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Abstract

Ground-source heat pump (GSHP) systems can reduce heating and cooling emis-
sions, but their wider implementation is limited by the high investment cost, mainly
because of high drilling costs. Accurate borefield sizing therefore requires reliable
on-site estimation of the effective ground thermal conductivity k, effective borehole
thermal resistance I, and undisturbed ground temperature 7%, typically obtained
from thermal response tests (TRTs). This thesis investigates whether TRT dura-
tion can be reduced by incorporating transient borehole effects into the analysis
and compares conventional constant power TRTs (CP-TRTs) with constant inlet
temperature TRTs (CIT-TRTs). A Short Term Solution (STS) model, based on a
hybrid g-function including short-term borehole effects, was implemented and eval-
uated on a dataset of 23 CP-TRTs. Compared with the conventional long-term
Infinite Line Source (ILS) interpretation, the STS model produced consistent pa-
rameter estimates, with average deviations of 3.65% for k and 6.03% for R;. More
importantly, it reduced the average convergence time by 17.7 h, 9.8 h, and 5.5 h
for accuracy bands of 10%, 5%, and 2.71%, corresponding to reductions of 24.2%,
13.4%, and 7.5% relative to the average test duration of approximately 73 h. In
addition, a custom TRT device capable of performing both CP- and CIT-TRTs was
designed, assembled, and tested on a borefield in Lochristi, Belgium. The CP-TRTs
produced realistic and relatively consistent k-values, especially after improved insu-
lation reduced ambient temperature effects, indicating that the device is ready for
industry use in CP-TRT operating mode under sufficiently controlled conditions.
The CIT-TRTs showed the expected thermal response, but were more sensitive to
temperature-control instability and ambient conditions. In the conducted field tests,
CIT-TRTs did not converge faster or produce more consistent parameter estimates
than CP-TRTs. Overall, this thesis shows that a transient model such as STS sig-
nificantly reduces CP-TRT duration, while the potential advantages of CIT-TRTs
require further investigation with improved temperature-control stability.

vi



List of Figures and Tables

List of Figures

1.1

2.1
2.2

3.1
3.2
3.3

5.1
5.2
5.3

6.1

7.1
7.2
7.3
7.4
7.5

8.1
8.2

9.1

10.1

11.1
11.2
11.3
11.4
11.5

Thesis structure overview . . . . . . . . ... e

Residential GSHP system with vertical boreholes . . . . . . .. ... ..
Vertical borehole cross-section with single U-tube . . . . . . . . ... ..

Typical borehole TRT setup . . . . . . . . . ... ... .. ... .. ...
CP-TRT measurement data . . . . . . . . . . . . . .. .. ...
CIT-TRT measurement data . . . . . . . . . . . . . v v ..

Fluid temperature logging during circulation . . . . . .. ... ... ..
Mean fluid temperature versus logarithmic time for CP-TRT data
Inverse thermal power versus logarithmic time for CIT-TRT data . . . .

Radial borehole discretization for short-term effects. . . . . . . . . . ..

TRT system design overview . . . . . .. ... ... ... ...
TRT device inside insulated container . . . . .. .. .. ... ... ...
Grundfos MAGNA3 25-100 pump performance curve . . . . . . . .. ..
Pipe insulation before and after improvement . . . . . . . ... ... ..
Heater supply temperature sensor before and after insulation . . . . . .

Mean fluid temperature and injected thermal power for TRT7 . . . . . .
Mean fluid temperature and injected thermal power for TRT3 . . . . . .

Example convergence test for thermal conductivity . . . . . ... .. ..
Test site ground plan . . . . . . . . . ... L

Mean fluid temperature versus hybrid G-function for TRT3 . . . . . . .
ILS and STS convergence test for TRT3 . . . . . ... ... ... ...
Influence of STS cutoff time on time reduction and k-difference . . . . .
ILS sensitivity analysis for kand R, . . .. ... .. ... ..... ...
STS sensitivity analysis for kand Ry . . . . . ... ... ... ... ...

10
11

15
16
18

30
32
33

40

46
48
50
53
54

57
o7

64

68

7
80
83
84
85

vii



LisT OF FIGURES AND TABLES

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9

Al

A2

A3

A4

A5

Measured fluid temperatures for the CP-TRTs . . . ... ... ... .. 90
Calculated thermal power for the CP-TRTs . . . . . .. ... ... ... 91
Temperature response during initial circulation for CP-TRT1 . . . . . . 92
Mean fluid temperature and ILS fit for the CP-TRTs . . . . . . . . . .. 93
Convergence tests for the CP-TRTs . . . . . . ... ... ... ... 94
Measured fluid temperatures for the CIT-TRTs . . . . .. ... ... .. 96
Calculated thermal power for the CIT-TRTs . . . . . . .. .. ... ... 96
Inverse thermal power and linear fit for the CIT-TRTs . . . . . . . . .. 97
Convergence tests for the CIT-TRTs . . . . ... ... ... ... ... 99
Fluid temperature Tf and thermal power () as a function of time for

Terra Energy TRT1 and TRT2. . . . . . . . . ... .. ... 113
Fluid temperature Tf and thermal power () as a function of time for

Terra Energy TRT3-TRTS. . . . . . . . . ... .. . .. ..., 114
Fluid temperature Tf and thermal power () as a function of time for

Terra Energy TRTO-TRT14. . . . . . . . ... ... ... ... 115
Fluid temperature Tf and thermal power () as a function of time for

Terra Energy TRT15-TRT20. . . . . . . . ... ... .. .. ... 116
Fluid temperature Tf and thermal power () as a function of time for

Terra Energy TRT21-TRT25. . . . . . . . . . . .. . ... .. .. ..., 117

List of Tables

6.1

7.1

10.1
10.2

11.1
11.2
11.3

12.1
12.2
12.3

viii

Input data for the STS borehole model . . . . . . . .. .. ... ... .. 41
TRT device components and costs . . . . . . ... ... ... ... ... 52
Borefield geometry and material properties . . . . . . ... ... 68
Overview of CP- and CIT-TRT field tests . . . . . . .. ... ... ... 69
STS model input data for TRT3 . . . .. ... ... ... ... ..... 76
ILS and STS parameter estimates for the Terra Energy dataset . . . . . 78
ILS and STS convergence times for different accuracy bands . . . . . . . 82
Overview of CP-TRT results . . . . . .. ... ... ... .. ...... 93
Overview of CIT-TRT results . . . . . .. ... ... . ... ... 98
Convergence times for the field tests . . . . . .. .. ... ... 100



List of abbreviations and
symbols

Abbreviations

GSHP Ground-source heat pump

ASHP Air-source heat pump

TRT Thermal response test

CP-TRT Constant power thermal response test
CIT-TRT Constant inlet temperature thermal response test
CT-TRT Constant temperature thermal response test
ILS Infinite Line Source

FLS Finite Line Source

1CS Infinite Cylinder Source

STS Short Term Solution

MAPE Mean absolute percentage error

ix



L1ST OF ABBREVIATIONS AND SYMBOLS

Symbols

k Effective thermal conductivity [W/(mK)]

Ry Effective borehole thermal resistance [mK/W]|
Ry Borehole thermal resistance [mK /W]

T Undisturbed ground temperature [°C]

Ty Mean fluid temperature [°C]

Ty Borehole wall temperature [°C]

T Borehole inlet fluid temperature [°C]

T Heater supply temperature [°C|

T3 Borehole outlet fluid temperature [°C|

Q Thermal power [W]

q Thermal power per unit borehole length [W/m]
v Volumetric flow rate [m?/h]

m Mass flow rate [kg/s]

pf Fluid mass density [kg/m?]

Cp.f Fluid specific heat capacity at constant pressure [J/(kgK)]
(pcp)g Grout volumetric heat capacity [J/(m3K)]
PCp)p Pipe volumetric heat capacity [J/(m*K)]
et Thermal diffusivity [m?/s]
te Convergence time [h]
tswitch Switching time between short-term and long-term g-functions [s]
g(t) G-function at time ¢ [-]
gsT(t) Short-term G-function at time ¢ [-]
grr(t) Long-term G-function at time ¢ [-]
grrs(t) Infinite Line Source G-function at time ¢ [-]
grrs(t) Finite Line Source G-function at time ¢ [-]
grcs(t) Infinite Cylinder Source G-function at time ¢ [-]
v Euler—-Mascheroni constant [-]
Fo Fourier number [-]
b Borehole radius [m]
Te Equivalent radius [m]
Tin Inner pipe radius [m]
Tout Outer pipe radius [m]
H Borehole length [m]
D Borehole burial depth [m]
B Borehole spacing [m]
D, Shank spacing [m)]
np Number of U-tubes [-]
ky Pipe thermal conductivity [W/(mK)]
kq Grout thermal conductivity [W/(mK)]
ks Fluid thermal conductivity [W/(mK)]
Dynamic viscosity [Pas]
€ Pipe roughness [m]



Chapter 1

Introduction

1.1 Background and motivation

Tackling climate change is one of humanity’s greatest current challenges, requiring
significant reductions in greenhouse gas emissions. In 2024, fossil-fuel-related C'O9
emissions represented 74.5% of global GHG emissions [1]. A major part of final
energy consumption is associated with heating and cooling, which together repre-
sent approximately half of the European Union’s final energy demand. More than
70% of this demand is still covered by fossil fuels [2]. In response, major economies
have established ambitious decarbonization targets, including the European Union’s
objective of achieving climate neutrality by 2050 [3]. Within this transition, heat
pumps are becoming increasingly important. When powered by low-carbon electric-
ity, they can provide heating and cooling with substantially lower emissions com-
pared to conventional fossil-fuel-based systems.

Ground-source heat pumps (GSHPs) are particularly attractive because they use
the relatively stable temperature of the ground as a heat source or sink [4]. Com-
pared to air-source heat pumps (ASHPs), this enables operation with a smaller and
more stable temperature lift, resulting in higher efficiency and reduced sensitivity to
outdoor temperature fluctuations. Despite these advantages, the widespread imple-
mentation of GSHP systems remains limited by their high initial investment costs.
A major part of these costs is associated with borehole drilling [5]. Accurate bore-
field sizing is therefore essential as undersizing can lead to poor system performance
and long-term ground temperature drift, whereas oversizing results in unnecessary
drilling costs [6].

The accuracy of borefield sizing depends strongly on the estimation of key design
parameters, mainly the effective ground thermal conductivity k [7], the effective
borehole thermal resistance Rj [8], and the undisturbed ground temperature T, [9].
These parameters depend on local geological conditions, borehole geometry, grout
properties, pipe configuration, and installation quality. Using generic values there-
fore introduces uncertainty into the design process. Thermal response tests (TRTSs)

1



1. INTRODUCTION

are used to reduce this uncertainty by experimentally determining these parameters
on-site.

Conventional TRT interpretation is mainly based on constant power thermal re-
sponse tests (CP-TRTS), in which an approximately constant heat injection rate is
imposed. These tests are well established in both research and industry [10]. How-
ever, they typically require long test durations before stable parameter estimates
are obtained. This increases operational cost, delays project execution, and reduces
on-site flexibility. In addition, the early-time data of a TRT are often excluded from
conventional analysis because short-term transient effects inside the borehole are
not sufficiently represented by standard borehole models [11]. As a result, poten-
tially useful data are discarded, which partly explains the long duration required for
conventional TRT interpretation [12].

To address this issue, this thesis investigates two possible routes for reducing the
required duration of TRTs. First, it evaluates whether transient borehole effects
can be incorporated into the TRT analysis procedure, allowing earlier measurement
data to be used for parameter estimation. This was investigated using a short-
term transient borehole model applied to external CP-TRT datasets. Second, it
investigates constant inlet temperature thermal response tests (CIT-TRTs) as an al-
ternative to the conventional CP-TRT method. CIT-TRTs impose a constant inlet
fluid temperature instead of a constant heat injection rate and may therefore lead
to different thermal behavior and convergence characteristics [13]. This comparison
is not limited to test duration reduction, but also considers differences in parameter
estimation and operational stability.

These two routes are investigated using a combination of external datasets and
original field experiments. The external datasets consist of published academic data
made available upon request and private TRT data provided by an industrial part-
ner. In addition, original field experiments were conducted using a custom TRT
device developed during this thesis. Accordingly, this thesis includes the design,
assembly, and operation of a TRT device capable of performing both CP- and CIT-
TRTs. The purpose of this device is to generate field data, evaluate practical im-
plementation challenges, and compare both TRT methods under comparable field
conditions.

1.2 Research Questions

The main objective of this thesis is formulated in the following main research ques-
tion:



1.2. Research Questions

Main Research Question

To what extent can the required duration of TRTs be reduced by

incorporating transient borehole effects into the TRT analysis, and
how do CP- and CIT-TRTs compare in terms of parameter estima-
tion and test duration?

This main research question is divided further into three research questions (RQs):

e N
RQ1 To what extent does incorporating transient borehole ef-

fects into TRT analysis improve parameter estimation and
reduce the required test duration compared to conventional
approaches?

RQ2 Can a TRT device capable of performing both CP- and CIT-
TRTs be designed and developed to generate reliable experi-
mental datasets, and what are the main challenges related to
its design, implementation, and operation?

RQ3 How do CP- and CIT-TRTs compare in terms of thermal be-
havior, parameter estimation, operational stability, and re-

quired test duration?
_ J

RQ1 investigates whether the required duration of CP-TRTs can be reduced by using
a borehole model that includes short-term transient effects. This research question
is addressed using the external Terra Energy dataset, which consists of multiple
CP-TRTs performed for industry use. The conventional long-term approximation is
compared with a transient model to evaluate both parameter agreement and con-
vergence time reduction.

RQ2 focuses on the development and operation of the TRT device built for this
research. The device must be capable of operating in both CP- and CIT-TRT
modes and should generate experimental datasets suitable for parameter estimation
and method comparison. This research question also includes the practical chal-
lenges encountered during device design and field operation, such as temperature
stability, heat losses, measurement accuracy, and ambient temperature influence.

RQ3 compares CP- and CIT-TRTs based on the field tests performed with the
developed device. Since both methods are tested on the same borefield, their ther-
mal behavior, parameter estimation results, operational stability, and convergence
characteristics can be compared directly. This allows evaluation of whether CIT-
TRTs provide a practical advantage over conventional CP-TRTs in the developed
setup.



1. INTRODUCTION

1.3 Thesis Outline

This thesis is divided into five parts. Figure 1.1 provides a conceptual overview of
the main elements of the research, linking the input datasets, TRT device, borehole
models, and resulting parameter estimation.

Part I presents the literature study, which introduces the necessary theoretical back-
ground. Chapter 2 introduces geothermal heat, vertical boreholes, borefield sizing,
and the relevant design parameters. Chapter 3 explains the principle of TRTs and
introduces the CP-TRT and CIT-TRT methods. Chapter 4 discusses analytical
borehole models, for which the Infinite Line Source (ILS) model is the most widely
used, and the g-function framework used for TRT interpretation. Chapter 5 explains
how TRT measurements are used to estimate T, k, and R;. Chapter 6 introduces
transient borehole modeling and the Short Term Solution (STS) model used to ad-
dress RQ1.

Part II describes the experimental and external data sources used in this thesis.
Chapter 7 presents the design and development of the TRT device built for this re-
search, thereby addressing the device-related part of RQ2. Chapter 8 introduces the
external TRT datasets used for model implementation, verification, and comparison.

Part III presents the methodology. Chapter 9 describes the transient modeling
methodology used to compare the STS model with the conventional ILS approach
and to quantify potential test duration reduction, addressing RQ1. Chapter 10 de-
scribes the methodology used for the field tests, including the CP- and CIT-TRT
procedures, parameter estimation methods, and comparison strategy, addressing
RQ2 and RQ3.

Part IV presents and discusses the results. Chapter 11 evaluates the STS model
on the Terra Energy dataset and quantifies the resulting convergence time reduc-
tion, addressing RQ1. Chapter 12 evaluates the developed TRT device and discusses
the field test results for CP- and CIT-TRTS, addressing RQ2 and RQ3.

Finally, Part V provides the main conclusions and recommendations for future re-
search. Chapter 13 formulates the answer to the research questions and the main
research question. Chapter 14 presents suggestions for further development of the
TRT device, transient modeling methodology, and CIT-TRT research.



1.3. Thesis Outline
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FiGure 1.1: Conceptual overview of the relevant TRT concepts in this research,
including the corresponding chapter numbers.
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Chapter 2

Geothermal Heat and Boreholes

This chapter introduces the geothermal context needed to understand thermal re-
sponse testing. First, ground-source heat pumps and vertical borehole heat ex-
changers are discussed. Then, the role of borefield sizing is introduced, followed by
the three main design parameters that are commonly determined from a thermal
response test: the effective ground thermal conductivity k, the effective borehole
thermal resistance R, and the undisturbed ground temperature Tt.

2.1 Ground-source heat pumps

Ground-source heat pumps (GSHPs) are systems that exchange heat with the ground
through ground heat exchangers, most commonly vertical borehole heat exchang-
ers. Since they are electrically driven, they enable fossil-free operation and generally
achieve higher efficiencies than conventional combustion-based heating systems [4].

The main advantage of GSHPs lies in the relatively stable ground temperature,
which results in a smaller and more consistent temperature lift across the heat
pump. In contrast, air-source heat pumps (ASHPs) depend on fluctuating outdoor
air temperatures, leading to less stable operating conditions and lower efficiency.
As a result, GSHPs can achieve higher and more stable efficiencies while operating
under more favorable conditions [5]. This improved performance reduces energy
consumption, operational costs, and greenhouse gas emissions.

In addition, GSHP systems can provide passive cooling and are typically quiet be-
cause they do not require large outdoor fan units [4]. They can also enable seasonal
thermal storage, which can improve long-term system efficiency [14]. Furthermore,
they do not contribute to urban heat island effects, where cities experience higher
temperatures due to accumulated heat from buildings and human activities [15].

Despite these advantages, widespread implementation of GSHP systems still faces
challenges mainly due to their high initial investment cost compared to ASHP sys-

tems. This cost is mainly associated with drilling and installation [5]. Avoiding

9



2. GEOTHERMAL HEAT AND BOREHOLES

unnecessary drilling through more accurate design reduces costs, and can therefore
support wider adoption of GSHP systems.

2.2 Boreholes and Borefields

The heat exchange between a GSHP system and the ground takes place through
ground heat exchangers. Vertical borehole heat exchangers are most commonly
used. In these systems, one or more U-shaped pipes are installed inside drilled ver-
tical boreholes, through which a heat carrier fluid circulates. Multiple boreholes can
be connected to form a borefield, allowing the system to meet larger heating and
cooling demands.

GSHP systems can generally be divided into closed-loop systems and open-loop sys-
tems. In closed-loop systems, a circulating heat carrier fluid exchanges heat with the
ground through pipes without direct contact between the fluid and the surrounding
ground. The heat carrier fluid is often a water-antifreeze mixture to prevent freezing
under low-temperature operating conditions. However, pure water can also be used
in some applications because of its favorable thermal properties and lower viscosity,
which improve heat transfer and reduce pumping power [16]. In contrast, open-loop
systems use groundwater or surface water directly as the heat exchange medium [17].

This research focuses on closed-loop systems with vertical borehole heat exchangers,

shown schematically in Figure 2.1. Other configurations, such as horizontal ground
heat exchangers, energy piles, and open-loop systems, are not considered further in

this research.
Ifl

SSSc12e P

F1GURE 2.1: Schematic representation of a residential GSHP system with vertical
boreholes (Reproduced from [18]).
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2.3. Borefield Sizing

Figure 2.2 shows the horizontal cross-section of a typical vertical borehole heat
exchanger. The annular space between the pipes and the borehole wall is filled with
grout, a thermally enhanced material that promotes efficient heat transfer from the
pipes to the surrounding ground while also ensuring mechanical stability [19].

FIGURE 2.2: Horizontal cross-section of a typical vertical borehole with a single
U-tube, showing the circulating fluid, pipe wall, grout, and surrounding ground
(Reproduced from [20], originally from [19]).

2.3 Borefield Sizing

Borefield sizing involves determining the total borehole length and borefield con-
figuration required to provide the heating and cooling demand while keeping the
circulating fluid temperature within acceptable limits over the system lifetime. Cor-
rect borefield sizing is essential, as undersizing can lead to operational problems,
such as the system reaching its temperature limits, long-term ground thermal deple-
tion, or the inability to maintain thermal comfort in the building, while oversizing
leads to unnecessary drilling costs [6].

Borefield sizing is based on modeling the heat transfer between the boreholes and
the surrounding ground under variable thermal loads. These models link the fluid
temperature evolution to the applied thermal loads, ground properties, borehole
characteristics, and borefield configuration [6]. Borefield sizing itself is not the topic
of this research, but its accuracy depends strongly on the reliability of the ground
and borehole parameters used as model inputs. These parameters are discussed in
detail in Section 2.4. They strongly influence the predicted fluid temperature evo-
lution and therefore the required borehole length. Although generic values can be
assumed based on geological data or typical average values, this often introduces
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2. GEOTHERMAL HEAT AND BOREHOLES

significant uncertainty into the design process and can result in over- or undersizing
of the borefield [6].

