat Exchanger (GHE) system in an engineering
tool, a profound understanding of the fundamental heat transfer processes governing the heat
exchange between the GHE and the surrounding ground is necessary. In this section the theoretical
background on heat transfer is described. Next, the method that is used to simulate this global
process is discussed.

2.1

Theoretical background heat transfer

There are three main modes of heat transfer: conduction, convection and radiation. Generally a
combination of these three modes of energy transfer occur in physical systems. In shallow GHEs
heat transfer arises as a combination of heat conduction and heat convection. Radiation plays
no role in the shallow GHE systems [2]. Thermally driven convection does not play any role in
the heat transfer in GHE due to the small temperature differences generated. Groundwater flow
however (convective heat transfer), if of sufficient magnitude, will have a significant impact. Since
this study will focus on the global process of shallow GHE systems without groundwater flow, the
focus will be on the heat conduction between the ground and the GHE system.
Heat conduction, or heat diffusion, is one of the most important modes of heat transfer. Heat
is transferred between two objects from the object with high temperature to the one with low
temperature. Once both bodies reach the same temperature a thermal equilibrium is reached and
the heat transfer stops. In certain cases the temperature difference and the heat transfer will
become constant, in this case a so called steady-state is reached. A transient system experiences
varying heat transfer and temperatures. If the boundary conditions of a system do not change in
time, a transient system will reach steady-state after a certain amount of time. In a GHE, where
the thermal loads vary with time, the heat transfer is normally of transient nature. An equation
for the heat flux q 00 [W/m2 ] is given by Fourier’s law of heat conduction. The general form of
Fourier’s law can be written as [2]:
q 00 = −λ∇T

(2.1)

With λ[W/m·K] for the thermal conductivity of the material and ∇ as the gradient operator. The
minus sign originates from the fact that the heat must be transferred from the high temperature
region to the lower temperature region. Now, the heat transfer for a constant area A[m2 ] can be
written as [2]:
q = −λA∇T

(2.2)

With heat transfer q[W ] = q 00 A. The general differential equation for heat transfer, the heat
equation, can be written as [2]:
4
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ρcp

∂T
= ∇ · (λ∇T ) + q 000
∂t

(2.3)

With heat source q 000 [W/m3 ], density ρ[kg/m3 ] and specific heat at constant pressure cp [J/kg·K].
If there is no heat source, the heat equation becomes [2]:
1 ∂T
= ∇2 T
α ∂t

(2.4)

In which λ/ρcp has been symbolised as the thermal diffusivity α[m2 /s] and ∇2 is the Laplacian
operator [2].
To transform this heat equation for the desired coordinate system, the correct form of the Laplacian
operator ∇2 needs to be used. The heat equation in Cartesian coordinates is[21]:
∂2T
∂2T
1 ∂T
∂2T
+
+
=
α ∂t
∂x2
∂y 2
∂z 2

(2.5)

In cylindrical coordinates the heat equation is [21]:
1 ∂T
∂2T
1 ∂T
1 ∂2T
∂2T
=
+
+
+
α ∂t
∂r2
r ∂r
r2 ∂θ2
∂z 2

(2.6)



∂2T
∂T
1 ∂2T
r
+ 2 2 +
∂r
r ∂θ
∂z 2

(2.7)

Which is equal to:
1 ∂T
1 ∂
=
α ∂t
r ∂r

And in spherical coordinates the heat equation becomes [21]:




1 ∂T
1 ∂
∂
∂2T
1
∂T
1
2 ∂T
= 2
r
+ 2
sin θ
+ 2 2
α ∂t
r ∂r
∂r
r sin θ ∂θ
∂θ
r sin θ ∂φ2

2.2

(2.8)

Simulation of heat transfer

To simulate the global process of the GHE systems, or the heat transfer between the heat exchanger
and the ground, the temperature evolution needs to be calculated, where the following challenges
occur [22]:
• A long time scale is needed, since the operational life of a GHE system is around 50 years.
• At least a seasonally or monthly time step is needed, since the energy demand is varying
over time.
• A time step of hours is needed, since it is needed to include the thermal capacity of the heat
pump.
• A large spatial horizontal scale is needed, due to the long-time scale and the fact that more
than one individual GHEs may be placed in the ground volume (tens to hundreds of meters
horizontally).
In summary, to accurately calculate the temperature evolution, a large spatial horizontal scale
and a small spatial discretisation, to correctly reflect the local temperature gradient around the
GHE, need to be considered. At the same time, a short time step and long time scale are needed.
This is computationally demanding. To address this, the temperature response of a GHE system
can be converted in a series of non-dimensional thermal response factors, or so called g-functions.
With the g-function the temperature change at a heat exchanger wall in response to a step in
Development of an engineering tool for the design of novel shallow GHE
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energy load for a time step can be calculated. When the temperature response to a single step
in energy load is represented in a g-function, encompassing the topology of the GHE system, the
temperature response for any time varying energy load can be calculated rapidly. This can be done
by decomposing the energy loads into a series of step functions and superimposing the response
to each step function. This process is shown in Figure 2.1. [23]

Figure 2.1: Superposition in time of piecewise step energy loads [23]
In the figure it can be seen that the step energy loads Q2, Q3 and Q4 are superimposed in time
on the basic energy load Q1. The basic energy load from zero to Q1 is applied for the entire time
and the energy load changes that follow are superimposed from when the change in energy load
occurs.[23]
The original g-functions for borehole heat exchangers (BHEs), the most common type of ground
heat exchanger, were obtained by Eskilson (1987)[12], resulting from the simulation of the ground
heat transfer around the boreholes using an explicit finite difference method. But, analytical
solutions are often more easily obtained than numerical solutions. So, analytical solutions may be
preferred over these numerically generated g-functions [7]. The most common analytical methods
that are used for the analysis of BHEs are the Infinite Line Source(ILS) method (Ingersoll et al.
1954 [14]) and the Finite Line Source(FLS) method [19]. The FLS method is preferred over the ILS
method since it considers axial effects, which are relatively important. Especially GHE systems
with small borehole lengths and varying energy loads lead to stronger axial effects [17]. Thus,
Eskilson proposed the use of the Finite Line Source (FLS) solution to generate the g-function [7].

2.2.1

Finite Line Source method

The FLS solution originates from a solution of the heat equation in an infinite domain. So, first
the solution of the heat equation in an infinite domain will be described.
To find the solution of the p
heat equation in an infinite domain, a heat conduction case of infinite
domain −∞ ≤ r ≤ ∞(r = x2 + y 2 + z 2 ) subjected to a point heat source at r = 0 is considered.
For this case constant thermo-physical properties are assumed, and it is assumed that the body
is initially at a uniform temperature T0 = 0. Now, the heat equation for the spherical coordinate
system as given in Equation 2.8, assuming no variations along the θ and φ coordinates, can be
presented as [2]:
6
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1 ∂T
2 ∂T
∂2T
(2.9)
=
+
α ∂t
r ∂r
∂r2
The initial and boundary conditions can be defined if a point heat source of constant heat transfer
q0 is exposed at r = 0 [2]:
T (r, 0) = 0


∂T
lim −4πr2 λ
= q0 ,
r→0
∂r

(2.10)
T (∞, t) = 0

(2.11)

Applying the Laplace transform to the heat equation with the initial and boundary conditions
results in [2]:
2 ∂ T̂
s
∂ 2 T̂
+
− T̂ (r, s) = 0
2
∂r
r ∂r
α
"
#
∂ T̂
q0
=−
lim r2
, T̂ (∞, s) = 0
r→0
∂r
4πλs

(2.12)

(2.13)