To reduce this uncertainty, thermal response tests (TRTs) are commonly performed
to experimentally determine the relevant parameters on site. These measured pa-
rameters can then be used as input for borefield sizing, reducing the risk of inaccurate
sizing and its associated costs or operational problems. TRTs are the main subject
of this research and are introduced in Chapter 3.

2.4 Ground Design Parameters

A TRT is mainly used to determine three design parameters: the thermal conduc-
tivity k, the thermal borehole resistance R; and the undisturbed ground tempera-
ture T. This section explains the meaning of these parameters and their impor-
tance for borefield sizing. The methodology for determining them from TRT data
is discussed in Chapter 5.

2.4.1 Thermal Conductivity &

The thermal conductivity k of the ground is one of the most important parameters
for borefield sizing [7]. It represents the ability of the surrounding ground to conduct
heat. A higher value of k indicates better heat transfer, which reduces the required
borehole length for a given thermal load. In practice, an effective value is used,
representing an average value of k over the full borehole depth. In heterogeneous
ground conditions, this effective value can differ significantly from local layer-specific
values because of stratified soil layers or groundwater flow [21].

Heim et al. [22] estimated the thermal conductivity in the German state of Ham-
burg based on public geological data. They found average minimum, mean, and
maximum values of 1.4, 1.9, and 2.8 W/(mK), corresponding to an uncertainty
range of approximately -26% to +47% around the mean value. Such uncertainty in
a crucial sizing parameter can lead to suboptimal performance or even malfunction-
ing of GSHP systems. This demonstrates the need for a more accurate site-specific
determination of k, which can be obtained through a TRT.

2.4.2 Borehole Resistance R;

The borehole resistance R; represents the total thermal resistance between the cir-
culating fluid and the borehole wall. It is determined by the combined effect of
convective heat transfer inside the pipes and conduction through the pipe walls and
grout. Both material properties and geometric parameters of the borehole influence
the Ry value.

Unlike k or Tw,, R is not a ground property but a borehole property. It depends
on the specific borehole geometry, materials, and installation details, including pipe
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configuration, borehole diameter, and grout properties. As a result, R can differ
between boreholes within the same borefield. Similar to k, R is an effective value,
representing the overall thermal resistance over the full borehole depth [8].

Accurate estimation of R; is important because it directly affects the tempera-
ture difference between the fluid and the borehole wall. It therefore influences the
fluid temperature evolution, the thermal performance of the borehole, and thus the
required borefield size [8].

The uncertainty in R; depends on the uncertainty in the material and geomet-
ric input parameters. For example, Lund et al. [17] calculated that R} decreases by
approximately 44% when grout conductivity is doubled. Remund [23] experimen-
tally showed that R; decreases by 15.3% to 19.5% for the same change in grout.
This shows that uncertainty in borehole material properties can have a significant
effect on the resulting R; value. Therefore, estimating R; from measurement data
of the actual borehole is valuable, which is one of the purposes of a TRT.

2.4.3 Undisturbed Ground Temperature 7T,

The undisturbed ground temperature Ty, represents the natural ground temperature
in the absence of thermal disturbance caused by borehole operation. In theory, it
corresponds to the ground temperature at an infinite distance from the borehole. In
practice, it is defined at a distance where the thermal influence of the borehole has
become negligible, which depends on the considered time scale and the thermal dif-
fusivity of the ground [24]. Although T, is represented as a single value in borehole
models, the actual ground temperature is not strictly constant with depth. Near
the surface, it is affected by seasonal temperature variations, while at greater depths
these fluctuations are damped out. At sufficient depth, the temperature approaches
a more stable value, although it may still vary gradually due to the geothermal gra-
dient [25].

In borehole heat exchanger analysis, T, serves as the reference temperature for
heat transfer between the borehole and the surrounding ground. Gehlin et al. [25]
stated that the error in the estimated k value from a TRT is proportional to the
error in T, except when line-source models are used, as explained in more detail in
Chapter 4. The influence of T, on borefield sizing can be significant. Ouzzane et
al. [9] calculated that using an input value of 6 °C' instead of 10 °C' leads to oversiz-
ing the borefield length by 37.4%. Gehlin et al. [25] showed that, depending on the
method used to determine T, from measurement data, the error in 7T, can reach
up to 2 °C. Considering its influence on borefield sizing, accurate determination of
Ty is therefore important.
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2.5 Conclusion

This chapter introduced the basic geothermal context of this research. GSHP sys-
tems require vertical borehole heat exchangers to exchange heat with the ground,
and the correct sizing of these borefields depends strongly on reliable ground and
borehole parameters. The effective ground thermal conductivity k, effective borehole
thermal resistance R, and undisturbed ground temperature T4, directly influence
the predicted fluid temperature evolution and therefore the required borehole length.
Because generic parameter values can introduce significant uncertainty, TRTs are
used to determine these parameters on site.
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Chapter 3

Thermal Response Tests

Thermal response tests (TRTs) were invented to more accurately determine the
design parameters k, R;, and T, for borefield sizing, as explained in Chapter 2.
The first TRT prototype was built in 1995 [10]. Since then, several types of TRTs
have been introduced. This chapter first explains the general concept and operation
of a TRT. It then discusses the two main TRT types: constant power TRTs and
constant temperature TRTSs.

3.1 Basic Principle of a TRT

A TRT is a test that evaluates the thermal response of a borehole by circulating a
heated fluid through the borehole while continuously measuring the flow rate and
the inlet and outlet fluid temperatures. A TRT device consists of a heater, circula-
tion pump, connecting pipes, and temperature and flow sensors [21]. A schematic
of a typical TRT setup is shown in Figure 3.1.
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FIiGURE 3.1: Schematic of a typical borehole TRT setup, showing the heater, cir-
culation pump, flow sensor m, and temperature sensors 7;, and T,,; connected to
the borehole (Reproduced from [21]).
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3. THERMAL RESPONSE TESTS

The measurements are used to determine the mean fluid temperature T f(¢), calcu-
lated in practice as the average of the measured inlet and outlet fluid temperatures,
and the thermal power Q(¢) dissipated into the borehole. By fitting this data to
a physical borehole model, the design parameters can be estimated [10]. The dif-
ferent borehole models used for this purpose are discussed in Chapter 4, while the
methodology for estimating the design parameters from TRT data is explained in
Chapter 5.

3.2 TRT Types

There are two main types of TRTs. Both determine the same design parameters,
but are fundamentally different in their way of operating. The first and most widely
used type is the constant power TRT, which keeps the thermal power injected into
the borehole constant. The second and more recently developed type is the constant
temperature TRT.

3.2.1 Constant Power TRT

A constant power TRT (CP-TRT) maintains a constant thermal power injected into
the borehole. This is commonly achieved by keeping both the mass flow rate and
the temperature difference between the inlet and outlet fluid temperatures constant.
Figure 3.2 presents an example of experimental CP-TRT data from Aydin et al. [26],
showing the imposed constant flow rate, temperature difference, and resulting ther-
mal power. Although the thermal power is constant on average, the instantaneous
variations can be significant, which is a well-known challenge in CP-TRTs [27].
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FIGURE 3.2: CP-TRT measurement data showing inlet temperature T;,, [°C], outlet

temperature T,y [°C], volumetric flow rate V [L/min], and thermal power per unit
borehole length ¢ [W/m] (Adapted from [26]).
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The injected power is fixed to reach a constant heat flux at the borehole wall. This
boundary condition enables the use of analytical borehole models for the interpreta-
tion of TRT results, thereby allowing the estimation of the design parameters. This
is discussed in more detail in Chapter 4.

The CP-TRT is by far the most widely used type of TRT in research and industry,
mainly because of several practical advantages. The test setup is relatively simple,
cost-effective, and requires limited active control [13]. As the industry standard, it
has been extensively studied and improved. Furthermore, it allows for straightfor-
ward mathematical analysis to determine the design parameters, as further explained
in Chapter 4.

Nevertheless, CP-TRTs also have several disadvantages. The most important are
the thermal power fluctuations, as shown in Figure 3.2, and the fact that a constant
power input does not accurately represent actual GSHP operation. In addition, sev-
eral studies indicate that CP-TRTs require more time to reach steady state, leading
to longer test durations [28, 13, 29]. This directly relates to the main research
question, which concerns reducing TRT duration.

3.2.2 Constant Temperature TRT

A constant temperature TRT maintains a constant fluid temperature during the test.
More specifically, a constant inlet temperature TRT (CIT-TRT) imposes a constant
inlet fluid temperature while maintaining a fixed mass flow rate. Figure 3.3 shows
an example of CIT-TRT data from a real test, illustrating the imposed constant
inlet temperature and flow rate, together with the resulting variation in outlet tem-
perature and thermal power. By keeping the inlet temperature constant, the system
evolves toward a steady-state condition characterized by a constant borehole wall
temperature [30]. This boundary condition forms the basis for borehole model anal-
ysis, which is discussed in more detail in Chapter 4.

CIT-TRTs were first introduced by Wang et al. [13] in 2010. Since they are a rela-
tively recent development, their practical adoption remains more limited than that
of CP-TRTs. Nevertheless, they offer several potential advantages. Most impor-
tantly, and for this research in particular, several studies indicate that CIT-TRTs
reach steady state faster [28, 13, 29], primarily because of the initially higher ther-
mal power compared to CP-TRTs. This can be observed by comparing the CP-TRT
in Figure 3.2 with the CIT-TRT in Figure 3.3, which were performed on the same
borehole. The CIT-TRT measurements in Figure 3.3 show a short but much higher
initial thermal power peak, which accelerates the thermal response compared to
the slower response of the CP-TRT. Additional potential advantages include im-
proved operational stability due to active control, a boundary condition that better
resembles actual GSHP operation, and the potential for improved parameter esti-
mation [29, 30].

17



3. THERMAL RESPONSE TESTS

120

_ —— VIUmin]
g 100 Tin [°C]
— - Tout [OC]
2 so] — q[W/m]
o
c
£ 601
=
E 40 |
o
o F-
o 20
|_ "

ol | | | | | | |

0 10 20 30 40 50 60 70
Time [h]

FiGUuRE 3.3: CIT-TRT measurement data showing constant inlet temperature Tj,
[°C], outlet temperature Ty, [°C|, volumetric flow rate V [L/min], and thermal
power per unit borehole length ¢ [W/m] (Adapted from [26]).

The main disadvantage of CIT-TRTs is the more complex and expensive setup,
primarily due to the need for active control [13, 29]. In addition, several studies
report a more complex data analysis for CIT-TRT [13, 31]. However, this limitation
has been partly addressed by the methodology for estimating & proposed by Aydin
et al. in 2019 [30]. Despite this progress, determining the effective borehole thermal
resistance 7, remains significantly more challenging and less reliable for CIT-TRTs
than for CP-TRTS, as discussed in more detail in Chapter 5.

It should also be noted that a flow-controlled constant temperature TRT (CT-TRT)
exists, in which both inlet and outlet temperatures are maintained constant through
active control of the mass flow rate. This method was introduced by Aydin et al. in
2024 [26]. Although the control becomes significantly more complex, this method
shows potential because it may allow the borehole to reach steady state even faster.
CIT-TRTs and CT-TRTs rely on the same underlying borehole model for parameter
estimation. This research focuses only on CP- and CIT-TRTS, and not on CT-TRTs.

3.2.3 Other TRT Types

Several other TRT types have been proposed in literature. For example, Franco et
al. [27] provided an overview of recent variations on classical TRT concepts. Many
of these methods can be interpreted as extensions of the two main TRT types, for
example by using temperature probes, performing cooling instead of heating tests, or
conducting the test while drilling. Oscillating TRTs have also been proposed recently
and show promising potential for reducing TRT duration [32]. These alternative
TRT types are not considered further in this research.
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3.3. Conclusion

3.3 Conclusion

This chapter introduced the general concept of thermal response testing and the
two main TRT types considered in this thesis. CP-TRTs are widely used because
of their simple setup, limited control requirements, and well-established analysis
methods. However, they are affected by thermal power fluctuations and generally
require relatively long test durations. CIT-TRTs offer several advantages, including
faster thermal stabilization and boundary conditions that more closely resemble
actual GSHP operation. However, these benefits come at the cost of increased
control complexity and a more challenging estimation of Rj.
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Chapter 4

Analytical Borehole Modeling

TRT measurements can only be used to estimate ground and borehole design param-
eters when they are interpreted with a borehole heat transfer model. These models
describe the relation between the imposed thermal load, the thermal response of
the borehole, and the surrounding ground properties. This chapter introduces the
analytical borehole models used in TRT interpretation. First, the general heat con-
duction equation is presented. Then, the external borehole models for CP-TRTs and
CIT-TRTs are discussed, followed by the g-function framework and the distinction
between steady-state and transient internal borehole modeling.

4.1 General Heat Conduction Equation

All models discussed in this chapter are fundamentally derived from the general
heat conduction equation. Equation 4.1 gives this equation for an axisymmetric
case without internal heat generation [33].

(4.1)

Lo (oY BT _ Lo
r Or r@r 022  « Ot

This transient two-dimensional heat conduction equation requires one initial con-
dition and two boundary conditions. Initially, the borehole and the surrounding
ground are assumed to be at the undisturbed ground temperature. In addition,
the first boundary condition requires that the ground temperature remains equal
to the undisturbed ground temperature at an infinite distance from the borehole.
These conditions are expressed by Equations 4.2 and 4.3 respectively, and apply to
all borehole models discussed in this chapter [33].

T(r,t=0) =Tk (4.2)
TIEEO T(r,t) =Tw (4.3)

One additional boundary condition is required to solve the heat conduction equa-
tion. This boundary condition depends on the considered analytical model and on
the type of TRT. The boundary condition for CP-TRTs is discussed in Section 4.2,
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while the boundary condition for CIT-TRTs is discussed in Section 4.3.

Solving the general heat conduction equation gives an expression for the borehole
wall temperature Ty(t). However, TRT measurements provide the mean fluid tem-
perature T¢(t), not the borehole wall temperature 7T3(t). Therefore, a relation be-
tween Ty(t) and Ty(t) is required. This relation is commonly expressed using the
effective borehole thermal resistance R;, introduced in Section 2.4.2. Since R; rep-
resents an effective value over the full borehole depth, the corresponding average
fluid and borehole wall temperatures over the borehole depth are used, with the
notation 7'f(¢) and T(t) to express the fact that they represent average values. The
relation between both temperatures is shown in Equation 4.4 [34].

Ty(t) = To(t) + R (4.4)

4.2 External Borehole Models for CP-TRT

This section introduces the three basic external borehole models for the constant
heat flux boundary condition, which is used for CP-TRTs. These models are called
external because they describe heat transfer from the borehole wall into the sur-
rounding ground, while neglecting the heat transfer processes within the borehole
itself. The latter are captured by an internal borehole model, which relates the
borehole wall temperature T,(t) and the fluid temperature T¢(t). In its simplest
form, this relationship is represented by the effective borehole resistance R;. This
is discussed further in Section 4.5.

The external models considered here are the Infinite Line Source (ILS), Finite Line
Source (FLS), and Infinite Cylinder Source (ICS) models. For each model, the cor-
responding boundary condition and resulting temperature response are presented.
When the expressions are written in terms of fluid temperature, the internal resis-
tance term from Equation 4.4 is added separately [35].

4.2.1 Infinite Line Source Model

The ILS model represents the borehole as an infinitely long vertical line source.
Because the borehole is assumed to be infinitely long, axial temperature variations
are neglected and the problem becomes purely radial. The constant power bound-
ary condition states that the heat flux at the borehole wall is constant. Since the
borehole is represented as a line source, this boundary condition is applied at r
approaching zero, as shown in Equation 4.5 [10].

—2mrk or =q (4.5)
or r—0
The exact solution for this partial differential equation is given in Equation 4.6 [33].
= q r? \
Tf(t) = m El (ZM) + qu + Too (46)
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The exponential integral function E7 has no elementary closed form, so for practical
computation it is approximated by Ej(z) ~ —y—In(z), with v the Euler-Mascheroni
constant. This approximation is valid when the argument x is much smaller than 1,
so when t > %. This leads to the long-term ILS approximation shown in Equa-
tion 4.7 [33].

= q dat X

This expression is simple to evaluate and forms the basis of conventional TRT inter-
pretation. Its mathematical simplicity explains why the ILS model remains widely
used in both research and industry, as it provides reliable TRT results and can be
implemented using straightforward spreadsheet calculations. However, because it
is a long-term approximation, early-time TRT data has to be excluded from the
analysis.

4.2.2 Finite Line Source Model

The FLS model differs from the ILS model because it represents the borehole as a
line source with a finite length. As a result, axial heat transfer and boundary effects
at the top and bottom of the borehole can be considered. Therefore, both radial (r)
and axial (z) conduction terms in Equation 4.1 are relevant. The radial boundary
condition remains the same as for the ILS model. The axial boundary conditions
state that the temperature at the ground surface (z = 0) is the undisturbed ground
temperature and the bottom of the borehole (z = H) is isolated, as expressed in
Equations 4.8 and 4.9 [36].

T(r,z=0,t) =T (4.8)
or
oz, 0 (4.9)

The solution to this problem is more complex and is shown in Equation 4.10 [36].

q 2.2 )(‘H‘S?LS) *
f() +4k:/1/ 40[te p( rs) 2 S+ qr (4.10)

with Y (h,d) = 2ierf(h) + 2ierf(h + 2d) — ierf(2h + 2d) — ierf(2d),
1
and ierf(z) = zerf(z) — NG (1 - 6_$2)

The FLS model is preferred over the ILS model when axial heat transfer or boundary
effects at the top and bottom of the borehole become relevant. This can be important
for shallow boreholes or for cases exhibiting strong axial temperature gradients [37].
The considered timescale is also important. For typical boreholes, top and bottom
boundary effects are generally limited during the short timescales of TRTs, which
usually last from several hours to a few days. These effects become more relevant
for long-term borefield simulations over months or years [38].
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4.2.3 Infinite Cylinder Source Model

The ICS model also assumes an infinitely long borehole, but represents it as a
cylinder with a finite radius instead of a line source. The constant heat flux boundary
condition is therefore applied at the borehole radius rp, as shown in Equation 4.11.
This leads to the analytical expression shown in Equation 4.12, which is typically
evaluated numerically [35].

—27rk g—z _ =q (4.11)

Tb

T =Ty L [Tl oy Ty () Yo (pu)] du + qR:
() = oo+7r2k/0 u? [J2(u) + Y2(u)] [Jo(pu)Yi(u) — J1(u)Yo(pu)] qu(j 1;)

The advantage of the ICS model is that it represents the borehole geometry more
realistically, since an actual borehole has a finite cylindrical radius rather than the
zero radius assumed in a line-source model. This introduces a larger modeled heat
transfer area, which can improve accuracy when the ICS model is coupled to a
short-term model, as discussed in Chapter 6. However, without such a short-term
correction, the model can overestimate the heat transfer. At sufficiently long times,
when the thermal response inside the cylinder approaches steady state, the ILS and
ICS models show similar behavior. During transient conditions, however, the finite
borehole radius can lead to significant differences between both models [11].

4.3 External Borehole Model for CIT-TRT

This section introduces the external borehole model used for CIT-TRTs. This frame-
work is based on the solution proposed by Aydin et al. [30]. This approach is based
on a constant temperature boundary condition and leads to an ILS-like formula-
tion for interpreting CIT-TRT data. The constant temperature boundary condition
states that the borehole wall temperature is kept constant at the borehole radius ry,
as shown in Equation 4.13.

T(r = ry,t) = Tp = constant (4.13)

Solving the heat conduction equation with this boundary condition gives the analyt-
ical constant temperature solution shown in Equation 4.14. In this expression, ¢(t)
is the time-dependent thermal power per unit borehole length, k is the effective
ground thermal conductivity, « is the ground thermal diffusivity, and  is the Eu-
ler—-Mascheroni constant.

q(lt) ik (T; ) [ln(t) +In <674(L:;)2>} (4.14)

This formulation is analogous to the long-term ILS solution used for CP-TRT5,
but the dependent variable changes. In a CP-TRT, the fluid temperature increases
approximately linearly with In(¢) under constant heat injection. In a CIT-TRT,
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the inverse thermal power 1/¢(t) increases approximately linearly with In(¢) under
constant temperature conditions. Consequently, a linear regression of 1/¢(t) versus
In(t) can be used to estimate the ground thermal conductivity k, as discussed in
Chapter 5 [30].

4.4 G-functions

The g-function was introduced by Eskilson and Claesson [39] as a generalized, dimen-
sionless representation of external borehole heat transfer. It describes the transient
response of the borehole wall temperature T (¢) to a thermal power per unit bore-
hole length ¢, relative to the undisturbed ground temperature T,,. In essence, the
g-function is a normalized solution of the ground heat conduction equation, sepa-
rated from the ground thermal conductivity. It is defined in Equation 4.15 [39].

T4(t) = Too = 5 9(1) (4.15)
wk

The main advantage of the g-function formulation is that it provides a unified frame-
work for describing different external borehole models. Instead of solving the heat
conduction equation separately for each case, the thermal response can be repre-
sented by a response function g(t¢), which depends on borehole geometry, boundary
conditions, and timescale [35]. This makes it possible to compare different analytical
borehole models within the same mathematical framework.

The g-function framework does not introduce a fundamentally new external bore-
hole model. Rather, it reformulates the previously discussed analytical solutions
into a dimensionless response-function form. This allows the ILS, FLS, and ICS
solutions to be evaluated consistently, with the model differences contained in the
corresponding g-functions. Parameter estimation and model comparison can there-
fore be performed using the same general equation while changing only the selected
response function.

For the ILS, FLS, and ICS models, the corresponding g-functions are given by Equa-
tions 4.16, 4.17, and 4.18 [35].

(rt) =+ B -~ (4.16)
giLs\r,t) = B 1 dod .
1 [ Y (Hs, Ds)
grLs(r, 6, H, D) = / exp(—r?s?) ——2""2 ds 4.17
( =2 (=) =g (4.17)

2 [ e
gICS(T7t) = 7_(_/0 52 [J%(S) + Y12(8)] [JO(/‘LS) }/1(3) - Jl(s)yb(lu’s)] ds (418)

However, the g-function framework only describes external ground heat conduction
and thus provides the borehole wall temperature response, whereas TRT measure-
ments do not directly measure the borehole wall temperature but rather the fluid
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temperature inside the borehole pipes. Therefore, an internal borehole model is
required to relate the borehole wall temperature to the measured fluid temperature.
This is discussed further in Section 4.5.

4.5 Internal Borehole Model

The external borehole models discussed previously describe heat conduction in the
ground surrounding the borehole, whereas internal borehole models describe the heat
transfer between the circulating fluid and the borehole wall. Inside the borehole,
heat is transferred through the fluid, pipe walls, and grout before reaching the
surrounding ground. Depending on the required level of detail, this internal heat
transfer can be represented either by a simplified steady-state thermal resistance
model or by a more detailed transient model that also accounts for heat storage
inside the borehole components. This section only covers the internal borehole
models for CP-TRTS, as literature on CIT-TRTs does not cover this.

4.5.1 Steady-State Internal Borehole Model

Under steady-state conditions, the thermal interaction between the circulating fluid
and the borehole wall is commonly represented by the effective borehole thermal
resistance 7}, previously introduced in Equation 4.4. This parameter combines the
thermal resistances associated with fluid convection, pipe conduction, and grout
conduction into one effective resistance term [8].

By combining the steady-state internal resistance model in Equation 4.4 with the ex-
ternal g-function framework in Equation 4.15, the commonly used TRT formulation
shown in Equation 4.19 is obtained [35].

7 q
Tp=Te+ -1
! °°+27Tk‘g

(t) + qR;, (4.19)
This formulation assumes that the internal borehole heat transfer can be represented
by a steady-state effective thermal resistance. Once the g-function is known, both
k and R; can be determined through linear regression, as discussed in Chapter 5.

The steady-state resistance approach is most commonly used in conventional TRT
analysis because parameter estimation usually focuses on long-term data, where
short-term transient effects inside the borehole have largely decayed. Consequently,
short-term TRT data is often excluded when using the conventional long-term ap-
proximation ILS model.

4.5.2 Transient Internal Borehole Model

During short-term operation, transient thermal capacitances inside the borehole can
become important. In that case, the assumption of an instantaneous steady-state
thermal resistance becomes less accurate, since heat is temporarily stored in the
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fluid, pipes, and grout. Transient internal borehole models include thermal capaci-
tances to capture the time-dependent thermal behavior inside the borehole. These
models are particularly relevant when analyzing short-term TRT data or when at-
tempting to reduce the required TRT duration [20].

Since this research focuses on reducing TRT duration by using short-term measure-
ment data, transient internal borehole modeling plays a central role. The transient
model used in this research is discussed in Chapter 6.

4.6 Conclusion

This chapter introduced the analytical borehole models used to interpret TRT mea-
surements. For CP-TRTs, the ILS, FLS, and ICS models describe the external
ground response under a constant heat flux boundary condition. For CIT-TRTs,
a constant-temperature formulation is used. The g-function framework provides a
consistent way to compare these external models, but an internal borehole model
is still required to relate borehole wall temperature to measured fluid temperature.
This distinction between external ground response and internal borehole behavior
is essential for understanding the transient model introduced in Chapter 6.
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Chapter 5

TRT Parameter Estimation

This chapter presents the methodologies used to estimate the key parameters k, R},
and T, from TRT measurement data for both CP- and CIT-TRTs. For CP-TRTs,
the methodology is well established and extensively documented in literature. In
contrast, literature on CIT-TRTs is less extensive and mainly focuses on k, while a
clear methodology for R} is absent.

Section 5.1 first discusses the determination of the undisturbed ground tempera-
ture T, which is independent of the TRT type and therefore identical for CP- and
CIT-TRTs. Section 5.2 then explains the estimation of the effective thermal conduc-
tivity k& using the analytical models introduced in Chapter 4. Finally, Section 5.3
addresses the determination of the effective borehole thermal resistance R;.

5.1 Undisturbed Ground Temperature 7,

As introduced in Chapter 2, the undisturbed ground temperature T,, represents
the natural ground temperature unaffected by heat transfer from the borehole. Al-
though T, is commonly described as one of the three main parameters obtained
from TRT analysis, it is usually determined prior to the actual TRT itself. Con-
sequently, the methodology for estimating T, is independent of the TRT type and
is therefore the same for CP- and CIT-TRTs. For accurate determination of Ty,
the fluid inside the borehole pipes should initially be in thermal equilibrium with
the surrounding ground. Ideally, the borehole should remain filled with water for
sufficient time before the TRT starts [25].

Gehlin and Nordell [25] reported two main methods for determining To,. The first
method involves direct temperature profiling by lowering a temperature probe into
the borehole and is called direct temperature profiling. The second method consists
of circulating fluid through the borehole without activating the heating system and
is therefore called fluid circulation profiling.
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5. TRT PARAMETER ESTIMATION

The first method, using a temperature probe, is the fastest and most accurate ap-
proach. In addition, it allows the vertical temperature profile to be determined
when measurements are taken consistently along the full borehole depth [25]. The
second method consists of circulating fluid through the borehole using the TRT
setup itself, without activating the heater. This approach is operationally simpler
and cheaper, since no additional equipment beyond the TRT device is required.
Initially, temperature fluctuations occur because the fluid circulation disturbs the
thermal equilibrium within the borehole, where temperature varies with depth. As
circulation continues, the inlet and outlet fluid temperatures gradually converge to
a stable value representative of the undisturbed ground temperature [25].

Figure 5.1 shows this second method from the work of Gehlin and Nordell [25]
for a 30 m borehole. Initially, temperature fluctuations occur because circulation
mixes thermally stratified water layers inside the borehole, where the ground tem-
perature varies with depth. As circulation continues, the mixing gradually reduces
these fluctuations and the inlet and outlet temperatures converge to a stable mean
value representative of the undisturbed ground temperature. A stable temperature
of 11.8 °C' was reached after 20 minutes, corresponding to the value measured with
the probe. Continued circulation increased the measured temperature to 12.2 °C
after 30 minutes and 13.8 °C' after 60 minutes due to heat gain from the circulation
pump. These differences are significant, especially considering the importance of Ty,
for borefield sizing, as discussed in Section 2.4.3. Gehlin and Nordell [25] therefore
concluded that approximately 20 minutes of circulation provided the most satis-
factory result for their setup. They also stated that the influence of pump heating
and ambient conditions becomes less significant for deeper boreholes and lower mass
flows.
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FIGURE 5.1: Temperature logging of the fluid inlet and outlet temperatures at 10-
second intervals (Reproduced from [25]).

In summary, T, can be determined either by direct temperature profiling or by
fluid circulation without thermal injection. Temperature profiling is generally faster
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and more accurate, but requires additional equipment. Fluid circulation is simpler
and cheaper, as it uses the TRT setup itself, but is generally less accurate and more
sensitive to disturbances, while also providing an average value and not an actual
temperature profile.

5.2 Effective Thermal Conductivity k

The methodology for determining the effective thermal conductivity k is similar for
both CP- and CIT-TRTs. The fundamental difference lies in the analytical solution
used as the basis for parameter estimation, as discussed in Section 4.2.1. In practice,
both methods typically rely on a long-term approximation for easier computation.
Section 5.2.1 discusses the determination of k£ for CP-TRTs, while Section 5.2.2
addresses the methodology for CIT-TRTs.

5.2.1 Effective Thermal Conductivity k£ for CP-TRTs

For CP-TRTs, the long-term ILS approximation results in a linear relation between
the mean fluid temperature T¢(t) and In(¢), which forms the basis for estimating &
and Rj. The long-term ILS approximation introduced in Chapter 4 as Equation 4.7
is repeated here as Equation 5.1. The other models introduced in Chapter 4, such as
the FLS and ICS models, could also be used, but they introduce greater mathemati-
cal complexity. For this reason, the long-term approximation of the ILS model is the
most widely used in industry and thus the most relevant reference for comparison.

Ty(1) = ;L (m <"f‘gt> —’y) + QR + T (5.1)
During the TRT, the inlet and outlet fluid temperatures, as well as the flow rate, are
continuously measured. The mean fluid temperature T'¢(¢) is calculated as the av-
erage of the borehole inlet and outlet fluid temperatures. Strictly speaking, T (¢) is
therefore not the actual mean fluid temperature over the full borehole length. From
this point onward, it is referred to as the mean fluid temperature for simplicity. The
thermal power per unit borehole length ¢ is calculated as the product of the mass
flow rate, fluid heat capacity, and fluid temperature difference over the borehole,
divided by the borehole length. In a CP-TRT, this thermal power should remain
constant [10].

To estimate k, a linear regression is performed between the measured mean fluid
temperature 7'¢(t) and In(t). This gives a slope a and intercept b, such that T'¢(¢)
equals a - In(t) + b. Combined with Equation 5.1, k is then given by Equation 5.2.

q
k=— 5.2
dma (52)
Thus, the thermal conductivity & is obtained from the TRT measurement data T ¢(t),
In(t), and ¢g. Figure 5.2 shows an example of this linear fitting procedure for CP-

TRT data from Aydin et al. [26]. Only the later-time region of the TRT data should
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5. TRT PARAMETER ESTIMATION

be used for the linear regression. The horizontal axis is logarithmic, representing
In(¢). At early times, short-term transient effects inside the borehole still signifi-
cantly influence the thermal response, causing deviations from the linear behavior
predicted by the long-term ILS approximation. In conventional TRT analysis, a
cutoff time of approximately 10 hours is often assumed sufficient for these transient
effects to have largely decayed. This is visible in Figure 5.2, where the data begins
to follow an approximately straight line after the early-time region. Once these tran-
sient effects have sufficiently decayed, the relation between T'¢(t) and In(t) becomes
approximately linear, allowing k to be estimated from the fitted slope [26].
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FIGURE 5.2: Mean fluid temperature T¢(t) [°C] as a function of In(¢), with ¢
in hours, for CP-TRT data, including the linear fit with slope ;% (Reproduced
from [26]).

5.2.2 Effective Thermal Conductivity k£ for CIT-TRTs

For CIT-TRTs, the same general regression principle is applied, but starting from the
constant temperature solution instead of the constant power solution. The constant
temperature solution introduced in Chapter 4 as Equation 4.14 is repeated here as

Equation 5.3.
1 1

q(t) ~ ark (Ty — Too) [ln(t) i <(;(1:;)2>} (5.3)

The measured quantities are obtained similarly to CP-TRTs, but the key difference
is that the thermal power per unit borehole length ¢(t) is now variable over time,
while the mean fluid temperature Tf is assumed to be constant. For a CIT-TRT,
only the inlet temperature is actively controlled to remain constant, while the outlet
temperature evolves over time. However, because the outlet temperature typically
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5.3. Effective Thermal Borehole Resistance I}

stabilizes relatively quickly, treating the mean fluid temperature as approximately
constant is considered a reasonable approximation [26].

To estimate k, a linear fit is performed between ﬁ and In(¢). This results in a

t)
slope a and intercept b, such that ﬁ equals a - In(t) + b. Combined with Equa-

tion 5.3, k is then given by Equation 5.4.

1

" dna(T; — Too) (54)

Figure 5.3 illustrates this procedure for CIT-TRT data from Aydin et al. [26] and
shows that the inverse thermal power ﬁ increases approximately linearly with
In(t). Similar to the CP-TRT case, only the later-time region is used for fitting to
reduce the influence of short-term transient effects. Compared to Figure 5.2, the
data appears to approach the linear region slightly earlier, which suggests that CI'T-
TRTs may reach steady state faster and could therefore allow shorter test durations
compared to CP-TRTs. However, the deviations from the fitted linear trend also
appear slightly larger, indicating a somewhat less stable linear behavior.
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FIGURE 5.3: Inverse thermal power per unit borehole length L~ [m/W] as a function

q(t)
of In(t), with ¢ in hours, for CIT-TRT data, including the linear fit with slope
m (Reproduced from [26]).

5.3 [Effective Thermal Borehole Resistance Rt}

While the thermal conductivity k& can be obtained directly from the slope of the
linear fit, determining the effective borehole thermal resistance R; is more complex.
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5. TRT PARAMETER ESTIMATION

Multiple estimation approaches exist, with important differences between CP- and
CIT-TRTs. Two commonly used methods are discussed here. Section 5.3.1 intro-
duces the intercept method, which is based on TRT measurement data but is only
applicable to CP-TRTs. Section 5.3.2 then discusses the multipole method, an a
priori approach that is independent of TRT type and can therefore be applied to
both CP- and CIT-TRTs.

5.3.1 Intercept Method

The intercept method determines R; from the same linear regression used to estimate
k. Instead of using the slope a, it uses the intercept b. This method is only possible
for CP-TRTs because R; explicitly appears in the heat transfer solution shown in
Equation 5.1. So, for CP-TRTS, R} is calculated as shown in Equation 5.5.

This method is straightforward and remains the standard approach for estimating
R; from CP-TRT data. However, it cannot be applied to CIT-TRT data, as the
constant temperature solution shown in Equation 5.3 does not contain an explicit
R; term. As a result, no equivalent intercept-based formulation exists for CIT-TRT
data.

5.3.2 Multipole Method

The multipole method is fundamentally different from the intercept method because
it does not derive R; from TRT measurement data. Instead, it is an a priori method
used to estimate borehole thermal resistance based solely on borehole geometry and
material properties. It is commonly applied during borehole design and model-
ing, before drilling. It is therefore more theoretical than the intercept method, but
becomes relevant for CIT-TRTS, for which the intercept method is not applicable [8].

The multipole method consists of constructing a thermal resistance network of the
borehole components, including pipe wall resistance, fluid-to-pipe convection resis-
tance, and grout resistance. The combined resistance between the circulating fluid
and the borehole wall over the entire borehole depth is then defined as the effective
borehole thermal resistance Ry [8].

Because the multipole method does not depend on TRT operating conditions or
measurement data, it is independent of TRT type. In theory, if all borehole param-
eters and ground properties are perfectly known, the R; value from the multipole
method should align with that of the intercept method. In practice, discrepancies
arise due to uncertainties in construction details, material properties, installation
quality, and measurement errors.
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5.4. Conclusion

5.4 Conclusion

This chapter described how the main TRT parameters are estimated from mea-
surement data. The undisturbed ground temperature T, is determined before the
actual TRT, either by temperature profiling or by circulation without heat injec-
tion. The effective thermal conductivity k& can be estimated from both CP- and
CIT-TRT data using linear regression based on the corresponding analytical solu-
tion. In contrast, the effective borehole thermal resistance Rj, is straightforward to
obtain from CP-TRTs using the intercept method, while for CIT-TRTs no equiv-
alent measurement-based intercept formulation is available, making the multipole
method the most practical alternative.
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Chapter 6

Transient Borehole Modeling

This chapter introduces the transient borehole model used in this research. First,
the need for transient borehole modeling is explained by discussing the limitations
of conventional TRT interpretation during the early-time period. Then, the Short
Term Solution model is introduced, including the hybrid g-function formulation, the
construction of the long-term and short-term response functions, and the practical
input requirements of the model.

6.1 Motivation for Transient Borehole Modeling

The borehole models discussed in Chapter 4 are commonly used for TRT interpreta-
tion, but they do not capture the short-term transient behavior inside the borehole.
In conventional analysis, the internal borehole heat transfer is represented by a
steady-state borehole resistance, while the external ground response is described
using simplified analytical boundary conditions. For CP-TRTs this corresponds to
a constant heat flux at the borehole wall, and for CIT-TRTs to a constant borehole
wall temperature.

In practice, these idealized boundary conditions are not established immediately
at the start of a TRT. During the initial phase, heat is partly stored in the fluid,
pipe, and grout before propagating fully into the surrounding ground. The measured
fluid temperature is therefore influenced by transient heat storage and heat transfer
inside the borehole. This is referred to as the transient borehole response. For this
reason, conventional TRT analysis applies a cutoff time to exclude early-time data
affected by transient behavior. This cutoff time is typically around 10 hours. As a
result, a significant part of the measured TRT data is discarded [10].

If these transient effects can be modeled reliably, early-time data can be included
in the parameter estimation. This may reduce the total required TRT duration and
thereby decrease the operational cost of performing TRTs, which is one of the main
objectives of this research.
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6. TRANSIENT BOREHOLE MODELING

6.2 Limitations of Classical Models

6.2.1 Long-term ILS approximation

As discussed in Chapter 4, the long-term ILS approximation is widely used in in-
dustry for TRT parameter estimation due to its mathematical simplicity. However,
this formulation is a long-term asymptotic approximation and is therefore not suit-
able for describing short-term transient effects. Consequently, reliable application
requires a sufficiently large cutoff time, leaving a substantial part of the TRT data
unused.

6.2.2 Exact ILS, FLS, and ICS models

Chapter 4 also introduced the exact (without long-term approximation) ILS, FLS,
and ICS models. Although these models remove the mathematical restriction of the
long-term ILS approximation, they still have an important physical limitation: they
do not account for transient heat storage and heat transfer inside the borehole. At
the start of a TRT, thermal energy is first stored in and transferred through the
fluid, pipe, and grout before affecting the surrounding ground.

The previously introduced ILS, FLS, and ICS models do not include these internal
transient effects, which makes them insufficient for reliably describing the earliest
TRT period. If short-term borehole effects can be modeled reliably, the early-time
data that is normally excluded can be used for parameter estimation. This may
significantly reduce the required test duration. The model used in this research to
incorporate these effects is the Short Term Solution model, introduced in Section 6.3.

6.3 Short Term Solution Model

The transient model used in this research is based on the model of Meertens et
al. [20, 40] and is implemented in GHEtool, in the Issue26-branch [41]. This model
extends the classical g-function framework by constructing a hybrid g-function that
combines long-term and short-term borehole effects.

6.3.1 Hybrid g-function

This model still uses the same equation as in Chapter 4, specifically Equation 4.19,
repeated here as Equation 6.1. The fitting procedure to determine £ and Rj; ex-
plained in Chapter 5 remains exactly the same. The difference lies in the calculation

of the g-function.
q

5. 1.9
27k
The hybrid g-function combines a long-term and short-term g-function, as shown in
Equation 6.2.

T(t) =Too + (t) + qR;, (6.1)

), t<tow
g(t) _ gST( ) > lgwitch (62)
gLT(t)a t > tswitch
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In this way, the model combines the physically more detailed short-term response
with the more computationally efficient long-term analytical formulation. The
switching time fsyitch is defined as the point in time where ggp(t) and gpp(t) first
meet, ensuring continuity between both parts of the hybrid g-function. Section 6.3.2
explains how gr7(t) is constructed, while Section 6.3.3 discusses ggr(t).

6.3.2 Long-term g-function g;r

The long-term g-function gz (t) is based on an analytical formulation derived from
the ILS, FLS, and ICS models. It combines these models as shown in Equation 6.3.

grr(t) = grrs(t) + (g1es(t) — grrs(t)) (6.3)

This formulation, originally proposed by Li et al. [42], consists of the FLS g-function
grrs(t) corrected by the term (grcs(t) —giLs(t)). This correction replaces the inaccu-
rate short-time line-source behavior of the ILS model with the finite-radius behavior
of the ICS model, while preserving the long-term behavior of the FLS formulation.
Li et al. [42] showed that this model performs better over a broad time range, includ-
ing both short- and long-term behavior. Since TRTs typically last only a few days,
they mainly fall within the short-term regime. Therefore, FL.S and ILS are expected
to give similar results for typical TRT timescales, so this formula will typically give
a value close to grog(t) for TRT application.

6.3.3 Short-term g-function gsr

The short-term g-function ggr(t) is based on a numerical finite volume model that
represents the borehole by a one-dimensional radial discretization. The model as-
sumes radial heat transfer only and neglects axial heat transfer. In this specific
model [20], the discretization consists of three fluid cells, one convection layer cell,
four pipe cells, 27 grout cells, and 300 soil cells. Figure 6.1 schematically shows the
fluid, pipe, grout, and soil regions next to each other.

Transient energy conservation is applied to each cell individually, allowing the model
to resolve time-dependent heat storage and heat transfer throughout the radial bore-
hole structure. This results in a transient fluid temperature response Tf(t), which
is used to compute the short-term g-function ggr(t) using Equation 6.4.

gsr(t) = 2rk <Tf<t>q_Too — RZ) (6.4)

Equation 6.4 is obtained by rearranging the governing TRT temperature equation
shown in Equation 6.1. In this formulation, the term ¢[?; already accounts separately
for the steady-state thermal resistance between the fluid and the borehole wall.
Therefore, R} is subtracted again in Equation 6.4 to avoid including this resistance
contribution twice in the short-term g-function gsr(t).
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FIGURE 6.1: Schematic overview of the radial borehole discretization used for mod-
eling short-term effects, showing the fluid, pipe, grout, and soil regions (Reproduced
from [20], originally from [19]).