Where T̂ (∞, s) is the transformed temperature. The solution to this initial and boundary value
problem is [2]:
√
q0
T̂ (r, s) =
e−r s/α
(2.14)
4πrλs
Since this is the solution for the Laplace domain, the function needs to be reconstructed in the
time domain. To do this the following equation is solved [2]:
(
√ )
e−r s
−1
f (t) = L
(2.15)
s
p
√
Where for simplicity s/α is set to s, assuming at the moment that the thermal diffusivity
α = 1. Now, the solution in the time domain can be presented as [2]:
√
Z
1 ∞ e−xt sin r x
f (t) = 1 −
dx
(2.16)
π 0
x
p
√
Setting s back to s/α it can be written as [2]:
√
√
f (t) = 1 − erf(r/2 αt) = erfc(r/2 αt)

(2.17)

Finally, the solution for the initial and boundary value problem, at any distance r from the origin,
at time t, is given by [2]:
T (r, t) =

√
q0
erfc(r/2 αt)
4πrλ

(2.18)

When t → ∞ and knowing that erfc(0) = 1, the steady-state temperature distribution can be
defined as [2]:
q0
(2.19)
4πλr
To visualise this solution an example can be given. The infinite domain is set to be a certain type
of soil and a point heat source with heat transfer q0 = 50W is imposed in this domain. The soil
parameters are given by λ = 2W/mK, cp = 2500J/m·K, ρ = 1000kg/m3 , which are common
values for soil in the Netherlands. With these values the solution is visualised in Figure 2.2.
Tst =

Development of an engineering tool for the design of novel shallow GHE
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Figure 2.2: Temperature distribution around a point source in infinite domain

This figure clearly shows that the effect of a point decreases with increasing distance. Besides, it
can be seen that the temperature distribution is approaching a steady-state for a constant heat
source.

Using the point source solution presented above the FLS method can be described. With the FLS
method the temperature in the soil due to different types of GHEs can be calculated. The FLS
method represents a GHE by a finite line constituting a series of point sources. The temperature
in the soil can then be calculated by integrating the solution of the continuous point source case
over the length of the finite line representing the GHE [2]. The continuous point source solution
is given in Equation 2.18. As an example the FLS solution for a BHE will be considered. The
BHE is represented by a vertical line source.

The temperature variation in an infinitely thin layer, dζ, due to total heat flux q0 dζ, can be
expressed as [2]:

dT (r, t) =

√
q0
erfc(r/2 αt)dζ
4πrλζ

(2.20)

This is graphically displayed in Figure 2.3.
8
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Figure 2.3: Temperature variation due to total heat flux q0 dζ

Now, many thin layers can be stacked on top of each other and placed in an infinite domain to
create a line source. Each layer is subjected to a point source at its origin. Points in the domain
are subjected to an accumulated heat flow coming from all involved point heat sources [2].
The temperature at a point P (r, z), can be expressed by integrating over the length of the finite
line source, which results in [2]:

q0
T (r, z, t) =
4πλ

Z

L

0

In which q 0 [W/m] is the heat transfer and r1 =
line source [2].

√
1
erfc(r1 /2 αt)dζ
r1

p

(2.21)

r2 + (z − ζ)2 , with ζ is at any point along the

To accurately simulate the heat transfer in the GHE system, it has to be taken into account that
the soil mass is not infinite and cannot be assumed to be an infinite domain. The soil mass,
can however, be assumed as a semi-infinite domain where the surface temperature is set as an
isothermal boundary condition, since the surface temperature has significant influence on the soil
temperature. To model the soil mass as a semi-infinity domain in the z-direction, with a prescribed
temperature at the surface, the method of images can be used. The method of images plays an
important part in the mathematical theory of electricity and is adapted to solve problems in the
conduction of heat in solids. This is shown in Figure 2.4.
Development of an engineering tool for the design of novel shallow GHE
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Figure 2.4: Illustration of the method of images [15]

As can be seen in the figure the isothermal surface temperature is imposed on the boundary of
the soil mass and the soil mass is imagined to continue in all directions. Then, by the process of
taking images in the bounding planes, a distribution of sources and sinks can be obtained which
gives a temperature function vanishing on the boundaries with the required sources and sinks in
the solid [4].
Using the method of images for the FLS solution in this reference case results in a source given
at point ζ and a sink given at point −ζ. The temperature at a point can now be expressed as [2]:
q0
T (r, z, t) − T0 =
4πλ

Z

0

L




√
√
1
1
erfc(r1 /2 αt) − erfc(r2 /2 αt) dζ
r1
r2

(2.22)

In which T0 is the initial temperature and [2]:

r1 =

p

r2 + (z − ζ)2

r2 =

p
r2 + (z + ζ)2

(2.23)

This solution is valid for [2]:

5rb2 /α < t < ts /10

(2.24)

Where ts is the characteristic time of the bore field when the steady-state condition has been
reached. This solution for the FLS method was presented for the first time by Eskilson (1987)
[12]. The FLS method used for this reference case is depicted in Figure 2.5.
10
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Figure 2.5: Finite Line Source method [2]
The steady-state temperature for constant heat transfer can be calculated with [2]:

Z L
1
q0
1
T (r, z) − T0 = −
−
dζ
4πλ 0
r1
r2

2.2.2

(2.25)

Generation of g-functions

As mentioned before, Eskilson proposed the concept of g-functions to efficiently calculate the
temperature response of GHE systems, where the FLS method provides the fundamental solution.
The g-function gives a relation between the heat transfer per unit length in the bore field and the
effective temperature variation at borehole walls [6]. The borehole wall temperature is expressed
as [7]:


q0
t rb B
L2
g
, ,
, ts =
(2.26)
Tb = Tg −
2πλ
ts L L
9α
Where g represents the g-function and ts is a characteristic time. The g-function, as presented by
Eskilson, depends on the topology of the bore field and on three non-dimensional parameters: The
non-dimensional borehole spacing to length, B/L, the non-dimensional borehole radius to length
ratio, rb /L, and a non-dimensional time, t/ts [9].
After the introduction of the g-functions by Eskilson, several researchers in the field succeeded in
using the FLS method to generate analytical and semi-analytical g-functions, such as Yavuzturk
and Spitler (1999)[23]. Thus, time consuming and challenging numerical solutions for the heat
equation problem can be avoided [13].
Zeng et al. (2002)[24] and later Lamarche and Beauchamp (2007)[16] and Marcotte and Pasquier
(2008)[18] developed new solutions for the FLS method. Bandos et al. (2009)[3] proposed new
analytical and explicit expressions for calculating the ground temperature field induced by a FLS.
Development of an engineering tool for the design of novel shallow GHE
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Claesson and Javed (2011)[10] rearranged the mathematical development of the FLS solution and
provided a new expression, which greatly reduces the computation time of the response factor
values [13].
The FLS solution by Claesson and Javed for the BHE x = 0, y = 0 and D < z < D + L is given
by [10]:
q0
T (r, z, t) =
4πλ

Z∞

√
1/ 4αt

ds · e

−r 2 s2

2
·√
π

D+L
Z

h 2
i
0 2
2
0 2
dz 0 e−s (z−z ) − e−s (z+z )

D

(2.27)

Where D is the buried depth of the BHE and L is the length of the BHE. The mean temperature
over the heat exchanger length D < z < D + L at any radial distance r is given in the following
way [10]:
1
T̄ (r, t) = ·
L

D+L
Z

T (r, z, t)dz

(2.28)

D

When substituting Equation 2.27 in this expression for the mean temperature the following results
[10]:
q0
T̄ (r, t) =
4πλ

Z∞

√

−r 2 s2

ds · e

1/ 4αt

2
· √ ·
L π
|

D+L
Z

dz

D

D+L
Z
D

h 2
i
0 2
2
0 2
dz 0 e−s (z−z ) − e−s (z+z )
{z
I

(2.29)

}

The double integral in this expression needs to be evaluated. When sz = sD + u and sz 0 = sD + v
are substituted, this results in the following [10]:
1
2
I=
·√ ·
Ls2
π

ZLs ZLs h
i
2
2
du dv e−(u−v) − e−(2·Ds+u+v)
0

(2.30)