6.3.4 Practical Implications

Compared to classical analytical borehole models, the short-term model requires
substantially more input parameters. In addition to the borehole geometry, accu-
rate characterization of the fluid, pipe, grout, and ground properties is required. The
ground thermal conductivity is initially unknown, since determining this parameter
is one of the main purposes of conducting TRTs, and therefore it needs to be es-
timated iteratively. Table 6.1 summarizes the required input data for the ST'S model.

This increased parameter dependence introduces additional uncertainty and compu-
tational complexity. However, it also enables a more physically detailed representa-
tion of the transient TRT period. If the additional input parameters are sufficiently
well characterized, the model can potentially support reliable parameter estimation
at earlier time points and thereby reduce the required TRT duration.

6.4 Conclusion

This chapter introduced the added value of transient borehole modeling and de-
scribed the STS model used in this thesis. Classical analytical models are insuf-
ficient for the earliest TRT period because they do not represent transient heat
storage inside the borehole. The hybrid g-function approach combines a short-term
finite volume model with a long-term analytical response, allowing early-time data
to be included in the parameter estimation. This improved physical representation
comes at the cost of additional input parameters and increased model uncertainty.
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TABLE 6.1: Required input data for the STS borehole model.

Category | Symbol | Description

Too Undisturbed ground temperature
Ground @ Ground thermal diffusivity
k Ground thermal conductivity
m Mass flow rate per borehole
k¢ Fluid thermal conductivity
Fluid Pf Fluid density

Cp,f Fluid specific heat capacity
n Fluid dynamic viscosity

H Borehole length
D

Ty

kg

Borehole burial depth
Borehole radius

Grout thermal conductivity
(pcp), | Grout volumetric heat capacity

Borehole Tin P}pe inner radl‘us
Tout Pipe outer radius
kp Pipe thermal conductivity

(pcp), | Pipe volumetric heat capacity

Dy Shank spacing
np Number of U-tubes
€ Pipe roughness

41






Part 11

Setup

43






Chapter 7

TRT Device for Field Testing

For this research, a TRT device was designed and developed to generate original
field data and enable direct comparison between CP-TRTs and CIT-TRTs on the
same borefield. This included the design and selection of the main components,
supervision of the device assembly, execution of the field tests, and subsequent anal-
ysis of the experimental results. The device was funded and is owned by LOBO
Geothermische Boringen [43], a Belgian drilling company that also carried out the
assembly.

This chapter discusses the design requirements that formed the basis of the de-
vice development in Section 7.1, the overall system layout in Section 7.2, the main
components in Section 7.3, and the most important practical design challenges en-
countered during field operation in Section 7.4.

7.1 Design Requirements

The general TRT concept was introduced in Chapter 3 and formed the basis for the
design of the TRT device. The essential components are a heater, circulation pump,
connecting pipes, and measurement sensors. A buffer tank was included to damp
short-term temperature fluctuations generated by the heater, thereby improving the
stability of the temperature measurements. In addition, all pipes were insulated to
reduce heat losses to the environment and limit the influence of ambient tempera-
ture, as explained in more detail in Section 7.4.

A primary design requirement was that the device had to operate in both constant
power and constant temperature modes. This dual functionality was necessary to
allow direct experimental comparison between CP-TRTs and CIT-TRTs using the
same TRT setup. The design was inspired by the multifunctional TRT device pro-
posed by Aydin et al. [26], which also enabled multiple TRT operating modes within
one device.
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7. TRT DEVICE FOR FIELD TESTING

The fundamental difference between CP-TRTs and CIT-TRTs is the control strat-
egy. The selected heater was therefore required to maintain either a constant thermal
power setpoint or a constant temperature setpoint. A possible future extension of
the TRT system is the implementation of active flow rate control. This would make
it possible to control not only the borehole inlet fluid temperature, but also the
outlet temperature, by varying the pump flow rate. This type of flow-controlled
constant temperature TRT is the main subject of the research of Aydin et al. [26],
but was considered beyond the scope of this research.

7.2 System Layout

Figure 7.1 presents a conceptual schematic of the TRT system design, including the
electric heater, buffer tank, circulation pump, borehole, flow meter, and tempera-
ture sensors. The system layout was designed to provide stable thermal operation
while measuring the key variables required for TRT analysis.
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FIGURE 7.1: Schematic overview of the TRT system design used for this research,
showing the electric heater (1), buffer tank (2), circulation pump (3), borehole (4),
flow meter (5), and temperature sensors (6).

The placement of the temperature sensors and flow meter was carefully considered.
The borehole inlet and outlet fluid temperatures are measured by 7T and T3, re-
spectively. The volumetric flow rate V is measured using a flow meter installed in
series with the circulation pump. These measurements allow the injected thermal
power to be calculated from the fluid temperature difference over the borehole, the
volumetric flow rate, the fluid density, and the specific heat capacity.

In addition to T; and T3, the heater outlet fluid temperature 75 was also measured.
This temperature, also referred to as the heater supply temperature, is the control
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variable actively maintained by the heater during constant temperature operation
and is therefore particularly important for CIT-TRTs.

7.3 Components

Figure 7.2 shows the TRT device. It is installed inside a mobile container for prac-
tical transportation and on-site deployment. This setup contains all previously dis-
cussed components: the electric heater, the buffer tank, the circulation pump, the
flow meter, the temperature sensors, as well as a control system and data acquisition
system.

This section discusses the component selection for the TRT device, which was based
on functional requirements, control flexibility, measurement reliability, and cost.
Since the reliability of TRT results strongly depends on stable and accurate mea-
surements, careful component selection was a critical part of the overall system
design. The following subsections discuss the most important components in more
detail, together with the reasoning behind their selection and integration.

7.3.1 Electric Heater

For the electric heater, the Vaillant eloBLOCK VE 9 electric wall heater [44] was
selected, with a maximum thermal power output of 9 kW. This heater was chosen
primarily because it can operate with both constant power and constant tempera-
ture setpoints, which are required for CP-TRTs and CIT-TRTs, respectively. The
maximum power of 9 kW was considered sufficient for this application.

An important advantage is its ability to modulate thermal power in 1 kW incre-
ments. During CP-TRTs, this allows controlled heat injection, while during CIT-
TRTs it allows the heater to maintain a fixed supply temperature T5. This dual
functionality made it suitable for performing both TRT methods using the same
device. An electric heater was also preferred for practical reasons, since it only
requires an electrical power supply.

7.3.2 Buffer Tank

A relatively large buffer tank was intentionally included in the device design, al-
though such tanks are often absent or considerably smaller in many CP-TRT sys-
tems. The selected unit was the Vaillant allSTOR plus VPS 300/3 [45], with a total
volume of 303 L. This volume is substantial compared to the approximate fluid vol-
ume within the borehole pipes, which is around 100 L.

The main purpose of the buffer tank was to damp short-term temperature fluctua-
tions, particularly those caused by the heater. This temperature stability, resulting
from thermal inertia, is particularly relevant for CIT-TRT operation, where the ob-
jective is to maintain a constant fluid temperature. Since this is less critical for
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FIGURE 7.2: Image of the TRT device installed inside the insulated container, show-
ing the electric heater (1), buffer tank (2), circulation pump (3), borehole entrance
(4), flow meter (5), control system (6), and data acquisition system (7).

CP-TRTs, which are the most common TRT type, buffer tanks are often absent
in typical TRT devices. In addition, the larger thermal mass reduces the relative
influence of pump heating on the circulating fluid, which is especially useful when
determining the undisturbed ground temperature 7.

However, the large buffer tank also introduces several disadvantages. First, deter-
mining T, through fluid circulation becomes more challenging, since the measured
fluid temperature is influenced not only by the water in the borehole, but also by the
larger volume of water inside the buffer tank. This effect is especially relevant when
the ambient temperature differs significantly from the ground temperature. For this
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reason, adding a bypass around the buffer tank would be useful in future versions
of the setup, as it would allow T, to be measured more reliably. Furthermore, the
large buffer tank increases the investment cost of the device, as well as transport
costs due to its size and weight, and operational costs due to the increased amount
of water that must be heated. Overall, the buffer tank represents a clear trade-off
between improved thermal stability, mainly important for CIT-TRT operation, and
increased system complexity and cost.

7.3.3 Circulation Pump

The circulation pump is a crucial component of the TRT device, as it ensures contin-
uous fluid circulation through the hydraulic circuit and borehole. For this setup, the
Grundfos MAGNA3 25-100 [46] was selected. The most important design criteria
for pump selection were the required pump head and the operational flow rate range.

The pump head refers to the hydraulic pressure required to overcome frictional
losses in the piping system, borehole circuit, and system components such as the
heater, flow meter, and valves. Based on engineering estimates of roughness and
pressure drops, and including a safety margin, a pump with a maximum head of
approximately 10 m was considered appropriate. The selected MAGNA3 25-100
satisfies this requirement, where 25 mm refers to the connection diameter and 100
dm refers to the maximum pump head.

For both CP-TRT and CIT-TRT operation, a constant flow rate is required. In this
research, the flow rate was set at 2.4 m3/h, which was considered a practical com-
promise between sufficient heat transfer and measurement stability, while limiting
excessive investment and operational costs. Once this target flow rate and estimated
pump head were defined, the pump suitability was verified using the manufacturer’s
pump performance curve, shown in Figure 7.3. This curve shows the pump head H
as a function of volumetric flow rate (. Additional practical requirements included
an appropriate operating temperature range and suitable connection dimensions.

7.3.4 Control System

The control system regulates the heater to maintain the required operating condi-
tions for both CP- and CIT-TRTs. The circulation pump does not require active
control in this setup, since both TRT types are performed at a constant flow rate.

In CP-TRT mode, the electric heater provides a constant thermal power. In CIT-
TRT mode, the heater instead maintains a constant heater supply temperature 75
by continuously adjusting its thermal power output in discrete 1 kW increments.
When T5 drops below the setpoint, the thermal power is increased, and vice versa.

This dual control functionality was enabled through the Vaillant sensoCOMFORT
VRC 720 controller [47] in combination with the VR 71 module [48], which provided
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FIGURE 7.3: Pump head H [m] and efficiency n [%)] as a function of volumetric
flow rate @ [m?/h] for the Grundfos MAGNA3 25-100 pump, showing the available
pump head, operational window, and efficiency characteristics for water at 20 °C
(Reproduced from [46]).

the required interface for configuring both CP- and CIT-TRT operating modes. This
also explains the choice of the type of heater, since compatibility with this controller
enabled a user-friendly control system.

7.3.5 Sensors and Data Acquisition System

Accurate and reliable measurement of fluid temperatures and flow rate is essential
for TRT performance, since these variables directly determine the calculated ther-
mal power and subsequent parameter estimation. For this reason, the sensors and
data acquisition system were selected mainly based on compatibility and accuracy.
Crodeon [49] was chosen as the primary supplier because it provided a complete
data acquisition system with compatible sensors.

As discussed in Section 7.2, the TRT device uses three fluid temperature sensors
and one flow meter. The selected Crodeon temperature sensors [49] provide a mea-
surement accuracy of + 0.5 °C' over an operating range of -10 to 80 °C', with a
resolution of 0.1 °C'. They are also suitable for water contact and outdoor con-
ditions. These specifications were considered acceptable for this application. To
enable direct contact with the fluid inside the pipes, the sensors were installed in
stainless steel 316 screw-in fittings mounted directly into the pipe.

For flow measurement, the Maddalena R160 H DN40 1:1 flow meter [50] was selected
based on its suitable flow range, pulse output frequency, and practical compatibility
with the data acquisition system. This mechanical flow meter generates one pulse
per liter of water passing through it. At the selected operating flow rate of 2.4 m3/h,
this corresponds to approximately 40 pulses per minute, which is sufficient for mon-
itoring near-constant flow conditions.
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The measurements are logged every 30 seconds, resulting in a volumetric flow reso-
lution of 0.12 m3/h. A longer measurement interval would improve the flow rate res-
olution, but the short measurement interval is better for capturing the temperature
changes. This results in a trade-off between flow rate resolution and temperature
tracking. Since the flow rate is expected to remain nearly constant, its resolution
was considered less critical than the temperature measurements.

Data acquisition was performed using the Crodeon Reporter [49], which was selected
because of its compatibility with the installed sensors and its ability to provide re-
mote online access to live measurements. The system has a capacity of four sensors,
which matches this application.

7.3.6 Additional Components

To complete the TRT device, several additional components were required for prac-
tical operation. The full TRT device was installed inside a mobile steel container of
1.2 x 2.20 x 2.26 m, insulated with 6 cm polyurethane (PUR) to reduce the influence
of ambient temperature on system operation and measurements. An opening in the
container floor provided access for the borehole pipes, while additional ventilation
openings were included for heat dissipation and possible future implementation of
active ambient temperature control.

Standard hydraulic pipes, fittings, and valves were used to connect the heater, buffer
tank, and borehole. All above-ground pipes were insulated to reduce thermal losses
and ambient temperature influence, which proved particularly important in prac-
tice and is discussed further in Section 7.4. Standard electrical components were
installed to provide power supply for the heater, pump, controller, and data acquisi-
tion system. Table 7.1 gives an overview of all components of the TRT device, their
specifications, and costs, resulting in a total cost of € 11 717.

7.4 Design Challenges

During field operation, the most significant challenge was the unintended influence of
ambient temperature on the TRT measurements. This effect became visible through
temperature fluctuations in the measurement data, particularly afternoon temper-
ature peaks, which indicated that the system was not sufficiently insulated. Since
TRT analysis depends strongly on stable and reliable temperature measurements,
reducing this external influence was crucial.

7.4.1 Insulation of Pipes

To reduce the effect of ambient temperature and heat losses to the environment,
additional insulation material was applied to all accessible above-ground pipes be-
tween the electric heater, buffer tank, and borehole. This modification aimed to
minimize external heat gains and losses and thereby improve thermal stability of
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TABLE 7.1: Main components, specifications, and costs of the developed TRT de-

vice, including 21% VAT.

Component Specification Cost [€]

Electric heater Vaillant eloBLOCK VE 9 electric wall € 2945
boiler, 9 kW [44]

Buffer tank Vaillant allSTOR plus VPS 300/3 [45] €1734

Circulation pump Grundfos MAGNA3 25-100 180 [46] € 1811

Controller Vaillant VR 71 module [48] + senso- € 842
COMFORT VRC 720 [47]

Temperature sensors 3 Crodeon temperature sensors [49] + € 525
stainless steel 316 screw-in pieces

Flow meter + pulse emitter | Maddalena R160 H DN40 1:1 4+ Mad- € 199
dalena Reed pulse emitter [50]

Data acquisition reporter Crodeon Reporter + subscription [49] € 822

Adapters Crodeon Power Adapter 220V + Dig- € 167
ital/Analog Input Adapter [49]

Pump set + valves EURO INDEX Pump Set 5 [51] €74

Container Steel, 1.20 x 2.20 x 2.26 m € 2057

Additional components Pipes, insulation, electrical compo- € 400
nents

Additional costs Shipping and packaging € 141

Total cost € 11 717

the circulating fluid. Figure 7.4 shows the system before and after applying this
additional pipe insulation.

7.4.2 Insulation of Temperature Sensor

A second important issue was identified at the heater supply temperature sensor
T5, which is the control variable used by the electric heater during CIT-TRT op-
eration. Because CIT-TRT performance depends directly on maintaining a stable
supply temperature, any ambient influence on this sensor can disturb heater control
and reduce temperature stability.

The T5 sensor was initially mounted on a pipe section with insufficient insulation,
making it more susceptible to ambient temperature effects. This contributed signif-
icantly to the observed temperature instability, particularly during CIT-TRTs. To
reduce this influence, additional insulation material was applied around both the
sensor and the surrounding pipe section. Figure 7.5 shows the situation before and
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after this extra insulation.

e e

(a) Before applying additional pipe (b) After applying additional pipe in-
insulation sulation

F1GURE 7.4: Close-up of the pipe insulation between the electric heater, buffer tank,
and borehole before (a) and after (b) applying additional insulation.
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(a) Before applying insulation around the (b) After applying insulation around the
heater supply temperature sensor heater supply temperature sensor

FIGURE 7.5: Close-up of the heater supply temperature sensor before (a) and after
(b) applying additional insulation.

7.5 Conclusion

This chapter described the design and development of the TRT device used for the
field tests in this research. The device was designed to perform both CP- and CIT-
TRTs using the same setup, with the electric heater, buffer tank, circulation pump,
sensors, and control system selected accordingly. The main practical challenge dur-
ing operation was the influence of ambient temperature on the measurements and
heater control, which required additional insulation of both the above-ground pipes
and the heater supply temperature sensor. These practical issues are important for
interpreting the field test results discussed later in this thesis.
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Chapter 8

External Datasets

In addition to the field data generated within this research, external experimen-
tal TRT datasets were used for two main reasons. First, they allowed the applied
methodologies to be developed and tested before original field data was available.
Second, they enabled broader evaluation of the developed methods across multiple
datasets, which is particularly relevant for investigating short-term transient effects.

Through collaboration with external partners, two relevant datasets were obtained.
Section 8.1 discusses a dataset from the research of Professor M. Aydin [26], con-
taining one CP-TRT, one CIT-TRT, and three CT-TRTs (flow-controlled constant
temperature TRTs), performed on the same borehole. Section 8.2 then discusses a
dataset provided by the Belgian company Terra Energy [52], consisting of 25 CP-
TRTs, which are primarily used to evaluate the influence of short-term effects on
TRT duration.

8.1 Dataset Aydin

Aydin et al. [26] published a study in 2024 comparing CP- and CIT-TRTs on
the same borehole. In addition to CP- and CIT-TRTs, they introduced the flow-
controlled CT-TRT, which keeps both inlet and outlet fluid temperatures constant
by varying the flow rate. This differs from a CIT-TRT, which only maintains a
constant inlet temperature while keeping the flow rate constant.

To the author’s knowledge, Aydin et al. [26] are the only researchers who have
compared a CP-TRT and a CIT-TRT on the same borehole. This makes their
dataset particularly relevant for this research.

Their measurement data was shared for this research upon request and was pri-
marily used to implement and test different borehole models for both the standard
CP-TRT and the less extensively documented CIT-TRT methodology. In addition,
this dataset provided an initial basis for comparing CP- and CIT-TRT performance
in terms of parameter estimation and required test duration.
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Their methodology, results, and conclusions are extensively documented in their
published work [26]. Figures 3.2 and 3.3 in Chapter 3 present the measurement
data of their CP- and CIT-TRT, respectively.

8.2 Dataset Terra Energy

Terra Energy [52] is a Belgian company specialized in geothermal systems and one
of the major companies in Belgium that performs TRTs as part of its services. The
company provided measurement data for this research from 25 CP-TRTs conducted
on different boreholes across Belgium.

This dataset is particularly valuable because it allows different borehole models
to be evaluated over 25 separate real-world cases. This strengthens the ability to
identify and quantify general trends, particularly for CP-TRT methodologies. To
ensure confidentiality, the individual test locations and projects were anonymized
and are referred to throughout this thesis as TRT1 to TRT25.

Within this research, the Terra Energy dataset is used to compare the standard
long-term approximation ILS model with the STS model, which incorporates short-
term transient thermal effects. Two out of the 25 TRTs, namely TRT17 and TRT20,
resulted in highly unrealistic thermal conductivity estimates, while all others were
close to independent reference values, as is explained in more detail in Chapter 11.
These results likely indicate an issue in the measurement data or test conditions.
Therefore, TRT17 and TRT20 are excluded from the final analysis, leaving 23 TRTs
for the final comparison.

Figure 8.1 shows an example of TRT7, one of the 23 retained TRTs. This test
shows CP-TRT measurement data with a relatively stable injected thermal power
and the corresponding increase in 7'f(t) over time. Figure 8.2 shows TRT3, which
also aims to maintain constant thermal power but shows significantly larger power
fluctuations. These fluctuations clearly affect the resulting temperature response.

Across the full dataset, the tests show varying degrees of power stability, likely
due to practical factors such as voltage fluctuations, heater-related operational is-
sues, or control limitations. The measurements may also be influenced by ambient
conditions, such as ambient temperature fluctuations or rainfall, depending on the
enclosure and insulation of the TRT device. Terra Energy applies a practical mini-
mum test duration of 60 hours, and across the provided tests, the average total test
duration is 73 hours. Appendix A provides the test data for all 25 Terra Energy
TRTs.
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FIGURE 8.1: Mean fluid temperature T'¢(¢) [°C] and injected thermal power @ [W]
as a function of time ¢ [h] for TRT7.
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FIGURE 8.2: Mean fluid temperature T'¢(¢) [°C] and injected thermal power @ [W]
as a function of time ¢ [h] for TRT3.

8.3 Conclusion

This chapter introduced the external datasets used in this research. The Aydin
dataset provides a direct comparison between CP-, CIT-, and CT-TRTs on the same
borehole and is mainly used to support the implementation of the CP- and CIT-TRT
methodologies. The Terra Energy dataset provides a set of 23 practical CP-TRTs
and is therefore used to evaluate the effect of short-term transient modeling on
parameter estimation and test duration reduction. Together, these datasets provide
the basis for the methodology and results presented in the following chapters.
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Chapter 9

Transient Modeling
Methodology

One of the main goals of this research is to reduce the operational cost of TRTs
by decreasing the required test duration. This may be achieved by incorporating
short-term transient effects into borehole modeling. By using a transient borehole
model such as the STS model introduced in Section 6.3, measurement data from
the first hours of the TRT can be used instead of being discarded, as is done when
using the ILS model. If these early-time measurements can be used reliably, the
total required TRT duration can potentially be reduced.

This chapter discusses the methodology used for transient borehole modeling on
the Terra Energy dataset introduced in Section 8.2. The dataset originally consists
of 25 CP-TRTs, named TRT1 to TRT25, of which TRT17 and TRT20 are excluded
from the final analysis due to apparent measurement errors. The remaining 23 TRTs
provide a basis for comparing the transient STS model with the conventional ILS
model and for quantifying the potential test duration reduction.

9.1 STS Model Implementation

The implementation of the STS model in this research is based on the methodol-
ogy introduced in Section 6.3. The thermal conductivity k& and the borehole ther-
mal resistance R; are determined by performing a linear fit between the hybrid
g-function g(t) and the mean fluid temperature T ¢(¢).

The construction of the hybrid g-function is based on the methodology provided
by Meertens et al. [20, 40], and implemented in GHEtool in the Issue26-branch [41],
as discussed in Section 6.3. An important advantage of the STS model is that it
represents the borehole physics much more realistically by incorporating short-term
transient effects. However, this also requires a larger set of input parameters com-
pared to conventional TRT interpretation methods. The required input parameters
were listed before in Table 6.1.

61



9. TRANSIENT MODELING METHODOLOGY

Two particularly important input parameters are the ground thermal conductivity
k and the ground thermal diffusivity a. Since determining the thermal conductiv-
ity of the ground is one of the primary objectives of a TRT, the STS methodology
requires an iterative procedure. An initial estimate for k is used as input for the
model, after which the resulting calculated k-value is used as a new input estimate.
This procedure is repeated until the relative difference between successive iterations
falls below 0.1%. For the thermal diffusivity «, no direct measurement is available,
so an estimated value must be assumed. It is therefore important to assess how
sensitive the STS results are to a and other model parameters. This is discussed
further in Section 9.4.

9.2 Verification of Parameter Estimation

To evaluate the implementation and consistency of the transient STS model dis-
cussed in Chapter 6, its results are compared with those obtained using the con-
ventional ILS model. For the 23 CP-TRTs of the Terra Energy dataset, the values
of k and Rj are determined using both methods. The ILS model is applied with a
conventional cutoff time of 10 hours, while the transient STS approach is applied
with a practical cutoff time of 1 hour. This first hour is excluded to remove start-up
effects, such as delayed heater activation. The resulting comparison is discussed in
Section 11.3.

Since the actual values of k and R; are unknown, no absolute verification is possible.
However, if the STS model is implemented correctly and produces physically con-
sistent results, both models should produce comparable parameter estimates for the
same TRT data. Similar output values for the ILS and STS approaches therefore
indicate consistency between both methods, but should not be interpreted as proof
that either value is the true parameter value.

In addition, the obtained k-values of both models are compared with estimates
from Smart Geotherm [53], an online tool that estimates the effective ground ther-
mal conductivity based on geological data. By providing the borehole location and
depth, the tool returns an estimated effective ground thermal conductivity. These
values are used as an additional cross-check for the obtained results, although they
remain approximate estimates. As a reference for Rj, the values obtained with
the ILS and STS models were compared with those calculated with the multipole
method, which was explained in Chapter 5. As an additional comparison, the k and
R values are also compared with the ones calculated by Terra Energy themselves
using the ILS model.

9.3 Test Duration Reduction

Once the STS model has been compared with the conventional ILS approach, the
next objective is to evaluate whether it can reduce the required TRT duration. To

62



9.3. Test Duration Reduction

quantify the potential reduction in test duration, several concepts are introduced,
including a convergence test, the end value, the convergence time t., and an accu-
racy band.

First, a convergence test evaluates the evolution of a TRT output parameter (k
or R}) over time. For example, k is calculated repeatedly using progressively larger
time windows of the TRT data. Starting from a fixed cutoff time, the parameter
is first calculated from 10 h to 11 h, then from 10 h to 12 h, and so on until the
end of the test. As more measurement data are included, the calculated k-value
is expected to converge toward a stable value. Second, the end value is defined as
the parameter value obtained when the full TRT dataset is used. This corresponds
to the final value of the convergence test. Third, the convergence time t. is then
defined as the earliest point in time after which the calculated parameter remains
permanently within a specified deviation from this end value. Lastly, the accuracy
band represents this deviation and is expressed as a percentage.

Figure 9.1 illustrates an example of a convergence test, indicating the end value,
the convergence time t., and the corresponding accuracy band. As an example, con-
sider a TRT with a converged end value of k = 2.0 W/(mK). For an accuracy band
of 5%, the convergence time t. is defined as the earliest point after which all sub-
sequent calculated k-values remain between 1.9 and 2.1 W/(mK). In other words,
the point in time right before t. is the last value outside the selected accuracy band.
The accuracy band is therefore a convergence band relative to the final value, not an
absolute accuracy interval relative to the unknown true value. Although the same
methodology can also be applied to R;, the convergence analysis in this research
is primarily conducted using k, since it is generally considered the most important
TRT output parameter.

After defining the relevant concepts for quantifying TRT time reduction, the next
step is to select suitable accuracy bands. Several possible approaches exist. First,
one can consider the typical uncertainty range on TRT-derived k-values reported in
literature. Second, the convergence behavior of the 23 Terra Energy TRTs inter-
preted with the conventional ILS model can be analyzed by evaluating the average
deviation between the end value and the parameter value obtained after 70%, 80%,
or 90% of the total test duration. Finally, the average difference between the pa-
rameter estimates obtained with the ILS and STS approaches can also be considered.

Based on these considerations, three representative accuracy bands are selected in
Section 11.3 and applied to all 23 Terra Energy TRTs. For each selected accuracy
band, the convergence time t. is determined for both the conventional ILS model
and the STS model. The difference in convergence time between both approaches is
then calculated to evaluate whether the STS model provides a reduction in required
TRT duration. To the author’s knowledge, no peer-reviewed academic study has
explicitly investigated TRT duration reduction using transient borehole modeling.
However, Liu et al. [12] presented a technical report in which an R-C model was
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FIGURE 9.1: Example convergence test for thermal conductivity £ [W/(mK)] as
a function of time ¢ [h], showing the end value, accuracy band, and convergence
time ..

used to reduce the required TRT duration and to develop stopping-criterion algo-
rithms for determining when sufficient TRT data had been collected. Although this
report does not constitute peer-reviewed academic literature, it is methodologically
relevant to the STS approach used in this research. Therefore, its reported time
reductions are used in Chapter 11 as a reference for comparison with the TRT du-
ration reductions obtained in this thesis.

Finally, the influence of the cutoff time on this comparison is also investigated. As
discussed previously, the STS model can potentially reduce TRT duration by using
early-time measurement data that is excluded in the conventional ILS methodology
due to the standard 10 h cutoff time. Therefore, the STS model is additionally
evaluated for cutoff times between 1 and 10 hours, and the influence on both the
time reduction and the difference in final k-value between ILS and STS is analyzed.

9.4 Sensitivity Analysis

The STS model has two important disadvantages compared to the ILS model: more
complex computation and a larger number of required input parameters. The first
issue may limit practical adoption. However, in terms of computation time, the STS
model requires calculations on the order of minutes, compared to seconds for the
conventional ILS model. Relative to the total duration of a TRT, which typically
spans several days, this additional computation time is insignificant.
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This section therefore mainly focuses on the second issue: the larger number of
required input parameters. Besides the practical challenge of gathering all relevant
input data, several of these parameters are either unknown or only known within a
relatively large uncertainty range. It is therefore necessary to evaluate the influence
of these uncertainties on the resulting TRT output parameters k and R; for both
the ILS and STS methodologies by conducting a sensitivity analysis.

For both the ILS model and the STS model, and for each of the 23 TRTs, the
values of k and R; are recalculated while applying deviations of -50%, -25%, -10%,
0% (base value), +10%, +25%, and +50% to each individual input parameter. Dur-
ing this procedure, only one parameter is varied at a time while all other parameters
are kept constant.

The resulting deviations in the calculated output parameters k and R; are then
averaged over all 23 TRTSs, providing an indication of the sensitivity of each model
to the different input parameters. This allows the overall uncertainty associated
with both the ILS and STS methodologies to be assessed. Since the STS model
requires substantially more input parameters than the conventional ILS model, the
overall uncertainty of the STS approach is expected to be larger.

For the ILS model, the analyzed input parameters are the borehole depth H, the
borehole radius r, the thermal diffusivity «, and the undisturbed ground temper-
ature Tr. For the STS model, the previously mentioned parameters are included
together with the mass flow rate m, the burial depth D, the grout thermal con-
ductivity kg, the volumetric heat capacity of the grout (pc,)q, the pipe thermal
conductivity &y, the volumetric heat capacity of the pipes (pcp)p, the initial thermal
conductivity estimate k, the fluid thermal conductivity ky, the fluid density py, the
fluid heat capacity c, r, the dynamic viscosity 7, the inner and outer pipe radii 74,
and 74, the shank spacing Dy, and the pipe roughness €. Section 11.4 discusses the
results of this sensitivity analysis.

9.5 Conclusion

This chapter described the methodology used to evaluate the STS model on the
Terra Energy dataset. The STS model is compared with the conventional ILS model
to assess parameter consistency, after which convergence tests are used to quantify
potential TRT duration reduction. The methodology defines the end value, conver-
gence time, and accuracy bands used in the analysis, while also clarifying that these
bands describe convergence relative to the final value rather than absolute accuracy.
Finally, a sensitivity analysis is introduced to evaluate the influence of uncertain
input parameters on both the ILS and STS results. The results are discussed in a
similar structure in Chapter 11.
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Chapter 10

Methodology of Field Testing

Chapter 7 described the design and development of the TRT device used in this
research. This chapter describes the methodology used for the field tests conducted
with this device. The objective of these tests is twofold. First, the tests are used to
evaluate whether the developed TRT device can generate usable CP- and CIT-TRT
measurement data under practical field conditions. Second, the results are used to
compare CP- and CIT-TRTS in terms of operating behavior, parameter estimation,
and convergence time.

The comparison between CP- and CIT-TRTs is particularly relevant because lit-
erature suggests that CIT-TRTs may reach stable thermal conditions faster than
CP-TRTs. However, this still needs to be evaluated experimentally for this setup,
since the practical performance depends strongly on the stability of the test setup,
the control system, and the measurement conditions.

Section 10.1 discusses the test setup, including the test site, borefield configura-
tion, borehole specifications, and test procedure. Section 10.2 then describes the
methodology used to process the measurement data, estimate the design param-
eters, and evaluate convergence. Finally, Section 10.3 explains how the CP- and
CIT-TRT results are compared.

10.1 Test Setup

10.1.1 Test Site

The field tests for this research were performed in Lochristi, Belgium, on a borefield
consisting of four boreholes arranged in an L-shape. The layout is shown in Fig-
ure 10.1, with the four boreholes indicated as B1, B2, B3, and B4.

The borefield specifications are summarized in Table 10.1. The table includes the
relevant borehole geometry and thermal conductivities of the pipes and the grout.
Different grout materials were used for the four boreholes. Borehole B1 was grouted
with MORTEL-ENERGIE-OPTIMUM grout from RKV [54], while B2 was grouted
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FIGURE 10.1: Ground plan of the test site, showing a residential building (rectangle)
and the four boreholes arranged in an L-shape: B1, B2, B3, and B4.

with the same grout mixed with water. Borehole B3 was grouted with GEOTHERM-
X PRO grout from Euroquartz [55], while B4 was grouted with the same grout mixed
with water. The corresponding thermal conductivities are shown in Table 10.1.

TABLE 10.1: Borefield geometry and material properties used for the field tests.

Symbol Value Explanation

Borehole

T 70 mm Borehole radius

H 99 m Borehole length

B 10 m Spacing between boreholes

Pipe

Tin 13 mm Pipe inner radius

Tout 16 mm Pipe outer radius

k, 0.4 W/(mK) | Pipe thermal conductivity

Grout

kg.B1 1.8 W/(mK) | Grout thermal conductivity for Bl
kg.B2 1.6 W/(mK) | Grout thermal conductivity for B2
kg.B3 1.8 W/(mK) | Grout thermal conductivity for B3
kg.Ba 1.7 W/(mK) | Grout thermal conductivity for B4

10.1.2 Test Procedure

A total of five field tests were conducted: three CP-TRTs and two CIT-TRTs. The
CP-TRTs were performed at different heater power setpoints, while the CIT-TRTs
were performed at different heater supply temperature setpoints. Only two CIT-
TRTs were performed due to the time limitations of the research. The tests were
not all performed on separate boreholes. CP-TRT1 and CP-TRT3 were both per-
formed on borehole B2, CP-TRT2 was performed on borehole B3, CIT-TRT1 was
performed on borehole B2, and CIT-TRT2 was performed on borehole B4.
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Each test started with one hour of free water circulation without activating the
heater. This was used to determine the undisturbed ground temperature T,,. After
one hour, the heater was activated with the desired power or temperature setpoint.
All tests were performed with a constant flow rate of 2.4 m3/h as discussed in
Chapter 7. The test duration was 96 hours, which is sufficient for a typical TRT.
Table 10.2 provides an overview of the performed tests and their corresponding
operating conditions. Borehole B1 was only used for short test runs.

TABLE 10.2: Overview of the CP- and CIT-TRT field tests.

] Test ‘ Borehole ‘ Setpoint ‘ Flow rate ‘ Duration
CP-TRT1 B2 2 kW 2.4 m?/h 96 h
CP-TRT?2 B3 4 kW 2.4 m?/h 96 h
CP-TRT3 B2 6 kW 2.4 m3/h 96 h
CIT-TRT1 B2 20°C 2.4 m?/h 96 h
CIT-TRT2 B4 30°C 2.4 m?/h 96 h

10.2 TRT Methodology

This section describes the methodology used to analyze the CP-TRT and CIT-TRT
measurement data. Section 10.2.1 explains how the measured data is processed and
how the injected thermal power is calculated. Section 10.2.2 describes how the pa-
rameters T, k, and R; are estimated from the measurement data. Section 10.2.3
then discusses the convergence analysis used to evaluate the stability of the param-
eter estimation.

10.2.1 Test Output

As explained in Chapter 7, the measurement system records data every 30 seconds
using four sensors: three temperature sensors and one flow sensor. The relevant
measured temperatures are the borehole inlet temperature 77, the heater supply
temperature T5, and the borehole outlet temperature T3, as shown previously in
Figure 7.1.

The injected thermal power is calculated using Equation 10.1, based on the vol-
umetric flow rate V measured by the flow meter, the density p and specific heat
capacity ¢, of the water, and the temperature difference between 77 and 73. For
CP-TRTs, the thermal power should remain approximately constant throughout the
test. For CIT-TRTS, the thermal power varies over time because the heater attempts
to maintain a constant inlet temperature while the outlet temperature evolves.

Q=pc, V(T —T3) (10.1)
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The measured temperature and thermal power profiles are used to evaluate the
practical operation of the TRT device. For CP-TRTs, the main criterion is the
stability of the injected thermal power. For CIT-TRTSs, the main criterion is the
stability of the controlled heater supply temperature 75 and the resulting evolution
of thermal power.

10.2.2 Parameter Estimation

The goal of a TRT is to estimate the main design parameters 1w, k, and R from
the measured data, as discussed in Chapter 5.

The undisturbed ground temperature T, is determined from the initial circula-
tion period before heater activation. During this period, water is circulated through
the borehole, and the inlet and outlet temperatures are analyzed. Following the
discussion in Chapter 5, the most representative value is expected to occur after 20
minutes of circulation time according to Gehlin and Nordell [25], before pump heat-
ing and the temperature of the buffer tank disturb the measurement. Because this
TRT setup has a higher flow rate than the setup used by Gehlin and Nordell [25], a
circulation time of less than 20 minutes may yield better results.

For this TRT setup, the determination of T, is influenced by the relatively large
buffer tank. The buffer tank has a volume of 303 L, which is substantially larger than
the water volume of approximately 100 L inside the borehole pipes. As a result, the
measured fluid temperature during the circulation period is influenced not only by
the water initially present in the borehole, but also by the water in the buffer tank.
This effect is especially important when the initial buffer tank temperature differs
from the actual ground temperature. Therefore, the selected T, value is based on
the early part of the circulation period, where the influence of the borehole water is
expected to be most representative.

The methodology for estimating k and R; depends on the TRT type. For CP-
TRTs, the mean fluid temperature is fitted as a function of In(¢) using the long-term
ILS approximation, shown in Equation 5.1. The slope of this fit is used to determine
k, while the intercept is used to estimate R;.

For CIT-TRTs, the parameter estimation is based on the constant-temperature an-
alytical solution, shown in Equation 5.3. In this case, the inverse thermal power per
unit borehole length is fitted as a function of In(¢), and the slope of this fit is used
to determine k. The estimation of R; for CIT-TRTs is more challenging based on
measurement data, because no equivalent intercept-based formulation is available.
Therefore, the CIT-TRT analysis focuses mainly on k, while R; is treated separately
using the multipole method as discussed in Chapter 5.

To assess the quality and reliability of the linear fit, the mean absolute percentage
error (MAPE) was calculated as a percentage-based measure of the relative devia-
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tion between the experimental and fitted values. For the CIT-TRTs, the MAPE was
calculated following the formulation used by Aydin et al. [26], by comparing the ex-
perimental and fitted inverse heat transfer rate 1/q. This is equivalent to evaluating
the relative deviation between the modeled and experimental heat transfer rate q.
For the CP-TRTs, the MAPE was calculated by comparing the measured and fitted
mean fluid temperature response, based on the temperature rise Tf - To. In both
cases, the MAPE provides an indication of how well the linear model represents the
experimental data.

10.2.3 Convergence

To evaluate the reliability of the parameter estimation, the convergence behavior of
the calculated k-values is analyzed. This is done by calculating the parameter value
repeatedly over progressively longer time windows, as introduced in Chapter 9. The
purpose is to assess whether the estimated parameter approaches a stable end value
as more measurement data are included.

For the CP-TRTs, convergence is evaluated by comparing the k-values obtained
for different cutoff times, including 10 h, 20 h, and 30 h. If these curves approach
similar end values, the test is considered to show stable convergence behavior. Large
differences between the curves indicate that the estimated parameter remains sen-
sitive to the selected fitting window, which reduces confidence in the result.

The same convergence approach is applied to the CIT-TRTs. However, for CIT-
TRTs, convergence is expected to be more sensitive to fluctuations in the controlled
inlet temperature. Therefore, the stability of the heater supply temperature 75 is
an important factor in interpreting the CIT-TRT convergence behavior.

In addition to visually comparing convergence curves, convergence times are de-
termined for selected accuracy bands around the final k-value. The same accuracy
bands as those defined in Chapter 9 are used. This allows the CP- and CIT-TRTs
to be compared quantitatively in terms of how quickly their estimated k-values sta-
bilize. The convergence times are later used in Chapter 12 to evaluate whether
CIT-TRTs show faster parameter stabilization compared to CP-TRTs in the con-
ducted field tests.

10.3 Comparison CP- and CIT-TRTs

The CP- and CIT-TRTs are compared using three main criteria: operational stabil-
ity, estimated parameter values, and convergence time.

First, the operational behavior of both test types is evaluated using the measured
temperature and thermal power profiles. For CP-TRTs, the key requirement is a
stable injected thermal power. For CIT-TRTs, the key requirement is a stable heater
supply temperature, since this temperature defines the constant inlet temperature
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boundary condition. Any instability in this controlled temperature directly affects
the thermal power profile and therefore the parameter estimation.

Second, the estimated k-values are compared between the different tests. Since
the tests were not all performed on the same borehole, and because different grout
materials were used, the comparison cannot be interpreted as a perfect one-to-one
comparison between CP- and CIT-TRTs. However, the values should still be within
a realistic range for the same site. Large deviations may indicate measurement in-
stability or operational problems.

Third, the convergence behavior is compared. The convergence time is used as
an indicator of how quickly a test provides a stable k-value. Literature suggests
that CIT-TRTs may reach stable conditions faster than CP-TRTs. Therefore, the
field results are used to assess whether this theoretical advantage is observed in
practice with the developed TRT device.