0

Rewriting this results in [10]:
I=

1
· Y (Ls, Ds)
Ls2

(2.31)

Evaluating the double integral Y (Ls, Ds), using l = Ls and d = Ds, the integration in v gives
error functions with u in the argument. Integrating it once more in u results in integrals of the
error function, this gives the following expressions [10]:
2
erf(X) = √
π

ZX

2

e−v dv

(2.32)

0

erfint(X) =

ZX

2
1
erf(u)du = X · erf(X) − √ (1 − e−X )
π

(2.33)

0

Now the expression for the double integral can be written as [10]:
Y (l, d) = 2 · erfint(l) + 2 · erfint(l + 2d) − erfint(2l + 2d) − erfint(2d)

(2.34)

So, the mean temperature over the BHE length is simplified to a single integral [10]:
12
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T̄ (r, t) =

q0
4πλ

Z∞

√

ds · e−r

2 2

s

·

Y (Ls, Ds)
Ls2

(2.35)

1/ 4αt

Later, Cimmino and Bernier (2013)[9] used the FLS solution from Claesson and Javed to obtain
the thermal response factors of bore fields while accounting for the variation of the heat transfer
per unit length among boreholes of the same bore field while keeping the same mean borehole wall
temperature for every borehole in the bore field. The method also takes into account the buried
depth to borehole length ratio, D/L. The latter was not yet included in the method by Eskilson.
The numerical dimensionless g-functions by Eskilson are graphically presented as a function of
the logarithmic time ln(t/ts ) for a bore field spacing B/L and for given values rb /L and D/L in
Figure 2.6.

Figure 2.6: Numerical g-functions for a 3 x 2 bore field [8]
The curve for B/L = ∞ corresponds for the g-function of a single borehole. From Equation 2.26,
2.33, 2.35 and 2.34 the g-function at a distance r of a borehole at time t of a single borehole is [9]:
1
g(t/ts , r/L, D/L) =
2√

Z∞

2 2

e−(r/L)

s

·

Y (s, D/L·s)
ds
s2

(2.36)

9/(4·t/ts )

The g-functions can be discussed regarding the four regions shown in Figure 2.6. The first region
(I) corresponds to radial one dimensional heat transfer. In this region, the borehole wall temperatures are not affected by the ground surface temperature or by the far-field ground temperature
below the boreholes. The second region (II) corresponds to thermal interactions among boreholes.
The third region (III) corresponds to radial-axial two dimensional heat transfer. In this region the
g-function of a single borehole starts to approach its steady-state value. The starting time of this
region was estimated by Eskilson to be equal to ts /10 (ln(t/ts) = −2.3). The third region (III)
can overlap with the second region (II) for certain spacings between boreholes (B/L = 0.30). The
fourth region (IV) corresponds to steady-state heat transfer. In this region, the bore field and the
Development of an engineering tool for the design of novel shallow GHE
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ground are in equilibrium. The transfer of heat does not affect the borehole wall temperatures,
which are constant in time. [8]
Cimmino and Bernier (2013)[7] later proposed another method to simplify his methodology. In
this method the FLS solution as expressed by Claesson and Javed is expanded to cover boreholes of
unequal lengths. This method is simpler and more efficient than presented in Cimmino’s first paper
while giving equivalent results. The g-function can be generated in the following manner using
this method. First, the temperature variation at the borehole walls due to the heat transfer per
unit length at any borehole is found via the temperature distribution around individual boreholes
that is given by the FLS solution. Next, the total temperature variation at the borehole walls is
calculated using spatial superposition by superposing the contribution of all boreholes. Finally,
the time variation of the heat transfer per unit length of individual boreholes is taken into account
using temporal superposition. This results in a system of equations and solving this system of
equations gives the temperature response, or g-function. This method is graphically displayed in
Figure 2.7.

Figure 2.7: Simplified method Cimmino
The g-functions for a 7x3 bore field are presented in Figure 2.8 [7]. These g-functions are generated
using the different methods that are discussed above.

Figure 2.8: g-functions for a 7 x 3 bore field [7]
It can be seen that the simplified method by Cimmino and Bernier is equivalent to the first method
created by Cimmino and Bernier. Furthermore it can be seen that both the methods from Cimmino and Bernier overestimate Eskilson’s g-function for greater values of time. These differences
result from the difference in boundary condition used with the methods, Eskilson’s method uses
a condition of uniform temperature along the borehole wall and the methods by Cimmino and
Bernier use a condition of uniform heat transfer per unit length along the boreholes [7].
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So, evaluating the g-functions with different boundary conditions will result in different outcomes.
To accurately simulate the GHE system, it is preferred to use the boundary condition that gives
a result that is as close to reality as possible. In reality, the boreholes in the bore field have a
common inlet fluid temperature, and the temperature and heat transfer per unit length vary along
the boreholes. But, Eskilson considered the boundary condition of common inlet fluid temperature
and has shown that this gives similar results to the boundary condition of uniform temperature
at the borehole walls [8]. So, the results for the g-function that were found by Eskilson can be
taken as a reference.
Finally, Cimmino and Bernier (2014) presented yet another semi-analytical method to generate
g-functions for geothermal bore fields [8]. This method is also used for the fast calculation of
g-functions presented by Cimmino in 2018 [5]. This method generates g-functions in a similar way
to the the earlier presented methods by Cimmino and Bernier, since the FLS solution is again
superposed in space and time to generate the g-functions. But, this method models the BHEs as
series of line source segments to be able to evaluate the g-functions with the boundary condition
of uniform temperature along the borehole walls [5]. This method is described in Appendix A and
is successfully validated against g-functions obtained with Eskilson’s methodology for bore fields
ranging from a single BHE to a 12x12 bore field [5].
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Chapter 3

Implementation
The theoretical background on heat transfer and how to simulate the heat transfer has been
described in detail in the previous chapter. The main objective of this study is to develop an
engineering tool to simulate the heat transfer between the heat exchanger and the ground in novel
shallow Ground Heat Exchanger(GHE) systems. So, the theory described in the previous chapter
can be used to create models that can be implemented in an engineering tool. Since the methodology described in the previous chapter is suitable for the simulation of heat transfer in Borehole
Heat Exchanger(BHE) systems, the methodology is adapted to be utilized for novel shallow GHE
systems. For this purpose, a way to use the Finite Line Source(FLS) method for novel shallow
GHEs is described and a way to generate g-functions is discussed.
This chapter is written as paper that has yet to be submitted, to contribute to the GEOFIT
project. Within this paper the results from the engineering tool are presented and the validation
of the models is discussed.
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ABSTRACT
In this paper a methodology for the design of GHEs with complex geometry is described and integrated in an
engineering tool. With this engineering tool the heat transfer between the GHE and the ground is simulated and the
temperature response of the GHE system can be obtained. Two different types of shallow GHEs are implemented
in this engineering tool: a slinky type GHE and an earth basket type GHE. For the slinky type heat exchanger two
configurations are possible, a horizontal orientated slinky type GHE and a vertical orientated slinky type GHE. The
methodology for the slinky type GHE (2D geometry) has been obtained from literature and has been extended to
create the methodology for the earth basket type GHE (3D geometry). Next to that, the validation of the engineering
tool is described, a parametric analysis is presented and a brief description of an experiment and CFD simulation
carried out is given.

Nomenclature
T Temperature [K]
λ Thermal conductivity [W /m · K]
d Distance or tube diameter [m]
q Heat transfer [W ]
q0 Heat transfer per unit length [W /m]
α Thermal diffusivity [m2 /s]
t Time [s]
P Point
R Ring radius [m]
r Tube radius [m]
h Buried depth [m]
x, y, z Cartesian coordinate [m]
ω, φ Angular parameter [rad]
g g-function
Nring Number of rings

∗ To

be submitted to contribute to the GEOFIT project [1]
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1

Introduction

Efficient simulation of heat transfer in Ground Heat Exchanger (GHE) systems is required for the design of such systems.
Predicting the temperatures in the system is critical to the evaluation to the systems performance to be able to realise a proper
design [2]. Several models for the simulation of heat transfer in GHE are developed in the last decades. In this paper the development of an engineering tool is described for different types of GHE with complex geometry in an integrated framework.