10.4 Conclusion

This chapter described the methodology used for the field tests conducted with the
developed TRT device. Five tests were performed: three CP-TRTs and two CIT-
TRTs. The methodology includes processing the measured temperatures and flow
rate, calculating the injected thermal power, estimating Tt, k, and R}, and evaluat-
ing the convergence behavior of the resulting parameter estimates. The comparison
between CP- and CIT-TRTs is based on operational stability, parameter estimation,
and convergence time. This methodology provides the basis for interpreting the field
test results presented in Chapter 12.
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Chapter 11

Transient Modeling Results

This chapter discusses the results obtained using the methodology described in
Chapter 9 for the Terra Energy dataset. Section 11.1 presents the STS model im-
plementation for one example test. Section 11.2 then applies the same methodology
to all 23 TRTs and compares the obtained k- and R;-values with the ILS results and
reference estimates. This comparison is used to evaluate the consistency of the STS
approach. Section 11.3 quantifies the potential test duration reduction obtained
with the ST'S model. Finally, Section 11.4 presents the sensitivity analysis, investi-
gating the influence of variations in the different input parameters on the resulting
output parameters for both the ILS and STS models.

11.1 STS Model Implementation

In this section, the methodology described in Section 9.1 is demonstrated for one
example TRT, namely TRTS3. All other TRTs were analyzed using the same pro-
cedure. As a reference, the conventional ILS model is first applied following the
methodology described in Chapter 5. This results in a thermal conductivity k& of
2.31 W/(mK) and a borehole thermal resistance R; of 0.087 mK/W.

For the STS model, all relevant borehole, ground, and fluid input parameters are
first collected for TRT3, as listed in Table 11.1. Using these input parameters, a
borehole model is assembled in GHEtool using the corresponding ground, fluid, and
pipe data. The hybrid g-function is then calculated using the implementation devel-
oped by Meertens et al. [20] in GHEtool [41]. Subsequently, a linear fit is performed
between the mean fluid temperature T'¢(t) and the hybrid g-function g(¢) follow-
ing Equation 6.1. The k-value is determined from the slope of this fit, while Rj is
obtained from the intercept. Figure 11.1 shows the mean fluid temperature data
together with the resulting linear fit for TRT3. This initial STS calculation results
in a thermal conductivity k of 2.271 W/(mK) and a borehole thermal resistance R
of 0.088 mK/W.
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TABLE 11.1: Input data used for the STS model implementation for TRT3, based
on information provided by Terra Energy.

Category | Symbol | Value
T 12.1 °C
Ground a 107 m?/s
krrs 231 W/(mK)
m 0.140 kg/s
ky 0.6 W/(mK)
Fluid pf 995 kg/m?
Cp.f 4180 J/(kgK)
n 0.8-10~3 Pas

H 100 m
D 1m
T 0.080 m

kg 1.2 W/(mK)
(pcp), | 1.810° J/(m’K)
Tin 0.013 m

Tout 0.016 m

ky 0.38 W/(mK)
(pcp), | 1.9-10° J/(m’K)

Borehole

Dy 0.054 m
ny 2
€ 10~6

As discussed previously in Section 9.1, the STS model requires an initial estimate of
the ground thermal conductivity k£ as an input parameter. The value obtained with
the ILS model provides a suitable initial estimate. To improve the consistency of the
STS result, the calculation is repeated iteratively using the newly calculated STS
value of k as the updated input parameter. This iterative procedure is repeated until
the relative difference between two consecutive calculated k-values becomes smaller
than 0.1%. For TRT3, convergence is reached after three iterations, resulting in a
final k-value of 2.273 W/(mK) and Rj-value of 0.089 mK /W .

11.2 Verification of Parameter Estimation

The output parameters k and R; are determined for all 23 Terra Energy TRTs
using the same methodology described previously for TRT3 in Section 11.1. To
further evaluate the consistency of the obtained k-values, the results are addition-
ally compared with thermal conductivity estimates obtained from Smart Geotherm,
an online tool that estimates effective ground thermal conductivity for boreholes in
Belgium based on geological data, location, and borehole depth.
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FIGURE 11.1: Mean fluid temperature 7' ¢(¢) as a function of the hybrid g-function
g(t) for TRT3, including the corresponding linear fit.

The results are summarized in Table 11.2. For each TRT, the table shows the
thermal conductivity values obtained from Smart Geotherm, the ILS model, and
the STS model, together with the relative difference between the ILS and STS re-
sults. The same comparison is shown for the borehole thermal resistance R;. As an
independent reference for R, the multipole method is used and also shown in Ta-
ble 11.2. In addition, both the average relative difference and the average deviation
over the full dataset are included. These values provide an indication of both the
systematic deviation and the average absolute deviation between the ILS and STS
methodologies. As an additional check, the k and R; values were very close to those
calculated by Terra Energy based on the ILS model.

Both methods show matching results. For the thermal conductivity k, the average
relative difference between ILS and STS equals -0.84%, while the average deviation
equals 3.65%. For the borehole thermal resistance Rj, the average relative differ-
ence equals -4.29%, with an average deviation of 6.03%. This is expected, since R;;
is generally associated with larger uncertainty than k. The average differences are
small. For k, no significant systematic under- or overestimation is observed, while
for R;, the STS model shows a slight systematic underestimation compared to ILS.

To evaluate the similarity between both methods on an individual TRT basis, the
relative differences are categorized into three ranges: highly similar below 2.71%
(green), reasonably similar between 2.71% and 5% (yellow), and deviating above
5% (red). For R, which generally has a larger uncertainty, the corresponding cate-
gories are: under 5% (green), between 5% and 10% (yellow) and above 10% (red).
For the thermal conductivity k, eleven TRTs fall within the green category, six
within the yellow category, and six within the red category. For R;, nine TRTs are
green, eleven are yellow, and three are red. The largest difference in k-values occurs
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TABLE 11.2: Differences (Diff) between the ILS and STS model obtained k and Rj
values for the 23 Terra Energy TRTs. Smart Geotherm (SG) conductivity estimates
are included as geological reference values for k, while multipole (MP) estimates are
included as reference values for Rj.

TR E[W/(mK)] R} [mK/W]
SG |ILS | STS | Diff [%] | MP | ILS | STS | Diff [%]
TRT1 || 1.7 |1.81| 1.86 | +2.8% || 0.097|0.103 | 0.102
TRT2 || 1.8 |1.75| 1.69 | -3.4% | 0.104|0.164 | 0.150 | -9.0%
TRT3 || 2.0 |2.31] 2.27 0.088 | 0.087 | 0.089
TRT4 || 1.8 |2.16 | 2.20 0.099 | 0.052 | 0.055 | +5.4%
TRT5 || 1.8 |2.46 | 2.24 0.099 | 0.110 | 0.103 | -7.2%
TRT6 || 1.7 | 1.99 | 1.86 0.097]0.129 | 0.116
TRT7 || 1.6 |1.44 | 1.51 | +4.9% || 0.135]0.101 | 0.092 | -9.7%
TRTS8 || 1.7 | 1.62 | 1.64 0.096 | 0.109 | 0.100 | -8.6%
TRT9 || 1.8 |2.04| 1.87 0.095]0.131| 0.116
TRT10|| 1.8 | 1.69| 1.85 0.102 | 0.068 | 0.075 | +9.4%
TRT11 || 2.0 | 2.22| 2.18 0.098 | 0.079 | 0.077
TRT12 || 2.0 | 1.92| 1.89 0.097{0.089 | 0.081 | -9.7%
TRT13 || 1.7 | 1.67| 1.59 | -4.8% |/ 0.095|0.184 | 0.164
TRT14 || 1.8 | 1.94 | 2.01 | 4+3.6% || 0.094 | 0.081 | 0.084
TRT15 (| 1.9 | 2.49| 2.30 0.100 | 0.087 | 0.081 | -7.1%
TRT16 || 1.8 | 2.64| 2.49 - 0.097 | 0.079 | 0.078
TRT18 | 1.9 | 1.84 | 1.90 | +3.3% || 0.095|0.109 | 0.108
TRT19 || 1.8 | 2.09 | 2.06 0.090 | 0.092 | 0.090
TRT21 || 1.7 | 1.57| 1.60 0.134|0.173 | 0.163 | -5.9%
TRT22 | 1.9 [1.94| 1.95 0.099|0.103 | 0.097 | -6.8%
TRT23 || 1.9 | 2.08 | 2.08 0.099 | 0.092 | 0.091
TRT24 || 1.7 | 1.57| 1.59 0.097] 0.096 | 0.088
TRT25 || 2.0 |2.12| 2.15 0.090 | 0.045 | 0.045
Average Average -
Average deviation ‘ 3.65% ‘ Average deviation‘ 6.03%
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for TRT10, with a difference of +9.5%. For R}, it occurs for TRT9, with a difference
of -13.2%.

Comparing the ILS results with the Smart Geotherm estimates based on geological
data gives an average deviation of 12.48%, while the STS results show an average
deviation of 10.41%. For both methodologies, these deviations remain within a re-
alistic and acceptable range. The STS model shows slightly better agreement with
the Smart Geotherm estimates, although the difference compared to ILS remains
limited. The overall deviation for both models is in the expected range as local
variations can differ from large-scale geological data.

As an additional comparison, the R;-values obtained with the ILS and STS models
were compared with the multipole estimates. Using the multipole values as refer-
ence, the average deviation equals 23.54% for ILS and 20.33% for STS. The STS
model again shows slightly better agreement, but overall the values show a signif-
icant deviation. This shows that the multipole method is an approximate method
to calculate ;. This is because it is an a priori method and is based on a physical
model of the borehole, which can differ from the actual setup. There can be differ-
ences between theory and practice, for example the actual borehole depth, spacing
between the pipes, and grout moisture content.

These results indicate that the STS model provides a consistent alternative to the
conventional ILS model. The next important question is whether the STS model
also results in lower convergence times ¢, compared to the ILS model, thereby en-
abling a reduction in required TRT duration, which is the main objective of this
research. Section 11.3 presents and discusses these results.

11.3 Test Duration Reduction

After evaluating the consistency of the STS model, the next step is to assess the
potential reduction in TRT duration, or equivalently, the difference in convergence
time . between the ILS and STS approaches. This concept was introduced in Sec-
tion 9.3.

To determine the convergence time t., an appropriate accuracy band first needs
to be selected. There are three possible approaches here. The first is the average
deviation of the thermal conductivity k from its converged value when using only
a part of the TRT duration. For the 23 Terra Energy TRTs interpreted with the
ILS model, the average deviation at 90%, 80%, and 70% of the total test duration
equals 2.71%, 3.92%, and 5.07%, respectively. The second reference is the average
deviation between the k-values obtained with the ILS and STS models, which equals
3.65%. Finally, the uncertainty associated with TRT measurements themselves can
also be considered. Although this uncertainty is not available for the Terra Energy
dataset, Aydin et al. [26] reported a typical uncertainty of approximately 5% for
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TRT-derived thermal conductivity values. Based on these considerations, three rep-
resentative accuracy bands are selected for the convergence analysis: a strict band
of 2.71%, a realistic band of 5%, and a loose band of 10%.

The convergence time t. is then determined as the earliest point after which the
calculated k-values remain permanently within the selected accuracy band around
the final converged value. Figure 11.2 illustrates this procedure for TRT3, showing
the convergence behavior of both the ILS and STS model for an accuracy band of
5%. It shows a convergence time of 39 h for ILS and 35 h for STS, corresponding
to a reduction of 4 hours in required TRT duration for this specific test.
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Ficure 11.2: Convergence test comparing the ILS and STS model for TRTS3,
showing the calculated k-values, 5% accuracy band, and corresponding convergence
time ¢, for both methods.

Table 11.3 summarizes the convergence analysis for all 23 TRTs and for the three
selected accuracy bands. Strikingly, the obtained reductions are significant. The
STS model reduces the convergence time on average by 17.7 h for the 10% accu-
racy band, by 9.8 h for the 5% accuracy band, and by 5.5 h for the strict 2.71%
accuracy band. Considering the average TRT duration of approximately 73 h, these
reductions correspond to relative decreases in required test duration of respectively
24.2%, 13.4%, and 7.5%. These reductions are substantial, especially considering
that both methodologies are applied to the same underlying measurement data.

Liu et al. [12] reported TRT time reductions between 21 and 46% for eight out
of the nine TRTs in their dataset using an R-C model, with reductions defined rel-
ative to the total TRT duration and using a 5% accuracy band. For a consistent
comparison, the STS results on the Terra Energy TRTs were also evaluated using
this definition. This gives an average time reduction of 48.7% for the 23 Terra En-
ergy TRTs, with 13 TRTs exceeding the maximum reduction reported by Liu et
al. [12]. These results indicate that the STS approach achieves substantially larger
duration reductions than the previously reported R-C model results.
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In Table 11.3, negative differences indicate faster convergence of the STS model
relative to ILS, while positive differences indicate slower convergence. For the 10%
accuracy band, 18 TRTs show a reduction in convergence time and five show an
increase. For the 5% accuracy band, 20 TRTs show a reduction and three show an
increase. For the strict 2.71% accuracy band, 18 TRTs show a reduction and five
show an increase. This shows that the STS model generally reduces convergence
time, but not for every individual test. For the tests that showed an increase, no
clear pattern could be identified. The reliability and quality of the linear fits did not
appear to explain this behavior. The observed increase may be related to specific
operational conditions, such as rainfall or ambient temperature fluctuations, but this
remains speculative. The test data of all Terra Energy TRTS is shown in Appendix A.

The main reason for the reduced convergence time of the STS model compared
to ILS is most likely the ability of the STS model to use the early-time TRT data
that is discarded by the ILS methodology due to the standard 10 h cutoff time.
This is confirmed by the results for the realistic 5% accuracy band, where the aver-
age reduction in convergence time equals 9.8 h, which is very close to the 10 h cutoff.

To test the hypothesis that the time reduction achieved by the STS model is mainly
caused by the use of early-time data that is discarded in conventional ILS analysis,
the influence of the cutoff time should be further investigated. Figure 11.3 shows
the average convergence time reduction for the three selected accuracy bands as a
function of the STS cutoff time, varied between 1 h and 10 h. The figure addition-
ally shows the average deviation in calculated k-values between the STS and ILS
methodologies as a function of this cutoff time.

The results confirm the expected behavior. As the STS cutoff time increases, the
difference in convergence time between STS and ILS gradually decreases and even
becomes slightly positive for the larger accuracy bands when the cutoff exceeds ap-
proximately 8 h. At the same time, the relative difference between the calculated
k-values of both models decreases from approximately 4.5% for a 1 h cutoff to below
2% for a 10 h cutoff. This is expected because the measurement data used by both
models become increasingly similar as the STS cutoff approaches the 10 h cutoff used
for ILS. An additional observation is that the convergence time reduction decreases
more rapidly for the larger accuracy bands. As a result, only the strictest accuracy
band of 2.71% still shows a reduction in time over the full investigated cutoff range.
Interestingly, the 17.7 h time reduction corresponding to the 10% accuracy band is
significantly larger than the 10 h of previously discarded data. This is because the
early-time data dampens further measurement instabilities in the convergence test
and shows much more stable k-values. The effects of including the early-time data
are much stronger than originally expected.
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TABLE 11.3: Difference (Diff) in convergence times ¢. [h] for the ILS and STS
model using accuracy bands of 10%, 5%, and 2.71% for the 23 Terra Energy TRTS.
Negative differences indicate faster convergence of STS relative to ILS, while positive
differences indicate slower convergence. The bottom row shows the average time
reduction.

TRT te 10% [h] te 5% [h] te 2.71% [h]
ILS | STS | Diff || ILS | STS | Diff | ILS | STS | Diff
TRT1 | 40 | 9 4 | 1 64 | 41
TRT2 | 28 | 15 32 | 23 34 | 42
TRT3 | 37 | 11 39 | 35 51 | 39
TRT4 | 45 | 10 64 | 41 0 | 63
TRT5 || 18 | 33 36 | 43 38 | 57
TRT6 | 18 | 9 47 | 41 50 | 47
TRT7 | 12 | 2 12 | 3 22 | 4
TRT8 | 23 | 14 57 | 30 62 | 60
TRT9 || 33 | 18 35 | 23 36 | 26
TRT10 | 50 | 1 53 | 41 55 | 52
TRT11 | 25 | 9 28 | 19 49 | 37
TRT12 | 59 | 11 64 | 59 66 | 63
TRT13 | 12 | 21 22 | 37 35 | 46
TRT14 | 31 | 8 61 | 27 66 | 31
TRT15 | 15 | 17 52 | 48 60 | 63
TRT16 | 44 | 15 56 | 47 66 | 62
TRTI18 | 62 | 9 66 | 59 68 | 64
TRT19 | 50 | 9 58 | 48 63 | 56
TRT21 | 11 | 1 43 | 34 56 | 53
TRT22 | 51 | 50 64 | 62 68 | 66
TRT23 | 25 | 30 41 | 52 60 | 67
TRT24 | 42 | 22 59 | 25 63 | 37
TRT25 | 10 | 11 57 | 56 64 | 64

Aversge] 522 | 115 [ 171 | 0 [ w0 | w00 G
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FIiGURE 11.3: Average convergence time reduction of STS compared to ILS for
accuracy bands of 10%, 5%, and 2.71%, together with the average relative difference
in k between STS and ILS as a function of STS cutoff time, averaged over the 23
Terra Energy TRTS.

11.4 Sensitivity Analysis

As shown in Section 11.3, the STS model provides significant reductions in required
TRT duration. However, the model relies on a large number of input parameters,
many of which are associated with some level of uncertainty. It is therefore impor-
tant to evaluate the sensitivity of the STS methodology to these input parameters.

First, the sensitivity of the ILS model is analyzed. The relevant ILS input pa-
rameters are the borehole depth H, the borehole radius rp, the thermal diffusivity
a, and the undisturbed ground temperature T,,. Each of these parameters was var-
ied by +£10%, +25%, and +50% relative to its base value, after which the resulting
k- and Rj-values were recalculated. The relative deviation of the calculated output
parameters as a function of the applied input variation is shown in Figure 11.4(a)
for k and Figure 11.4(b) for R;.

The borehole depth H has a strong influence on k and propagates almost linearly
into the calculated result. The parameters rp, «, and T, show zero influence on the
calculated k-value, which is expected since they are not directly involved in the ILS
calculation of k.

For Rj, all four parameters have a significant influence. The undisturbed ground
temperature T, has by far the largest effect, where a perturbation in T, results
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in an approximately four times larger relative perturbation in R;. The borehole
depth H shows a similar influence as for k, while r, and « also have significant,
although smaller, effects on the calculated R;-values.
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FIGURE 11.4: Sensitivity analysis of the estimated k (a) and R; (b) to parameter
perturbations, averaged over the 23 TRTs, for the ILS model. Each curve represents
the relative change in the output parameter resulting from a +50%, +25%, and
+10% variation of a single input parameter, namely borehole length H, borehole
radius 73, thermal diffusivity «, or undisturbed ground temperature T, around the
baseline value.

The same sensitivity analysis was then performed for the STS model. The resulting
sensitivities are shown in Figure 11.5(a) for k£ and Figure 11.5(b) for R;. All pa-
rameters listed previously in Section 9.4 were evaluated. However, for visual clarity,
only the parameters that produced a relative influence larger than 5% on either k
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or R; over the full perturbation range are included in the figures. These parame-
ters are the borehole depth H, the thermal diffusivity «, the undisturbed ground
temperature T, the grout thermal conductivity k,, and the grout volumetric heat
capacity (pcp)g. It was not possible to test the influence of r;, due to geometrical
constraints inside the STS model, but it likely has similar behavior as for the ILS
model.
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FIGURE 11.5: Sensitivity analysis of the estimated k (a) and R; (b) to parameter
perturbations, averaged over the 23 TRTs, for the STS model. Each curve repre-
sents the relative change in the output parameter resulting from a £50%, +25%,
and +10% variation of a single input parameter, namely borehole length H, grout
volumetric heat capacity (pcp)y, thermal diffusivity o, undisturbed ground temper-
ature T, or grout thermal conductivity kg, around the baseline value.

85



11. TRANSIENT MODELING RESULTS

The influence of H and Ty, is very similar to the behavior observed for the ILS model.
The thermal diffusivity « also has a significant influence on both k and Rj, with a
larger influence on the calculated k-values compared to ILS. This is important since
« is generally not known precisely and must be estimated. The grout properties,
more specifically the thermal conductivity k, and volumetric heat capacity (pcp),g,
also have a noticeable influence on the STS results. This indicates that accurate
knowledge of the grout characteristics is important when applying transient TRT
models. In practice, these values are typically available from technical datasheets
provided by the grout supplier, making their uncertainty rather limited.

Interestingly, the variation in R caused by changes in « is much smaller for the
STS model than for the ILS model. This is likely because the ILS model represents
the borehole as an ideal line source that is directly and fully surrounded by the
ground, making the result more sensitive to the assumed ground diffusivity. In the
STS model, the borehole components are represented more explicitly, so the tran-
sient heat transfer first develops through the borehole materials before the ground
response becomes dominant. This reduces the direct influence of a on the estimated
R;. Although this result was unexpected, it suggests that the ST'S model may pro-
vide a more reliable basis for estimating R; than the ILS model, especially knowing
that « is a parameter with significant uncertainty.