Many models use analytical models for the simulation of the heat transfer, since analytical solutions are more easily obtained
than numerical ones. The Finite Line Source (FLS) method is proven to be a suitable analytical method for many problems
dealing with heat transfer. In this method a continuous point source solution in a semi infinite medium for the heat conduction
is used. The temperature perturbation at a given point by a continuous point source in an infinite homogeneous medium is
given by Marcotte and Pasquier in 2009 [3] as:



d
q
erfc √
∆T (d,t) =
4πλd
2 αt

(1)

With distance from the point source d, time t, heat transfer q, soil thermal conductivity λ and soil thermal diffusivity α.
Physically the ground cannot be assumed to be an infinite medium. But, it can be seen as a semi infinite medium. Therefore
the solution needs to account for the boundary condition of the ground. This is achieved using the method of images by
including a fictitious source of opposite charge in the solution and therefore imposing a boundary condition at the ground
surface.

In literature many examples can be found were the FLS method is used for the simulation of heat transfer in vertical borehole
heat exchangers (BHE), which is the most common type of GHE. But, the GEOFIT project for which the engineering tool
is developed, is looking into building retrofitting, and therefore into novel shallow types of shallow GHEs with complex
geometry. For special types of GHEs, such as an earth basket GHE, currently no design tool exists which hinders the implementation of this technology.

The H2020 GEOFIT project, initiated by the European Union, aims to address retrofitting challenges by developing integrated site investigation techniques, improved drilling methodology, evaluate different novel shallow ground heat exchanger
designs, high temperature heat pumps and improved heat distribution systems. The main objective of the GEOFIT project
is to develop cost-effective enhanced geothermal systems for energy efficient building retrofitting. The engineering tool
described in this paper will contribute to one work package within the GEOFIT project with the title: ’Design framework for
novel ground (slinky/earth basket) type shallow heat exchangers’ [1].

Shallow GHE are installed closer to the ground surface which makes drilling deep into the ground unnecessary. Complex
geometries are used to still make the heat injection/extraction as efficient as possible. And, instead of using the vertical space,
the horizontal space is used. This does, however, result in the need of more horizontal space. The developed engineering
tool can be used for the simulation of heat transfer in two different types of shallow GHE. One of the types that is included
in this engineering tool is the slinky type GHE. This type of shallow GHE is shown in Figures 1a and 1b.
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(a) A horizontal slinky type GHE [4]

(b) A vertical slinky type GHE [4]

(c) An earth basket type GHE

Fig. 1: Shallow type GHEs

As can be seen the slinky type GHE consists out of a spiral 2D geometry and uses the horizontal space in the ground. The
configuration of the slinky type GHE can be either horizontal or vertical. The other type that is included in the engineering
tool is the earth basket type GHE. This type of shallow GHE is shown in Figure 1c and does consist out of a spiral, complex
3D geometry. The earth basket type heat exchanger does use vertical space, but is not installed as deep as a BHE since the
earth basket type GHE has a significantly smaller length. Therefore, there is no need for drilling into the ground surface. As
with other type of GHE, usually more than one earth basket type GHE is installed in the GHE system.
For an energy efficient and economic design an accurate calculation of the temperature evolution during the operational
life of the GHE is required. Since the total ground volume that will be thermally disturbed can be large during the normal
operational life of 30-50 years and, at the same time, the GHE near temperature gradient needs to be accurately calculated
even during heat pump cycles of short duration the solution of the problem is computationally demanding. To address this,
the temperature response of the GHE system can be converted in a series of non-dimensional thermal response factors, or so
called g-functions. With g-functions the temperature change at a heat exchanger wall in response to a step in energy load for
a time step can be calculated. When the temperature response to a single step in energy load is represented in a g-function,
encompassing the topology of the GHE system, the temperature response for any time varying energy load can be calculated
quickly. This can be done by decomposing the energy loads into a series of step functions and superimposing the response
to each step function [5].
The original g-functions for borehole heat exchangers (BHEs) were obtained by Eskilson (1987) [6], resulting from the
simulation of the ground heat transfer around the boreholes using an explicit finite difference method. As mentioned before
analytical methods are preferred over numerical methods, thus Eskilson proposed the use of the FLS method to generate
g-functions. The g-function as proposed by Eskilson gives a relation between the heat transfer per unit length in the bore
field and the effective temperature variation at borehole walls [7].
Several researchers succeeded using the FLS method to generate analytical and semi-analytical g-functions, such as Yavuzturk and Spitler (1999) [5]. Zeng et al. (2002) [8] and later Lamarche and Beauchamp (2007) [9] and Marcotte and Pasquier
(2008) [10] developed new solutions for the FLS method. Bandos et al. (2009) [11] proposed new analytical and explicit
expressions for calculating the ground temperature field induced by a FLS. Claesson and Javed (2011) [12] rearranged the
mathematical development of the FLS solution for BHE and provided a new expression, which greatly reduces the computation time of the response factor values. Cimmino and Bernier (2013) [13] used the FLS solution from Claesson and Javed
to obtain the thermal response factors of bore fields while accounting for the variation of the heat transfer per unit length
among boreholes of the same bore field, while keeping the same mean borehole wall temperature for every borehole in the
bore field. After this, Cimmino and Bernier (2013) [14] proposed another method to simplify his methodology. Finally, Cimmino and Bernier presented yet another semi-analytical method in 2014 to generate g-functions for geothermal bore fields
where the time variation of the heat transfer per unit length among the boreholes and along the length of individual boreholes
are taken into account [15]. This method is also used for the fast calculation of g-functions presented by Cimmino in 2018 [2].
The engineering tool that is developed generates these thermal response factors or g-functions for the slinky and earth basket
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type GHE. So, in the following sections the models used for the generation of g-functions for these type of GHEs are
presented followed by some examples of the generated g-functions and the validation of the engineering tool. Besides, a
brief parametric analysis of the important parameters used in the models is shown. Next to that, an experiment and CFD
simulation for the earth basket type GHE that support the development of the tool are described. Finally, some conclusions
and recommendations to the development of this engineering tool are given.
2 Slinky Ground Heat Exchanger Model
A model to generate g-functions for slinky type GHEs is presented by Xiong, Fisher and Spitler in 2015 [16]. This model
considers the complex 2D geometry of the slinky type GHE and uses the FLS method to find a solution for the temperature
perturbation due to this type of GHE. Using the principle of superposition for the FLS solution g-functions are generated.
Because of this methodology and the fact that the model has been validated, the model is integrated in the engineering tool.
The model assumes that the heat transfer per unit length in the slinky type GHE system is uniform. This leads inaccuracy
in the calculation of the thermal response factors, but in most practical installations for slinky type GHE systems the error
caused is insignificant [16]. First, the model for the horizontal orientated slinky type GHE will be presented.
2.1 Horizontal Slinky GHE
A horizontal slinky type GHE can be modelled as displayed in Figure 2. In this model the spiral geometry of the slinky type
GHE is simplified into rings.

Fig. 2: Simplified horizontal slinky type GHE

The depth as indicated in the figure is the distance from the GHE to the ground surface and the pitch is the distance from one
ring to the next one. A ring of this slinky type GHE is visually displayed as presented in Figure 3.

Fig. 3: Ring of a slinky type GHE

With the ring diameter indicated with D and the tube diameter as d. Now, the temperature perturbation due to a slinky type
GHE at point Pi is given by [16] Equation 2.
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q0 R
∆T (Pi ,t) =
4πλ

Z 2π
0

p
√ 
√
(d(Pj , Pi )2 + 4h2 /2 αt
erfc
erfc(d(P
,
P
)/2
αt)
j
i

 dω
p
−
d(Pj , Pi )
(d(Pj , Pi )2 + 4h2


(2)

With the heat transfer per unit length q0 , the ring radius R and buried depth h. With expressions for the distances between
rings as [16]:

d(Pii , Pj ) + d(Pio , Pj )
2

(3)

d(Pii , Pj ) =

q
[xoi + (R − r) cos φ − xo j − R cos ω]2 + [yoi + (R − r) sin φ − yo j − R sin ω]2

(4)

d(Pio , Pj ) =

q

(5)

d(Pj , Pi ) =

[xoi + (R + r) cos φ − xo j − R cos ω]2 + [yoi + (R + r) sin φ − yo j − R sin ω]2

Where xo and yo are the Cartesian coordinates for the ring’s center and r is the tube radius. The distance for an arbitrary
point Pj on ring j at angle ω to an arbitrary point Pi on ring i at angle φ is displayed in Figure 4 [16].

Fig. 4: Distance between points on ring j and ring j

The average temperature derivation of ring i caused by ring source j is given by [16]:

q0 R
∆T j→i (t) = 2
8π λ

Z 2π Z 2π
0

0

p
√ 
√
2 + 4h2 /2 αt
erfc
(d(P
,
P
)
j
i
erfc(d(P
,
P
)/2
αt)
j i

 dωdφ
p
−
d(Pj , Pi )
(d(Pj , Pi )2 + 4h2


(6)

The 3D view of the horizontal slinky type GHE model can be seen in Figure 5. Here the method of images to get to the FLS
solution for slinky type GHE is clearly visible, because of the mirror ring source above the ground surface.
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Fig. 5: 3D view of the horizontal Slinky type GHE model

The mean tube wall temperature variation, calculated by superposition, is given by Equation 7 [16]. To get to this expression
the FLS method as described above has been used and the slinky type GHE is represented as a series of ring sources.

∆T̄ (t) =

1
Nring

Nring Nring

∑ ∑ ∆Tj→i (t)

(7)

i=1 j=1

Now, an expression for a g-function for the slinky type GHE can be given using the same methodology as presented by
Eskilson [16]:

gs (t) =

2πλ
∆T̄ (t)
q0

(8)

Which can be written as:

Nring Nring

gs (t) =

2.2

∑ ∑

i=1 j=1

R
4πNring

Z 2π Z 2π
0

0

p
√ 
√
2 + 4h2 /2 αt
erfc
(d(P
,
P
)
j
i
erfc(d(P
,
P
)/2
αt)
j i

 dωdφ
p
−
d(Pj , Pi )
(d(Pj , Pi )2 + 4h2


Vertical Slinky GHE

A vertical slinky type heat exchanger can be modelled as displayed in Figure 6.
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(9)

Fig. 6: Simplified vertical slinky type GHE

The g function for a vertical slinky type GHE can be expressed as [16]:

Nring Nring

gs (t) =

∑ ∑

i=1 j=1

R
4πNring

"

√
Z 2π Z 2π
erfc(d(Pj , Pi )/2 αt)
0

0

d(Pj , Pi )

√ #
erfc d(Pj0 , Pi )/2 αt
−
dωdφ
d(Pj0 , Pi )

(10)

With expressions for the distance between rings as [16]:

d(Pj , Pi ) =

d(Pii , Pj ) + d(Pio , Pj )
2

(11)

d(Pj0 , Pi ) =

d(Pii , Pj0 ) + d(Pio , Pj0 )
2

(12)

d(Pii , Pj ) =

q
[xoi + (R − r) cos φ − xoi − R cos ω]2 + [yoi − yo j ]2 + [zoi + (R − r) sin φ − zo j − R sin ω]2

(13)

d(Pio , Pj ) =

q

[xoi + (R + r) cos φ − xoi − R cos ω]2 + [yoi − yo j ]2 + [zoi + (R + r) sin φ − zo j − R sin ω]2

(14)

d(Pii , Pj0 ) =

q

[xoi + (R − r) cos φ − xoi − R cos ω]2 + [yoi − yo j ]2 + [zoi + (R − r) sin φ − zo j − 2h − R sin ω]2

(15)

d(Pio , Pj0 ) =

q
[xoi + (R + r) cos φ − xoi − R cos ω]2 + [yoi − yo j ]2 + [zoi + (R + r) sin φ − zo j − 2h − R sin ω]2

(16)

Where z0 is another Cartesian coordinate of a ring’s center. The 3D view of the vertical slinky type GHE model can be seen
in Figure 7.
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Fig. 7: 3D view of the vertical Slinky type GHE model

As can be seen in the expressions, the g-functions for the horizontal and vertical slinky type heat exchangers are very similar.
But, the expressions for the distances between the rings is different, since the GHEs are orientated in respectively, the x, y
plane and the z, x plane.
The model used for the slinky type GHEs is validated against experimental data published by Fujii et al. [17] by Xiong et
al. [16].
3 Earth basket Ground Heat Exchanger Model
To model the heat transfer in the earth basket type GHE one can take the model as presented and used for the slinky type
GHE with 2D geometry and extend it to create a model for the earth basket type GHE with 3D geometry. Therefore the
same methodology as for the slinky type GHE is used. As for the slinky type GHE, it is assumed that the heat transfer per
unit length in the earth basket type GHE system is uniform, which will likely result in inaccuracy in calculating the thermal
response factors.
The earth basket type GHE is assumed to be a number of ring sources stacked on top of each other as seen in Figure 8.

Fig. 8: Simplified earth basket type GHE

Where the depth is again the distance from the GHE to the surface and the pitch is the distance between one ring to the other.
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Now, the temperature variation at a point Pi caused by ring j can still be calculated in the same way as for the slinky type
GHE, but the expressions for the distances need to be revised to fit the complex 3D geometry. Again the FLS method is used
and the earth basket type GHE is represented as a series of ring sources. Now, the g-function for a earth basket type GHE
can be expressed by:

Nring Nring

geb (t) =

∑ ∑

i=1 j=1

R
4πNring

"

√
Z 2π Z 2π
erfc(d(Pj , Pi )/2 αt)
0

0

d(Pj , Pi )

√ #
erfc (d(Pj , Pi ) + 2h)/2 αt
−
dωdφ
(d(Pj , Pi ) + 2h)

(17)

With expressions for the distance between rings as:

d(Pii , Pj ) + d(Pio , Pj )
2

(18)

d(Pii , Pj ) =

q
[xoi + (R − r) cos φ − xoi − R cos ω]2 + [yoi + (R − r) sin φ − yo j − R sin ω]2 + [zoi − zo j ]2

(19)

d(Pio , Pj ) =

q

(20)

d(Pj , Pi ) =

[xoi + (R + r) cos φ − xoi − R cos ω]2 + [yoi + (R + r) sin φ − yo j − R sin ω]2 + [zoi − zo j ]2

The 3D view of the earth basket type GHE model can be seen in Figure 9.

Fig. 9: 3D view of the earth basket type model

4 Engineering tool
The engineering tool using these models is developed in Python 3.7. The tool is created as a package containing several
modules each with a specific purpose. The main module generates the g-functions for the GHE systems. Therefore, one
module contains the topology of the GHE system and another module calculates the thermal response factors with the FLS
solution for the GHE systems. A supporting module builds a geometric time vector to be used throughout the other modules.
To generate and export a g-function the thermal parameters of the soil and the information on the topology of the GHE
system need to be given as input.
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4.1

Generator g-functions

The g-functions that are generated for the shallow type GHE with the engineering tool are shown in Figures 10 and 11. To
create these g-functions the input variables for the engineering tool are set to the values shown in Table 1.