The STS methodology has a larger number of required input parameters compared
to ILS, which can introduce more uncertainty. Nevertheless, the sensitivity analysis
shows that most of these additional parameters have only a limited influence on the
final TRT results. The main additional uncertainty source for k£ using STS com-
pared to ILS is the ground thermal diffusivity «, which affects the STS results and
is generally not precisely known. In contrast, the R; values are more sensitive to the
ground thermal diffusivity « for ILS compared to STS, which is an advantage for
STS. In any case, the overall effect of a remains much smaller than the influence of
Ts on the estimated Rj, which highlights the importance of the careful estimation
of T

11.5 Conclusion

This chapter evaluated the STS model using the 23 Terra Energy TRTs. The com-
parison with the conventional ILS model showed that STS provides consistent pa-
rameter estimates, with an average deviation of 3.65% for k and 6.03% for R;. The
agreement is stronger for £ than for Ry, which is expected because R} is more sen-
sitive to modeling assumptions and measurement uncertainty.

The main value of the STS model is not that it produces substantially different
final parameter estimates, but that it can reach comparable estimates earlier. The
convergence time was reduced on average by 17.7 h for the 10% accuracy band, 9.8 h
for the 5% accuracy band, and 5.5 h for the strict 2.71% accuracy band. The 5%
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accuracy band reduction is especially relevant because it is close to the 10 h early-
time interval normally discarded in ILS analysis. This interpretation is supported
by the cutoff-time analysis, which showed that the convergence advantage of STS
decreases as the STS cutoff time is increased toward the 10 h cutoff used in the
ILS analysis. This confirms that the reduction in required TRT duration is mainly
caused by the ability of the STS model to use early-time data that are discarded
in the conventional ILS approach. The larger reduction for the 10% band further
suggests that including early-time data not only extends the usable dataset, but also
stabilizes the early convergence behavior. Although this trend was clear on average,
not every individual TRT showed a reduction in convergence time.

In addition, when evaluated using the same definition as Liu et al. [12], namely
relative to the total TRT duration and with a 5% accuracy band, the STS ap-
proach achieved an average time reduction of 48.7% for the 23 Terra Energy TRTS,
significantly exceeding their reported TRT duration reductions between 21 and 46%.

The sensitivity analysis showed that the STS model introduces additional input-
parameter dependence, mainly through the thermal diffusivity . As in the ILS
model, the borehole depth H strongly affects k, while the undisturbed ground tem-
perature Tt is the dominant parameter for R;. However, most additional ST'S input
parameters have only limited influence. An interesting result is that the influence of
a on Ry is smaller for STS than for ILS, suggesting that the more explicit represen-
tation of the borehole components may reduce the dependence of R; on uncertain
ground diffusivity assumptions.

Overall, the STS model can be considered a consistent alternative to the conven-
tional ILS model for reducing TRT duration. It provides similar final parameter
estimates while making use of early-time data, with the practical reliability mainly
depending on the accuracy of H, T, and «.
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Chapter 12

Field Test Results

This chapter discusses the results of the conducted field tests, following the method-
ology explained in Chapter 10. Section 12.1 discusses the results of the three CP-
TRTs, while Section 12.2 discusses the results of the two CIT-TRTs. Finally, Sec-
tion 12.3 compares both TRT methods in terms of operational stability, parameter
estimation, and convergence behavior.

12.1 CP-TRTs

The three CP-TRTs were performed using the operating conditions listed previously
in Table 10.2. The main difference between the tests is the thermal power setpoint
of the electric heater, namely 2 kW, 4 kW, and 6 kW. CP-TRT1 and CP-TRT3 were
both performed on borehole B2, while CP-TRT2 was performed on borehole B3.
These boreholes are expected to be highly similar, apart from slight differences in
grout properties.

Section 12.1.1 discusses the test output, more specifically the measured fluid tem-
peratures and injected thermal power of the three CP-TRTs. Section 12.1.2 presents
the parameter estimation of Ti, k, and Rj. Section 12.1.3 then discusses the con-
vergence behavior of the parameter estimation.

12.1.1 Test Output
Fluid Temperatures

Figure 12.1 shows the evolution of the three measured temperatures as a function
of time for the three CP-TRTs. As expected, larger heater power setpoints result in
higher fluid temperatures throughout the test.

The measurements show small temperature peaks approximately every 24 hours.
These peaks are most pronounced for the heater supply temperature T5. Since they
consistently occur during the afternoon, they are most likely caused by ambient
temperature effects on the water inside the different components of the TRT device.
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Although these temperature fluctuations appear relatively small, they influence the
parameter estimation results, as discussed further in Section 12.1.2. The effect is
less pronounced in CP-TRT3 compared to the other two tests, especially during
the first 48 hours. This is likely due to a combination of the additional insulation
applied to the above-ground pipes between CP-TRT2 and CP-TRT3 and the milder
weather conditions during the first two days of CP-TRTS3.
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FIGURE 12.1: Measured fluid temperatures [°C| as a function of time [h] for CP-
TRT1, CP-TRT2, and CP-TRT3, showing T4, 15, and T3.

Thermal Power

The thermal power injected into the borehole is calculated as the product of the
volumetric flow rate V, the density p and heat capacity ¢cp of the fluid, and the tem-
perature difference between 77 and T3, following Equation 10.1. Figure 12.2 shows
the resulting thermal power for each CP-TRT.

In a CP-TRT, the injected thermal power should remain as constant as possible.
This is achieved reasonably well for all three tests. The observed fluctuations are
comparable to CP-TRT data published in literature, for example by Aydin et al. [26],
shown previously in Figure 3.2. These variations are partly caused by the resolution
of the flow and temperature sensors.

The periodic peaks are also visible in the thermal power profiles. Another observa-
tion is that the average injected thermal powers, namely 1.7 kW, 2.8 kW, and 4.1
kW, are significantly lower than the installed electric heater powers of 2 kW, 4 kW,
and 6 kW. This corresponds to thermal losses of 15%, 30%, and 32%, respectively.
In other words, a considerable part of the thermal power generated by the heater is
lost to the environment instead of reaching the borehole.
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Compared to values typically reported in literature, these thermal losses are rela-
tively large, although still realistic for this type of setup. The large buffer tank likely
contributes to these losses, since the heated water remains in the system longer be-
fore entering the borehole. Improved insulation of all components would most likely
reduce these thermal losses further. An interesting observation is that the relative
thermal losses for CP-TRT3 remain similar to those of CP-TRT?2, despite the higher
thermal power setpoint. This indicates that the additional insulation applied to the
above-ground pipes, as discussed in Section 7.4.1, effectively reduced the heat losses
to the environment.
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FIGURE 12.2: Thermal power kW] calculated from measured V, T}, and T3 as a
function of time [h] for CP-TRT1, CP-TRT2, and CP-TRT3.

12.1.2 Parameter Estimation
Undisturbed Ground Temperature T,

As explained in Section 10.2.2, the undisturbed ground temperature T, is deter-
mined by circulating the fluid through the borehole without activating the heater
and analyzing the resulting temperature response over time. Figure 12.3 shows the
response of the inlet and outlet temperatures 77 and 73 during one hour of circu-
lation without activating the heater for CP-TRT1. The other two tests showed a
similar result.

In this TRT setup, the measured temperatures are influenced by the water vol-
ume inside the buffer tank. Ideally, the circulation test would be performed without
a buffer tank, so that only the fluid temperature inside the borehole affects the mea-
surements. Alternatively, a temperature probe inside the borehole would provide a
more direct measurement.
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Because the objective is to capture the temperature of the water originally present
in the borehole, rather than that of the water in the buffer tank, it is more ap-
propriate to consider only the first ten minutes of circulation. During this initial
period, the average temperature is 12.3°C for CP-TRT1. The measurements show
that the fluid temperatures stabilize around 6 to 9 minutes, which is likely close
to the average temperature of the water that was inside the borehole. Afterwards,
the measured temperature gradually increases, most likely due to the influence of
the warmer water inside the buffer tank, which had a temperature of approximately
15 °C before the start of the test. This demonstrates that accurately estimating
To becomes more difficult when the initial buffer tank temperature differs from the
actual ground temperature.

Following the recommendations of Gehlin and Nordell [25], discussed previously
in Section 10.2.2, Ty, is typically determined after approximately 20 minutes of
circulation. However, considering the higher flow rate used in this setup and the
temperature response shown in Figure 12.3, T, is determined after 10 minutes of
circulation as the average of 71 and T3. The T values for all CP-TRTs were deter-
mined using the same methodology and are shown in Table 12.1.
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FIGURE 12.3: Borehole inlet temperature 77 and borehole outlet temperature T3
during one hour of circulation without heater activation for CP-TRT1.

Thermal conductivity & and borehole resistance R;

Figure 12.4 shows the mean fluid temperature, calculated as the average of T} and T3,
together with the linear fit corresponding to the ILS solution. The obtained linear
fits are reasonably good and comparable to CP-TRT results reported in literature,
such as the example shown in Figure 5.2 based on the measurement data of Aydin
et al. [26]. The resulting parameter values are shown in Table 12.1. The obtained k-
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FIGURE 12.4: Mean fluid temperature T'¢(¢) [°C] and corresponding linear ILS fit
as a function of In(¢), with ¢ in hours, for CP-TRT1, CP-TRT2, and CP-TRT3.

values are 1.728, 1.793 and 1.865 W/(mK) for CP-TRT1, CP-TRT2, and CP-TRT3,
respectively. These values seem realistic, since they are relatively close to each other
and reasonably consistent with geological estimates. For this location and borehole
depth, Smart Geotherm predicts a k-value of 2.1 W/(mK), which is slightly higher
than the values obtained from the CP-TRTs but still within a plausible range. The
corresponding MAPE values are 2.52 %, 1.40 %, and 0.87 %, and are shown as a
percentage deviation behind the parameter estimations in Table 12.1. The downward
trend suggests an increased measurement quality, and the value of CP-TRT3 is of a
similar order of magnitude as the value of 0.50% for a CP-TRT reported by Aydin
et al. [26].

TABLE 12.1: Overview of the CP-TRT results, including operating conditions, es-
timated parameters, and fit quality.

Test Power| Flow T k Ry MAPE
kW] | rate | [°C] | [W/(mK)] | [mK/W] | [%]
[m? /h]
CP-TRT1 2 2.4 12.3 1.728 0.133 2.52
CP-TRT2 4 2.4 12.4 1.793 0.135 1.40
CP-TRT3 6 2.4 13.2 1.865 0.112 0.87

The corresponding Rj-values are 0.133, 0.135, and 0.112 mK /W. These values also
lie relatively close to each other, although R; is more borehole-specific and generally
more sensitive to measurement uncertainty than k. The multipole method, intro-
duced in Chapter 5, is an a priori method used for estimating R; and results in a
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value of 0.118 mK /W for CP-TRT1 and CP-TRT3, and a value of 0.114 mK/W
for CP-TRT2, with the only difference being the grout thermal conductivities of the
boreholes. This matches reasonably well with the obtained CP-TRT estimates, es-
pecially with CP-TRT3. CP-TRT1 and CP-TRT3 were both performed on borehole
B2, but still result in a noticeable difference in R;. This difference may be re-
lated to the changed insulation conditions and the influence of ambient temperature
fluctuations.

12.1.3 Convergence

Figures 12.5(a), 12.5(b), and 12.5(c) show the convergence tests for the three CP-
TRTs. Clear differences are observed between the tests. CP-TRT1 shows significant
fluctuations and poor convergence, while CP-TRT2 shows improved convergence.
CP-TRT3 shows strong convergence, with an identical k-value of 1.865 W/(mK) for
cutoff times of 10 h, 20 h, and 30 h. A cutoff time of 40 h is also shown to evaluate
further convergence, but this is generally too close to the end of the test.
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F1GURE 12.5: Convergence tests for CP-TRT1 (a), CP-TRT2 (b), and CP-TRT3
(c), showing the k-values calculated with the ILS model as a function of time for
cutoff times of 10 h, 20 h, 30 h, and 40 h.

This improved convergence is directly linked to the reduced temperature fluctua-
tions during the first 30 hours of CP-TRT3, indicating a lower influence of ambient
conditions on the measurements. This was most likely caused by a combination of
the additional insulation applied to the above-ground pipes and the milder weather
conditions during the test period.
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The convergence of CP-TRT3 shows that the developed TRT device can gener-
ate stable CP-TRT data under favorable operating conditions. If this behavior is
reproduced in future CP-TRTs, it suggests that this TRT device is suitable for
industry use.

12.2 CIT-TRTs

The two CIT-TRTs were performed on different boreholes using the operating con-
ditions listed previously in Table 10.2. CIT-TRT1 was performed with a heater
supply temperature setpoint of 20 °C, while CIT-TRT?2 had a setpoint of 30 °C. A
major operational difference between both tests was the additional insulation of the
heater temperature sensor before CIT-TRT2, as explained in Section 7.4.2.

The CIT-TRT results are discussed using the same structure as for the CP-TRTs.
Section 12.2.1 discusses the measured fluid temperatures and injected thermal power.
Section 12.2.2 presents the parameter estimation results, focusing mainly on the
thermal conductivity k. The T,-values are determined using the same methodol-
ogy as for the CP-TRTs and are therefore only reported in the results table. Sec-
tion 12.2.3 then discusses the convergence behavior of the CIT-TRTs.

12.2.1 Test Output
Fluid Temperatures

Figure 12.6 shows the evolution of the three measured temperatures as a function
of time for the two CIT-TRTs. The Tx(t) line represents the heater supply tem-
perature, which is the actively controlled temperature in the CIT-TRT setup. For
CIT-TRT1, the fluctuations around the setpoint are clearly larger than for CIT-
TRT2. The more stable behavior of CIT-TRT2 has two plausible explanations.
First, the heater supply temperature sensor was better insulated before CIT-TRT?2,
reducing the direct influence of ambient temperature on the control signal. Second,
the higher temperature setpoint may make the relative influence of ambient temper-
ature smaller. Since CIT-TRT2 was performed under high ambient temperatures at
the end of May 2026, the improved insulation of the temperature sensor is likely the
dominant explanation. This difference between CIT-TRT1 and CIT-TRT?2 is impor-
tant because fluctuations in the controlled temperature directly affect the thermal
power profile and therefore the parameter estimation. As discussed in Section 12.2.2,
the unstable temperature control of CIT-TRT1 strongly affects the reliability of the
resulting analysis.

Thermal Power

Figure 12.7 shows the calculated thermal power injected into the borehole during
the two CIT-TRTs. Both tests show a large initial peak, during which the electric
heater delivers high thermal power to reach the temperature setpoint as quickly as
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FIGURE 12.6: Measured fluid temperatures [°C] as a function of time [h] for CIT-
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possible. After this initial phase, the thermal power gradually decreases toward a
more stable value as the ground and borehole system heat up.
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FIGURE 12.7: Thermal power [kW] calculated from measured V, Ty, and T3 as a
function of time [h] for CIT-TRT1 and CIT-TRT2.

The initial peak is earlier and shorter for CIT-TRT1, because the 20 °C' setpoint
is reached faster than the 30 °C setpoint of CIT-TRT2. The overall shape corre-
sponds to the CIT-TRT data published by Aydin et al. [26], shown previously in
Figure 3.3. However, important differences remain. For CIT-TRT1, the tempera-
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ture fluctuations are clearly reflected in the thermal power profile. CIT-TRT2 shows
a more stable thermal power evolution, although the variations remain larger than
in the literature example. These remaining variations are likely caused by residual
temperature-control fluctuations and by the limited resolution of the flow meter.

12.2.2 Parameter Estimation
Undisturbed Ground Temperature T,

The undisturbed ground temperature T, is determined using the same procedure
as for the CP-TRTs. Therefore, the procedure is not repeated here. The resulting
T values for the two CIT-TRTs are shown in Table 12.2.

Thermal conductivity & and borehole resistance R;

Figure 12.8 shows the inverse of the thermal power per unit borehole length 1/¢(t),
together with the linear fit corresponding to the constant-temperature analytical
solution. The linear fit of CIT-TRT?2 is reasonably consistent with the example
shown in Figure 5.3, based on the measurement data of Aydin et al. [26], although
the scale is different. In contrast, CIT-TRT1 shows large fluctuations that stem from
the temperature fluctuations that were shown earlier. The results of CIT-TRT1 are
therefore likely unreliable, although the calculated k-value from this measurement
seems realistic.
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FIGURE 12.8: Inverse thermal power per unit borehole length 1/¢(t) [m/W] and
corresponding linear fit as a function of In(¢), with ¢ in hours, for CIT-TRT1 and
CIT-TRT2.

The resulting k-values are shown in Table 12.2. The obtained values are 2.02
W/(mK) for CIT-TRT1 and 2.53 W/(mK) for CIT-TRT2. The value obtained
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for CIT-TRT1 is close to the Smart Geotherm estimate of 2.1 W/(mK), but the
reliability of this result is limited by the strong fluctuations in the thermal power
profile. The value obtained for CIT-TRT2 is higher than both the CP-TRT results
and the Smart Geotherm estimate. This may be related to differences between bore-
holes, the higher temperature setpoint, remaining measurement fluctuations, or an
inherent difference in CIT-TRT and CP-TRT results. The corresponding MAPE
values are 12.78% and 4.27%, and are shown as a percentage deviation behind the
parameter estimations in Table 12.2. This shows the low measurement quality of
CIT-TRT1 and the improvement for CIT-TRT2, although the MAPE remains sig-
nificantly higher than for the CP-TRTs. This is the same conclusion as Aydin et
al. [26] found, as their CIT-TRT showed a MAPE of 2.9%. It suggests that CIT-
TRTs show larger measurement fluctuations and therefore have a larger uncertainty.

Compared to CIT-TRT1, CIT-TRT2 shows a more stable controlled temperature
and a more reliable linear fit. This indicates that additional insulation of the heater
supply temperature sensor significantly improves the quality of the CIT-TRT mea-
surement data. Further reducing ambient temperature effects would likely improve
the reliability of the CIT-TRT results. In any case, more CIT-TRTs should be
performed to draw firm conclusions. To determine the reliability and the stabil-
ity of the results, it is important to look at the convergence, which is discussed in
Section 12.2.3.

TABLE 12.2: Overview of the CIT-TRT results, including operating conditions,
estimated thermal conductivity, and fit quality.

Test Temperature| Flow rate Ty k MAPE
[°Cl [m?/h] [Cl | W/(mK)] [%]
CIT-TRT1 20 2.4 13.0 2.02 12.78
CIT-TRT2 30 2.4 13.0 2.53 4.27

12.2.3 Convergence

Figures 12.9(a) and 12.9(b) show the convergence tests for CIT-TRT1 and CIT-
TRT2. The convergence behavior differs strongly between the two tests. CIT-TRT1
shows poor convergence, which is consistent with the large temperature and ther-
mal power fluctuations observed in Figures 12.6 and 12.7. The estimated k-value
remains sensitive to the selected fitting window, indicating that the measurement
data is not sufficiently stable for reliable convergence.

CIT-TRT2 shows improved convergence behavior compared to CIT-TRT1. This
is consistent with the more stable heater supply temperature and smoother thermal
power profile. However, the convergence is still worse than CP-TRT3. This indicates
that the practical stability of the temperature-control system is a decisive factor for
the performance of CIT-TRTs. A possible explanation for the poorer convergence
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compared to the CP-TRTs is that the current TRT device is better suited for CP-
TRT operation than for CIT-TRT operation. The CIT-TRT results may also have
been affected by the warm ambient conditions during CIT-TRT2, or by an inherent
sensitivity of CIT-TRTs to temperature-control fluctuations. Additional tests are
required to evaluate these hypotheses.
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FIGURE 12.9: Convergence tests for CIT-TRT1 (a) and CIT-TRT2 (b), showing
the k-values calculated as a function of time for cutoff times of 10 h, 20 h, and 30 h.

12.3 Comparison of CP- and CIT-TRTs

The CP- and CIT-TRTs are compared based on operational stability, parameter
estimation, and convergence time. In terms of operational stability, the CP-TRTs
performed more reliably than the CIT-TRTs. The injected thermal power in the
CP-TRTs remained reasonably stable, although thermal losses and daily ambient-
temperature effects were still visible. For the CIT-TRTs, the controlled heater supply
temperature was more sensitive to ambient temperature effects. This was especially
clear for CIT-TRT1, where the fluctuations in 75 strongly affected the calculated
thermal power. CIT-TRT2 showed a substantial improvement after additional sensor
insulation, confirming the importance of proper insulation for CIT-TRT operation.

In terms of parameter estimation, the CP-TRTs produced consistent k-values be-
tween 1.728 and 1.865 W/(mK). These values are somewhat lower than the Smart
Geotherm estimate of 2.1 W/(mK), but remain within a realistic range. The CIT-
TRTs produced k-values of 2.02 and 2.53 W/(mK). CIT-TRT1 is close to the ge-
ological estimate, but its reliability is limited by strong measurement fluctuations.
CIT-TRT?2 shows better measurement stability, but gives a higher k-value than the
CP-TRTs and the Smart Geotherm estimate.

Table 12.3 summarizes the convergence times for the estimated k-values of all field
tests. For the strict 2.71% accuracy band, CIT-TRT1 and CIT-TRT2 reach conver-
gence after 95.2 h and 90.3 h, respectively. For the 5% accuracy band, the corre-
sponding convergence times are 94.5 h and 67.5 h. For the 10% accuracy band, they
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are 84.0 h and 44.8 h. These values show that CIT-TRT2 clearly performs better
than CIT-TRT1, but that the CIT-TRTs show significantly slower convergence than
the CP-TRTs in the conducted field tests. Based on these results, the hypothesis
that CIT-TRTs reach stable parameter estimates faster and can therefore reduce
the required TRT duration is not confirmed. However, additional CIT-TRTs with
improved thermal stability are needed before a definitive conclusion can be drawn.