Table 1: Input variables for the engineering tool
Input variables to create g-functions
Number of rings

1,2,4

Buried depth

1.5 m

Ring diameter

0.75 m

Pitch

0.4 m

Ground thermal conductivity

1e-6 m2 /s

Ground thermal diffusivity

1 W /m · K

(a) g-functions horizontal Slinky type GHE

(b) g-functions vertical Slinky type GHE

Fig. 10: g-functions Slinky type GHE
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Fig. 11: g-functions Earth Basket type GHE

As can be seen in the figures, it is clear that the g-functions for a vertically orientated slinky type GHE, are similar to the
horizontally orientated slinky type GHE. For the g-functions of the earth basket type GHE it can be seen that the values are
lower than the values for the slinky type GHEs. The higher values for the slinky type GHE result from the fact that the rings
overlap and thus have a greater effect on each other.

4.2

Validation

The calculations in the engineering tool are validated on different levels and against several models. First of, the temperature
perturbation due to one ring source placed in the ground, either horizontally or vertically orientated, is validated against a
model that is used for the calculation of temperature perturbation for a BHE. These results are shown in Figures 12 and 13.

(a) Temperature perturbation vertical line source

(b) Temperature perturbation horizontal ring source

Fig. 12: Temperature perturbation validation
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(a) Temperature perturbation vertical line source

(b) Temperature perturbation vertical ring source

Fig. 13: Temperature perturbation validation

To create Figure 12b Equation 2 is used. With this equation the temperature perturbation at a point Pi can be calculated. Point
Pi is defined as a point in the ground at a certain distances from the GHE. The ring diameter and the length of the BHE are
set to 100 m. As can be seen, the results for a BHE, that have been obtained mimicking the ring source as closely as possible, are similar to the results for a ring source. Thus, it can be said that the FLS solution for the ring source model is validated.

A tool used for the design of GHE that is already available is GLHEPRO [18]. With this tool g-functions for the slinky type
GHE can be generated. So, this model can be used for the validation of the g-functions generated for slinky type GHE. In
Figures 14, 15 and 16 the validation of the g-functions generated for slinky type GHEs is shown. The input variables for
both tools are set to the values presented in Table 2.

Table 2: Input variables for the engineering tool
Input variables to create g-functions in GLHEPRO and engineering tool
Buried depth

1.5 m

Ring diameter

0.75 m

Pitch

0.4 m

Ground thermal conductivity

1e-6 m2 /s

Ground thermal diffusivity

1 W /m · K
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(a) Validation g-function of a horizontal slinky type GH

(b) Validation g-function of a vertical slinky type GHE

Fig. 14: Validation g-function slinky type GHE

(a) Validation g-function horizontal slinky type GH

(b) Validation g-function vertical slinky type GHE

Fig. 15: Validation g-function slinky type GHE
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(a) Validation g-function horizontal slinky type GH

(b) Validation g-function vertical slinky type GHE

Fig. 16: Validation g-function slinky type GHE

As can be seen in the figures, the g-function that are generated with GLHEPRO are very similar to the engineering tool. So
it can be said that the g-functions for the slinky type GHEs are validated.
Another validation that has been executed is the validation to the data presented in the paper published by Xiong et al. In
this paper a study, that was carried out to see the effect on temperature due to one ring source to the surrounding ground, is
presented. This study is also carried out with the engineering tool. The results as presented in the paper by Xiong et al. and
the engineering tool are shown in Figure 17. Here the effect on temperature of one ring is proved to be similar to the results
presented by Xiong et al.

(b) Effect on temperature in ground due to one ring source calculated with the engineering tool

(a) Effect on temperature in ground due to one ring source as presented by Xiong et al. [16]

Fig. 17: Effect on temperature in ground due to one ring source

4.3 Parameter analysis
The effect of several parameters are analysed to give an insight into the use of the engineering tool. The effects of the buried
depth of a ring, the ring diameter and the ground thermal conductivity are analysed. In Figures 18, 19 and 20 the effects of
these parameters are presented for the horizontally and vertically orientated ring.
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(a) The effect of the buried depth for a horizontal ring

(b) The effect of the buried depth for a vertical ring

Fig. 18: The effect of the buried depth

(a) The effect of the diameter for a horizontal ring

(b) The effect of the diameter for a vertical ring

Fig. 19: The effect of the diameter
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(a) The effect of the thermal conductivity for a horizontal ring

(b) The effect of the thermal conductivity for a vertical ring

Fig. 20: The effect of the thermal conductivity

In Figure 18 it is visible that the buried depth has a small effect on the temperature perturbation. With smaller values for
the buried depth the effect is greater and when the buried depth is bigger than 10.5 m the buried depth has less effect on the
temperature perturbation. In Figure 19 it is visible that the temperature perturbation is lightly effected by the ring diameter
for smaller values. When the ring diameter is higher than 10 m the ring diameter has less effect. In Figure 20 it is visible
that the thermal conductivity highly effects the temperature perturbation. For this parametric analysis the effect of thermal
conductivity for the ground in a very dry area 0.33 W /m · K, a dry area 0.5 W /m · K, a moist area 1 W /m · K and a very
moist area 1.4 W /m · K are studied [19]. The higher the value of the conductivity, the higher the effect on the temperature
perturbation. Therefore, it is extremely important to accurately determine the ground thermal conductivity before simulation
for a GHE system can be carried out.

5 Experiments and CFD simulations
At the Austrian Institute of Technology(AIT) in Vienna experiments and CFD simulations are carried out for shallow type
GHEs. The objective of these experiments and CFD simulations are to characterize the performance of downscaled shallow
GHE in different soil types with different geometries. The experiments that are of particular interest for the design of the
engineering tool is the experiments for the earth basket type heat exchanger since the model described above is yet to be
validated.
The set-up used for the experiment is a pallet sized box of 1m3 that is fitted with sensory equipment, a downscaled heat
exchanger and soil. The set-up is situated in a climate chamber to be able to apply boundary conditions. A plastic net is used
as a frame within the set-up. This frame is used to construct the geometry of the GHE. Different experiments for the earth
basket type GHE are carried out. When heating conditions are applied, a heating cable is used to mimic the GHE. When
cooling conditions are applied, a PE tube with cooling fluid is used. The sensory equipment consists of moisture sensors,
temperature sensors and fiber optic cables. The moisture and temperature sensors are only placed in a quadrant of the set-up
to create an area with high density of measuring points. The data points can be extrapolated because of the symmetry of the
set-up within the box. A Labview program is used for data logging and the control of the set-up. The set-up is displayed in
Figures 21 and 22. [20]
16

(b) Detailed cables set-up [20]
(a) Set-up schematic overview [20]

Fig. 21: Schematic set-up

(a) Set-up in climate chamber

(b) Control unit set-up

Fig. 22: Set-up at laboratory at AIT labaratory

The results for the experiment of the earth basket type GHE under heating conditions are shown in Fig. 23.
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Fig. 23: Temperature change in all baskets [20]

In this figure the temperature change over time in the three baskets is visible. Since the heating cable that functions as the
heat exchanger is connected to the middle basket, the temperature change is the highest in this basket. The heat exchanger is
buried at a depth of approximately 0.2 m and the total length of the heat exchanger is approximately 1 m. From these results
it can also be noted that the middle part of the heat exchanger has more effect on the temperature change than the outer parts.
In the CFD simulations the experiments mimicked. Therefore the results can be compared to each other. To make the simulations less time consuming only one quadrant of the experimental set-up is simulated, which can be done again because of
the symmetry. A contour-plot of a CFD simulation is displayed in Figure 24.

Fig. 24: Contour-plot of a CFD simulation
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In this contour plot the temperature change after a certain time is shown. The temperature change is the highest close to the
heating cable and it can be seen that the outer parts of the heat exchanger have less effect on the temperature than the middle
part of the heat exchanger, which was also clear from the results of the experiments.
6 Conclusions and recommendations
In this paper a methodology for the design of different types of Ground Heat Exchangers(GHEs) with complex geometry
integrated in an engineering tool is described. This engineering tool can be used to obtain the temperature response or so
called g-function for two different types of GHEs: the slinky type GHE and the earth basket type GHE. When the temperature
response of the GHE system is known, proper design choices can be made. The methodology to develop the tool for these
type of GHE is explained in detail. The methodology for the slinky type GHE (2D geometry) is obtained from literature and
is extended to create the methodology for the earth basket type GHE (3D geometry). The methodology has been validated
on several levels and some important parameters have been analysed. Next to that, a brief description of an experiment and
CFD simulation carried out is given.
The earth basket model is yet to be validated using the experimental data provided by the AIT. Besides, future research
should look into the error caused by the assumption of uniform heat transfer per unit length in the earth basket type GHE
model. Finally, future work should entail the optimisation of the engineering tool by improving the computation time for the
generation of g-functions.
Acknowledgements
The author would like to acknowledge the Austrian Institute of Technology for providing experimental data.

19

References
[1] GEOFIT. https://geofit-project.eu/. Acecessed: 2020-04-30.
[2] Cimmino, M., 2018. “Fast calculation of the g-functions of geothermal borehole fields using similarities in the evaluation of the finite line source solution”. Journal of Building Performance Simulation, 11(6), pp. 655–668.
[3] Marcotte, D., and Pasquier, P., 2009. “The effect of borehole inclination on fluid and ground temperature for GLHE
systems”. Geothermics, 38(4), pp. 392–398.
[4] Esen, H., Esen, M., and Ozsolak, O., 2017. “Modelling and experimental performance analysis of solar-assisted ground
source heat pump system”. Journal of Experimental and Theoretical Artificial Intelligence, 29(1), pp. 1–17.
[5] Yavuzturk, C., and Spitler, J. D., 1999. “Short time step response factor model for vertical ground loop heat exchangers”. ASHRAE Transactions, 105(2), pp. 475–485.
[6] Eskilson, P., 1987. “Thermal Analysis of Heat Extraction Boreholes”. PhD thesis.
[7] Cimmino, M., 2019. “Semi-Analytical Method for g-Function Calculation of bore fields with series- and parallelconnected boreholes”. Science and Technology for the Built Environment, 25(8), pp. 1007–1022.
[8] Zeng, H. Y., Diao, N. R., and Fang, Z. H., 2002. “A finite line-source model for boreholes in geothermal heat exchangers”. Heat Transfer - Asian Research, 31(7), pp. 558–567.
[9] Lamarche, L., and Beauchamp, B., 2007. “A new contribution to the finite line-source model for geothermal boreholes”.
Energy and Buildings, 39(2), pp. 188–198.
[10] Marcotte, D., and Pasquier, P., 2008. “Fast fluid and ground temperature computation for geothermal ground-loop heat
exchanger systems”. Geothermics, 37(6), pp. 651–665.
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Chapter 4

Conclusions and recommendations
The ground is an attractive source or sink for heat pump systems, since the ground temperature
is relatively stable and higher than the outdoor temperature in winter and lower than the outdoor temperature in summer. As a consequence heat pumps systems coupled to Ground Heat
Exchangers(GHEs), so called Ground Source Heat Pump(GSHP) systems, are energy efficient and
have low environmental impact. GSHP systems are used for heating and cooling of buildings
[20]. The European H2020 project GEOFIT aims to develop cost-effective geothermal systems for
energy efficient building retrofitting. To achieve this goal, the GEOFIT project evaluates different
novel shallow Ground Heat Exchangers(GHEs) [1].
This study has contributed to the GEOFIT project by the development of an engineering tool for
the design of novel shallow GHEs. This engineering tool simulates the heat transfer in the novel
shallow GHE systems to determine the temperature response. Two types of novel shallow GHEs
are integrated in the engineering tool: a slinky type GHE and an earth basket type GHE.
The complex 2D geometry of the slinky type GHE and the complex 3D geometry of the earth
basket type GHE have been integrated in suitable models. The methodology for the simulation of
heat transfer between the heat exchanger and the ground, has been presented. This methodology
includes the use of the analytical Finite Line Source(FLS) method to calculate the mean tube wall
temperature variation for a single step in energy load and the generation of so called g-functions
to obtain the temperature response of the GHE system. The theoretical background for this FLS
method and the generation of g-functions has been described, as well as the basic principles of
heat transfer.
The models used to simulate the shallow GHEs and their complex geometries were either created
especially for this engineering tool or have been obtained from literature. In specific, the slinky
type GHE model was obtained from literature and the earth basket type GHE model has been created for the purpose of this study. Both models were created by assuming the complex geometry
as separated rings and therefore using a ring source model. Superimposing these rings in space can
result in either a model for the slinky type heat exchangers or an earth basket type heat exchanger.
The engineering tool is developed as a Python package which has been described in a paper that
has yet to be submitted. Providing the tool with the topology of the GHE system and the thermal
properties of the soil, the tool exports a g-function determining the temperature response of the
GHE system.
The methodology used for the novel shallow GHEs has been validated on different levels. The
ring source model is validated against an existing model for a Borehole Heat Exchanger (BHE)
and against data obtained in literature. The generated g-functions for the slinky type GHEs have
been validated against a commercially available tool, called GLHEPRO. The model for the earth
Development of an engineering tool for the design of novel shallow GHE
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basket type GHE is created by extending the methodology used for the slinky type GHE model.
This model is yet to be validated and an experiment and CFD simulation for this earth basket
type GHE have been presented and some experimental data is made available by the Austrian
Institute of Technology(AIT).
A parametric analysis carried out for different important parameters in a shallow GHE system
shows that the influence of thermal conductivity is significant. Therefore it is extremely important
to accurately determine the ground thermal conductivity before a simulation of the heat transfer
in a shallow GHE system can be carried out to obtain the temperature response of the GHE system.
Future work to the development of the engineering tool should entail the validation of the earth
basket type model using the experimental data provided by the AIT. The set-up of the earth
basket type GHE system used for the experiments could be used as input for the earth basket
type GHE model used in the engineering tool. The results from the engineering tool could then be
validated against the experimental data. Next to this, future research should look into the error
caused by the assumption of uniform heat transfer per unit length in the earth basket type GHE
model.
Besides, the computation time for the calculation of the temperature evolution in the GHE systems can be optimized. Using similarity in the GHE system is one of the most common options
found in literature, to accomplish this goal.
Furthermore, the engineering tool can be expanded. The model for the simulation of heat transfer
in the GHE system that is used in the engineering tool should include groundwater flow. Next to
that, the phase changes in the ground should be included in the model. This is of particular interest since this engineering tool is created for shallow GHEs, that are installed close to the ground
surface, where phase changes are likely to occur. Likewise, the near-surface soil humidity gradient
during heat dissipation and the seasonally varying near-surface temperature gradient should be
included in the engineering tool to improve the quality of the simulations.
Finally, the g-functions generated for the shallow GHEs can be used to obtain the fluid and ground
temperatures in the GHE system. The variation in the fluid and ground temperatures due to the
varying energy loadings can be obtained if the g-function is superimposed in time. Therefore
this temporal superposition needs to be included in the engineering tool. To obtain the fluid
temperatures in the GHEs the thermal resistance of the GHEs need to be calculated as well.
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Appendix A

Method to generate g-function
Cimmino and Bernier 2018
This method can be explained using a field of nb = 3 vertical boreholes that are connected in
parallel as shown in Figure A.1. Each borehole i has a radius rb,j , a length Li and is buried at
depth Di from the ground surface. The ground has a thermal conductivity λ, a ground thermal
diffusivity α and a temperature Tg . The fluid in the boreholes has an inlet temperature Tf,in and
an outlet temperature Tf,out . And the borehole wall has a temperature Tb .

Figure A.1: Field of three vertical boreholes connected in parallel [5]
The g–function of the bore field is obtained by evaluating the overall average (over the length)
borehole wall temperature in the bore field for a constant total heat transfer per unit length from
the bore field as shown in Equation 2.26 [5].
Each borehole i is modelled as a series of nq,i segments stacked on top of each other. The
temperature perturbation due to any borehole segment is calculated by the spatial superposition
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of all real line source segments and all image line source segments, using the method of images.
The spatial superposition of the real and image line sources is depicted in Figure A.2.