TABLE 12.3: Convergence times t. for the estimated thermal conductivity k& of the
CP- and CIT-TRTs for accuracy bands of 2.71%, 5%, and 10%.

Test ||t 2.71% [h]| t.5% [h] | t. 10% [h] |
CP-TRT1 90.4 58.1 35.1
CP-TRT?2 82.0 57.3 38.6
CP-TRT3 49.4 26.1 21.1
CIT-TRT1 95.2 04.5 84.0
CIT-TRT2 90.3 67.5 44.8

12.4 Conclusion

This chapter presented the results of the field tests performed with the developed
TRT device. The CP-TRTs produced realistic and relatively consistent k-values be-
tween 1.728 and 1.865 W/(mK), which are somewhat lower than but still reasonably
close to the Smart Geotherm estimate of 2.1 W/(mK). The measurement quality
improved over the three CP-TRTs, as shown by the decreasing MAPE values of
2.52%, 1.40%, and 0.87%. This improvement was also reflected in the convergence
behavior, as CP-TRT3 showed the most stable result, with the same k-value obtained
for cutoff times of 10 h, 20 h, and 30 h. These results show that the developed de-
vice is ready for industry use in CP-TRT operating mode, provided that sufficient
insulation and stable operating conditions are maintained.

The CP-TRTs also revealed an important practical limitation of the setup. The
average injected powers were 1.7, 2.8, and 4.1 kW for heater setpoints of 2, 4, and
6 kW, corresponding to thermal losses of 15%, 30%, and 32%. These losses are
relatively large and show that further insulation of the above-ground components
remains important. Nevertheless, the improved behavior of CP-TRT3 indicates that
the applied insulation measures already reduced the influence of ambient conditions
on the measurements.

The CIT-TRTs showed that constant inlet temperature testing is possible with the
developed device, but also that the method is highly sensitive to temperature-control
stability. CIT-TRT1 was strongly affected by temperature and power fluctuations,
resulting in a high MAPE of 12.78%. CIT-TRT2 improved after additional insula-
tion of the heater supply temperature sensor, reducing the MAPE to 4.27%, but its
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convergence remained worse than that of the best CP-TRT. The CIT-TRTs there-
fore showed clear improvement after insulation, but still larger uncertainty than the
CP-TRTs.

Overall, the field tests confirm that the developed device is currently better suited
for CP-TRT operation than for CIT-TRT operation. In this setup, the hypothe-
sis that CIT-TRTs reach stable parameter estimates faster than CP-TRTs was not
confirmed. The main limitation of the CIT-TRTs was not the analytical method
itself, but the practical stability of the temperature-control system and its sensitiv-
ity to ambient conditions. Additional CIT-TRTs with improved thermal control are
required before drawing general conclusions about the performance of CIT-TRTs
relative to CP-TRTs.
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Chapter 13

Conclusion

This thesis investigated whether the required duration of thermal response tests can
be reduced by incorporating transient borehole effects into the analysis and com-
pared CP-TRTs with CIT-TRTs. This chapter formulates a comprehensive answer
to the research questions introduced in Chapter 1. The research focused on three
elements: the implementation of the STS model on the Terra Energy dataset (RQ1),
the development of a TRT device (RQ2), and the experimental comparison between
CP- and CIT-TRTs (RQ3).

Implementation of the STS model (RQ1)

The clearest result of this thesis is that transient borehole modeling can reduce the
required duration of CP-TRTs. The STS model, applied to the 23 Terra Energy
TRTs, produced thermal conductivity k£ and borehole resistance R estimates that
were in good agreement with the conventional ILS model. The average deviation
between ILS and STS was 3.65% for the thermal conductivity k& and 6.03% for the
effective borehole thermal resistance Rj;. This indicates that the ST'S model remains
close to the conventional interpretation while allowing earlier parts of the TRT data
to be used.

The main advantage of the STS model was observed in the convergence analy-
sis. Compared to the conventional ILS approach, the average convergence time was
reduced by 17.7 h for the 10% accuracy band, 9.8 h for the 5% band, and 5.5 h
for the strict 2.71% band. Relative to the average Terra Energy test duration of
approximately 73 h, these reductions correspond to 24.2%, 13.4%, and 7.5%, re-
spectively. The most practically relevant result is the reduction of 9.8 h for the 5%
accuracy band, since this band is close to typical TRT uncertainty and approxi-
mately corresponds to the 10 h early-time interval discarded in the ILS approach.
This interpretation was confirmed by the cutoff-time analysis, which showed that
the convergence advantage of STS decreases as the STS cutoff time is increased to-
ward the 10 h cutoff used in the ILS analysis. The larger reduction of 17.7 h for the
10% band suggests that the early-time data does not only extend the usable dataset,
but also stabilizes the early convergence behavior of the calculated k-values. When
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evaluated using the same reduction definition as Liu et al. [12], namely relative to
the total TRT duration and with a 5% accuracy band, the STS approach achieved
an average reduction of 48.7%, significantly exceeding their reported TRT duration
reductions between 21 and 46%.

This allows an answer to RQ1. Incorporating transient borehole effects through the
STS model is an effective way to reduce the required duration of CP-TRTs while
maintaining thermal conductivity estimates close to the conventional ILS model.
The reduction is not obtained for every individual test, but the overall trend across
the 23 TRTs is significant. The main practical advantage is that this reduction
is achieved through improved data interpretation, without changing the physical
TRT setup. The only disadvantages are the additional input parameters, higher
sensitivity of k to some uncertain parameters, especially «, and slightly increased
computational effort. However, the influence of o on R; was smaller for STS than
for ILS, which is an unexpected advantage of the STS model for estimating Rj.

Development of the TRT device (RQ2)

The developed TRT device successfully performed both CP- and CIT-TRTs. The
CP-TRT results were realistic and relatively consistent, with thermal conductivities
of 1.728, 1.793, and 1.865 W/(mK). The measurement quality improved through-
out the CP-TRTS, as shown by the decreasing MAPE values of 2.52%, 1.40%, and
0.87%. Convergence behavior also improved from CP-TRT1 to CP-TRTS3, suggest-
ing that the system became more stable during operation. CP-TRT3 even showed
identical final k-values for cutoff times of 10 h, 20 h, and 30 h. These results show
that the TRT device is ready for industry use in CP-TRT operating mode, provided
that sufficient insulation and stable operating conditions are maintained.

At the same time, the field tests revealed several practical limitations, especially
ambient temperature effects, heat losses, and the influence of the buffer tank on the
determination of T,,. These effects were reduced by additional insulation, but not
fully eliminated. Further improvements are therefore still possible, including im-
proved insulation, ambient temperature control, a bypass or redesign of the buffer
tank, and optimization of the measurement interval and flow rate measurement.

This allows an answer to RQ2. A TRT device capable of performing both CP- and
CIT-TRTs was successfully developed and generated useful experimental datasets,
particularly for CP-TRTs. The device can produce stable CP-TRT data under suf-
ficiently controlled field conditions. However, further improvements are required
before CIT-TRTs can be considered equally reliable.

Experimental comparison between CP- and CIT-TRTs (RQ3)

The comparison between CP- and CIT-TRTs was less conclusive. This is mainly be-
cause larger datasets are needed to draw clear conclusions. The CIT-TRTs showed
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the expected thermal behavior, with an initially high thermal power peak followed
by a gradual decrease toward a more stable condition. However, CIT operation
proved more sensitive to control instability because the imposed boundary condi-
tion depends directly on the heater supply temperature. Any fluctuation in this
controlled temperature directly affects the thermal power profile and therefore the
parameter estimation. This was also reflected in the MAPE values: CIT-TRT1 had
a MAPE of 12.78%, while CIT-TRT2 improved to 4.27% after additional insulation
of the heater supply temperature sensor. These values are higher than for the CP-
TRTs, indicating larger measurement uncertainty for the CIT-TRTs in this setup.

This sensitivity affected the results. CIT-TRT1, performed at 20°C', was strongly
disturbed by temperature fluctuations. CIT-TRT2, performed at 30°C' after addi-
tional insulation of the heater supply temperature sensor, improved substantially.
Nevertheless, the derived thermal conductivity value of 2.53 W/(mK) for CIT-TRT2
differs significantly from the CP-TRT-derived values and the Smart Geotherm esti-
mate. The convergence times likewise did not show an advantage for CIT-TRTs in
this setup. CP-TRT3 reached the 10%, 5%, and 2.71% bands after 21.1 h, 26.1 h,
and 49.4 h, respectively, while CIT-TRT2 required 44.8 h, 67.5 h, and 90.3 h. The
hypothesis that CIT-TRTs could inherently provide a shorter TRT duration is there-
fore not confirmed.

This allows an answer to RQ3. In the conducted field tests, CP-TRTs were more
robust, produced more consistent parameter estimates, and converged faster than
CIT-TRTs. The hypothesis that CIT-TRTs can reduce the required TRT duration
was therefore not confirmed in this experimental setup. However, this conclusion is
based on only two CIT-TRTs and should not be generalized without further testing.
CIT-TRTs remain theoretically interesting, but their practical performance depends
strongly on temperature-control stability and shielding from ambient influences.

Main Research Question

The main research question of this thesis was:

To what extent can the required duration of TRTs be reduced
by incorporating transient borehole effects into the TRT anal-
ysis, and how do CP- and CIT-TRTs compare in terms of pa-
rameter estimation and test duration?

The overall answer is that the required duration of CP-TRTs can be reduced effec-
tively by including transient borehole effects in the interpretation model. For the
Terra Energy dataset, the STS model shortened the average convergence time by
17.7 h, 9.8 h, and 5.5 h for the 10%, 5%, and 2.71% accuracy bands, while maintain-
ing good agreement with the conventional ILS interpretation. This demonstrates
that meaningful time savings can be achieved through improved modeling rather
than changes to the physical test setup.
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In contrast, the conducted CIT-TRTs did not reduce the required test duration.
Although they showed the expected thermal response, they were more sensitive to
temperature-control instability and ambient influences, resulting in less stable pa-
rameter estimation and slower convergence than the CP-TRTs in this experimental
setup.

Therefore, the central conclusion of this thesis is that transient borehole model-
ing is a practically effective method to reduce TRT duration, while CIT-TRTs were
not shown to reduce test duration in the developed experimental setup. Larger
CIT-TRT datasets are needed to draw clear conclusions.
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Chapter 14

Suggestions for Future Research

This chapter presents recommendations for future research and for the practical
development of TRT devices. Section 14.1 discusses practical design lessons from
the developed TRT device and identifies possible improvements to the specific setup
used in this research. Section 14.2 discusses further work related to transient bore-
hole modeling. Section 14.3 focuses on future research on CIT-TRTs and their
comparison with conventional CP-TRTs.

14.1 TRT device

14.1.1 Guidelines for future TRT device builders

Several practical lessons were learned during the design and operation of the TRT
device, as discussed in Chapter 7. These lessons can be useful for future TRT device
development.

First, the required device complexity depends strongly on the intended test type.
If the device is only intended for CP-TRTs, the design can be simplified consider-
ably. For example, the buffer tank could be removed or reduced in size, and the
electric heater could be replaced by electrical resistance heaters. This would reduce
device size, investment cost, transport cost, and operational complexity. However,
the buffer tank also proved useful for both test types, especially for CIT-TRTs. It
reduced temperature fluctuations caused by heater instability and external distur-
bances. Removing the buffer tank would therefore probably reduce test quality. A
smaller buffer tank could be a better compromise, since it would retain part of the
stabilizing effect while reducing cost and size.

The buffer tank also affects the determination of the undisturbed ground tempera-
ture T, which has a significant influence on borefield sizing. It is therefore recom-
mended to consider a bypass that allows the buffer tank to be decoupled during the
To measurement. However, pump heating could negatively affect the measurement.
For this reason, reducing the buffer tank volume may be a more practical solution.
In any case, the measurement of T, should be considered explicitly during design.
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Ambient temperature was the most important external disturbance observed during
the measurements. It affected the stability of the TRT data, which can lead to less
reliable parameter estimation and longer required test durations. Therefore, the
influence of ambient temperature should be minimized as much as possible. This
requires limiting the above-ground pipe length and carefully insulating all above-
ground components. A smaller container is useful for transport, but the device still
needs sufficient shielding from solar radiation and adequate insulation. Additional
temperature control by ventilation or cooling could also be investigated.

In conclusion, a TRT device should be kept as compact as possible to reduce trans-
port and investment costs. However, insulation and shielding should not be com-
promised, because they directly affect test quality. The design should also explicitly
consider the measurement of T, since the optimal configuration for this measure-
ment may differ from normal TRT operation.

14.1.2 Further TRT device research

Several aspects of the developed TRT device should be investigated further to im-
prove test quality. The determination of T,, should be considered carefully. As
discussed above, this could be improved by design changes such as adding a bypass
around the buffer tank or reducing the buffer tank volume.

The measurement interval could be optimized further. It was set to 30 seconds
for all measured variables. A longer interval would improve the flow-rate resolution,
because more pulses would be counted per measurement period. However, it would
also reduce the temporal resolution of the temperature measurements, which may
affect the calculated thermal power. This trade-off could be optimized in future
research. A better solution would be to keep a short measurement interval for the
temperature sensors while using a longer interval for the flow meter. This was not
possible with the data acquisition system used in this research, but it is physically
possible.

The flow rate could also be optimized further. Future research could examine the
effect of both lower and higher flow rates on test quality. A higher flow rate improves
heat transfer and allows the system to react faster to control changes. The disad-
vantages are higher operational costs and the need for a larger and more expensive

pump.

Finally, the selected power and temperature setpoints could be studied further. This
research does not draw clear conclusions on which setpoints lead to the best test
quality. For CIT-TRTs, the temperature setpoint should at least be higher than
the maximum expected ambient temperature, to reduce the influence of ambient
temperature on the test. However, higher power and temperature setpoints also
increase operational costs.
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14.2 Transient modeling

The transient modeling results in this research showed a clear reduction in required
TRT duration. The Terra Energy dataset showed positive results for different loca-
tions, boreholes, flow rates, ambient conditions, and operating conditions. A relevant
next step is the development of active stopping criteria for practical TRT operation.
In current practice, TRT operators often use a fixed test duration. Instead, the test
could be stopped when the estimated k-value remains within a defined convergence
band for a specified period of time. Such stopping criteria can also be used with
conventional models, but they are especially relevant for evaluating the actual time
reduction enabled by the STS model.

Another possible research direction is the implementation of the STS model for
CIT-TRTs. This was not investigated in this research because no suitable datasets
were available. However, it could become relevant if CIT-TRTs are used more widely
in practice.

14.3 CIT-TRTs

The CIT-TRTs performed in this research did not show a clear advantage over CP-
TRTs. Nevertheless, further research is needed before drawing general conclusions
about the method. A first step should be to improve the TRT device design so that
CIT-TRTs can be performed under more stable operating conditions.

After improving the experimental setup, further research should investigate whether
the observed difference between CP- and CIT-derived parameter estimates remains
present. If such a discrepancy remains, it should be examined why it occurs and
which test method gives results that are closer to the actual ground and borehole
properties. A useful starting point would be to generate additional high-quality
CP- and CIT-TRT datasets on the same borehole using the same TRT device. The
device developed in this research could be used for this purpose. A larger dataset is
needed to draw more reliable conclusions, since the current literature on CIT-TRTs
remains limited.

111






Appendix A

Terra Energy TRTs

This appendix presents the measurement data of all 25 Terra Energy CP-TRTs. It
shows the mean fluid temperatures T 7 in °C and the borehole injected thermal pow-
ers (Q in W as a function of time for the entire TRT duration. Figure A.1 presents
TRT1 and TRT2. Figure A.2 presents TRT3 to TRTS8, Figure A.3 presents TRT9
to TRT14, Figure A.4 presents TRT15 to TRT20, and Figure A.5 presents TRT21
to TRT25.
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FIGURE A.1: Fluid temperature Tf and thermal power @) as a function of time for
Terra Energy TRT1 and TRT?2.
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a student you are responsible for fur-
ther checking and verifying the absence
or correctness of references; do not just
copy-paste it.

For

generating

programming

code

ChatGPT

Use of GenAl for coding is allowed except
when it is prohibited by the teacher or the
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For generating This use of GenAl is allowed except when it
new (research) is prohibited by the teacher or the program
ideas of study. Correctly mention the use of GenAl
assistance in accordance with the instructions
on the page on being transparent about the
use of GenAl.
Be careful:

o Further verify in this case whether the
idea is novel or not. It is likely that it
is related to existing work. If so, that
existing work should be correctly
referenced in the text (without such
reference you would be committing pla-
giarism and thus committing an irregu-
larity).

For generating Use of GenAl for generating synthetic data is

synthetic data

allowed, provided that it is methodologi-
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GenAl assistance in accordance with the in-
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about the use of GenAl.
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For generating
blocks of text
(other than the
allowed use with-
out referencing
mentioned above)

According to Article 84 of the Regulations
on Education and Examinations your text
should allow to correctly and properly assess
your own knowledge, understanding and skills.
Therefore, inserting blocks of text with-
out quotes and a reference to GenAl as-
sistance in your work is not allowed.

Be careful:

e If it is really needed to insert a block
of text from a GenAl tool, for instance
because of the nature of your assign-
ment, mention it as a citation by using
quotes and correctly mention the use of
GenAl assistance in accordance with the
instructions page on being transparent
about the use of GenAl.

e However, in general, such GenAl use
should be kept to an absolute mini-
mum; you should always check the orig-
inal sources.

For generating vi-
suals, video or au-

dio

Use of GenAl for generating visuals, audio or
video is allowed except when it is prohibited
by the teacher or the program of study.

Be careful:

o If used, refer to GenAl for visuals ac-
cording to the usual referencing style,
following the instructions on the page on
referencing GenAl.

e If you work with existing visuals, audio
or video, that existing work should
be correctly referenced in the text
(without such reference you would be
committing plagiarism and thus an ir-
regularity).

o Explain the usage in the methods section
(if there is one) and optionally attach (or
link to) the prompts with the full output
(or history).
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Other use (spec-
ify here; this may
also include a
combination of
types of use men-
tioned above):

To make sure other use of GenAl is allowed
within the course or thesis, and if so, the con-
ditions that may apply, contact the teaching
staff of the course or the supervisor of the
thesis beforehand and explain the intended
GenAl use. Also inform the programme direc-
tor.

Motivate how you would comply with Article
84 of the exam regulations. Explain the use
and the added value of the AI tool you con-
sider to use and how it is in accordance with
the assignment or thesis and the KU Leuven
guidelines on responsible use of Generative Al
tools.

Depending on the kind of GenAl use, it may
be needed to properly reference it in the text,
in accordance with the instructions page on
being transparent about the use of GenAl.

133



https://www.kuleuven.be/english/genai
https://www.kuleuven.be/english/genai
https://www.kuleuven.be/english/genai
https://www.kuleuven.be/english/education/student/educational-tools/generative-artificial-intelligence#Transparency
https://www.kuleuven.be/english/education/student/educational-tools/generative-artificial-intelligence#Transparency

	Preface
	Abstract
	List of Figures and Tables
	List of abbreviations and symbols
	Introduction
	Background and motivation
	Research Questions
	Thesis Outline

	Literature Study
	Geothermal Heat and Boreholes
	Ground-source heat pumps
	Boreholes and Borefields
	Borefield Sizing
	Ground Design Parameters
	Conclusion

	Thermal Response Tests
	Basic Principle of a TRT
	TRT Types
	Conclusion

	Analytical Borehole Modeling
	General Heat Conduction Equation
	External Borehole Models for CP-TRT
	External Borehole Model for CIT-TRT
	G-functions
	Internal Borehole Model
	Conclusion

	TRT Parameter Estimation
	Undisturbed Ground Temperature T
	Effective Thermal Conductivity k
	Effective Thermal Borehole Resistance Rb*
	Conclusion

	Transient Borehole Modeling
	Motivation for Transient Borehole Modeling
	Limitations of Classical Models
	Short Term Solution Model
	Conclusion


	Setup
	TRT Device for Field Testing
	Design Requirements
	System Layout
	Components
	Design Challenges
	Conclusion

	External Datasets
	Dataset Aydin
	Dataset Terra Energy
	Conclusion


	Methodology
	Transient Modeling Methodology
	STS Model Implementation
	Verification of Parameter Estimation
	Test Duration Reduction
	Sensitivity Analysis
	Conclusion

	Methodology of Field Testing
	Test Setup
	TRT Methodology
	Comparison CP- and CIT-TRTs
	Conclusion


	Results and Discussion
	Transient Modeling Results
	STS Model Implementation
	Verification of Parameter Estimation
	Test Duration Reduction
	Sensitivity Analysis
	Conclusion

	Field Test Results
	CP-TRTs
	CIT-TRTs
	Comparison of CP- and CIT-TRTs
	Conclusion


	Conclusion and Suggestions for Further Research
	Conclusion
	Suggestions for Future Research
	TRT device
	Transient modeling
	CIT-TRTs

	Terra Energy TRTs
	Bibliography
	Code of Conduct