Figure A.2: Spatial superposition of real and image line sources [5]
For segment u of a borehole i, the temperature perturbation due to constant heat transfer per
0
unit borehole length qb,j,v
at a segment v of borehole j, starting at time t = 0, is obtained by
averaging the temperature perturbation over the length of segment u of borehole i caused by the
real and image line segments corresponding to segment v of borehole j [8] [5]:
1
0
(hreal (t) + himage
i,j,u,v (t))qb,j,v
2πλ i,j,u,v
Z ∞
1
1 −d2i,j s2 real
hreal
(t)
=
e
Y
(s)ds
i,j,u,v
√
2Li,u 1/ 4αt s2

∆Tb,i,j,u,v (t) =

(A.1)
(A.2)

Y real (s) =erfint((Di,u − Dj,v + Li,u )s)
− erfint((Di,u − Dj,v )s)

+ erfint((Di,u − Dj,v − Lj,v )s)

(A.3)

− erfint((Di,u − Dj,v + Li,u − Lj,v )s)
himage
i,j,u,v (t)

1
=
2Li,u

Z

∞
√

1/ 4αt

1 −d2i,j s2 image
e
Y
(s)ds
s2

(A.4)

Y image (s) =erfint((Di,u + Dj,v + Li,u )s)
− erfint((Di,u + Dj,v )s)

+ erfint((Di,u + Dj,v + Lj,v )s)

(A.5)

− erfint((Di,u + Dj,v + Li,u + Lj,v )s)
42

Development of an engineering tool for the design of novel shallow GHE

APPENDIX A. METHOD TO GENERATE G-FUNCTION CIMMINO AND BERNIER 2018

di,j =



rb,i
p
(xi − xj )2 + (yi − yj )2

for i = j
for i =
6 j

(A.6)

With borehole wall temperature perturbation ∆Tb,i,j,u,v at segment u of borehole i due to constant
image
heat transfer per unit borehole length at segment v of borehole j. With hreal
i,j,u,v and hi,j,u,v for
the real and image segment-to-segment thermal response factors of segment v of borehole j over
segment u of borehole i. And erfint(X) as in Equation 2.33 and di,j is the radial distance between
borehole i and borehole j. [5]
Now the borehole wall temperature at segment u of borehole i, Tb,i,u , can be obtained by the
superposition of all segments. So, for constant heat transfer per unit length at all segments of all
boreholes this becomes [5]:
nb n
q,j
X
X
1
0
Tb,i,u (t) = Tg −
hi,j,u,v (t)qb,j,v
2πλ
j=1 v=1

(A.7)

image
hi,j,u,v (t) = hreal
i,j,u,v (t) + hi,j,u,v (t)

(A.8)

With the total segment-to-segment thermal response factor of segment v of borehole j over segment
u of borehole i [5]:

When the heat transfer per borehole unit length is time varying at all segments of all boreholes,
the borehole wall temperature is obtained by temporal superposition [5]:
nb n
q,j
k
X
X
X
1
0
(hi,j,u,v (tk − tk0 −1 ) − hi,j,u,v (tk − tk0 ))qb,j,v
(tk0 )
Tb,i,u (tk ) = Tg −
2πλ
j=1 v=1

(A.9)

k=1

0
Where qb,j,v
is the step-wise constant heat transfer per unit borehole length of segment v of borehole
0
j, with qb,j,v
(tk0 ) the constant heat transfer per borehole length over the period tk0 −1 < t ≤ tk0 ,
0
t0 = 0 is the initial time and qb,j,v
(t0 ) = 0 [5]. This equation can be written in matrix notation
[5]:
k
X

1
(H b (tk − tk0 −1 ) − H b (tk − tk0 ))Q0 b (tk0 )
2πλ
k0 =1




T b,i (tk )
Tb,i,1 (tk )




..
..
T b (tk ) = 

 , T b,i (tk ) = 
.
.

T b (tk ) = Tg −

Tb,i,nq,i (tk )
 0

 0

qb,i,1 (tk )
Q b,i (tk )

 0


..
..
Q0 b (tk ) = 
 , Q b,i (tk ) = 

.
.
0
0
qb,i,nq,i (tk )
Q b,nb (tk )

(A.10)

(A.11)

T b,nb (tk )

(A.12)




· · · H b,1,nb (tk )

..
..
,
.
.
H b,nb ,1 (tk ) · · · H b,nb ,nb (tk )


hi,j,1,1 (tk ) · · · hi,j,1,nq,i (tk )


..
..
..
H b,i,j (tk ) = 

.
.
.
hi,j,nq,i ,1 (tk ) · · · hi,j,nq,i ,nq,i (tk )

H b,1,1 (tk )

..
H b (tk ) = 
.

(A.13)

With T b as a column vector of the borehole wall temperatures at all segments of all boreholes,
Q0 b is a column vector of the heat transfer per borehole length at all segments of all boreholes
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and H b is the matrix of the segment-to-segment thermal response factors [5].
The borehole wall temperatures are calculated time-step by time-step, starting from t1 . At any
time tk , previous values of T b and Q0 b are known. Then it is appropriate to cast Equation A.10
based on only values of these variables for the current time-step resulting in [5]:
1
H b (tk − tk−1 )Q0 b (tk )
2πλ

(A.14)

1
(H b (tk − tk0 −1 ) − H b (tk − tk0 ))Q0 b (tk0 )
2πλ

(A.15)

T b (tk ) = T 0b (tk ) −
T 0b (tk ) = Tg −

k−1
X

k0 =1

With T 0b (tk ) as a column vector of the borehole wall temperatures at all segments of all boreholes
at time tk , assuming zero heat transfer at all segments over time period tk−1 < t ≤ tk [5].
The column vectors T b and Q0 b can be made dimensionless with regards to the constant average
heat transfer per borehole length in the bore field q̄b0 [5]. The dimensionless temperatures and
normalized heat extraction rates are given by [5]:
Θb =

Tg − T b
(q̄b0 /2πλ)

(A.16)

Qb
q̄b0

(A.17)

Q̃0 b =
The dimensionless time τ is given by [5]:
τ=

t
,
ts

ts =

L2
9α

(A.18)

Now the dimensionless form for Equations A.14 and A.15 can be written [5]:
Θb (τk ) = Θ0b (τk ) + H b (τk − τk−1 )Q̃0 b (τk )
Θ0b (τk ) =

k−1
X

(H b (τk − τk0 −1 ) − H b (τk − τk0 ))Q̃0 b (τk )

(A.19)

(A.20)

k0 =1

Using the definition of the g-function as given in Equation 2.26, the g-function of the bore field is
calculated from the average temperature along all segments in the bore field with constant total
heat extraction [5]:
Pnb Pnq,i
Li,u Θb,i,u (τk )
(A.21)
g(τk ) = i=1 u=1
Ltot
With total length Ltot is the total length of the boreholes in the bore field [5]:
Ltot =

nb
X

Li

(A.22)

i=1

44

Development of an engineering tool for the design of novel shallow GHE

Declaration concerning the TU/e Code of Scientific Conduct
for the Master’s thesis
i

I have read the TU/e Code of Scientific Conduct .
I hereby declare that my Master’s thesis has been carried out in accordance with the rules of the TU/e Code of Scientific
Conduct
Date

26-05-2020
…………………………………………………..…………..
Name

Chloé Lichelle Meeng
…………………………………………………..…………..
ID-number

0858650
…………………………………………………..…………..
Signature

…………………………………………………..…………..

Submit the signed declaration to the student administration of your department.

i

See: http://www.tue.nl/en/university/about-the-university/integrity/scientific-integrity/
The Netherlands Code of Conduct for Academic Practice of the VSNU can be found here also.
More information about scientific integrity is published on the websites of TU/e and VSNU

January 15 2016

