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1 Introduction

1.1 Background

Thermal response tests are used to investigate thermophysical properties of the ground for
the purpose of dimensioning borehole heat exchangers. In a conventional thermal response
test (TRT), a fluid circulating in a borehole withdraws a constant heat capacity from the
formation — or feeds a constant heat capacity to it. The temperature changes of the fluid
associated with this process are recorded over a sufficient period of time and then analyzed
for an integral of the thermal conductivity of the formation in the immediate borehole vicinity
and the thermal resistance of the borehole.

In general, the rock thermal conductivity is related to the slope of the average TRT
temperature versus the natural logarithm of time. The fact that the results obtained from this
simple and conventional method tend to be relatively poor with respect to the effort expended
to perform the test hampers its application in practice. The consequence is that heat
exchanger facilities are often dimensioned on the basis of rudimentary rules of thumb
instead, thereby compromising the efficiency of this form of geothermal energy utilization.

Recent technical developments in borehole investigation tools provide a promising
prerequisite for improved estimates of thermal conductivity. The EPFL developed a mini-
module (DIS-Projekt 101'189, 2005) which is suitable for fast and flexible thermal response
testing. Geowatt developed a wireless miniature data logger for continuous temperature
recordings in borehole heat exchangers up to a depth of 350 m (DIS-Projekt 47974 2003)
which allows for high resolution vertical temperature profiling in boreholes. The effective
application of these tools requires adaptations in the analytical methods in order to pave the
way for an advanced form of thermal response testing.

1.2 Objectives

The overall objectives of this project are to develop, test and propagate new and innovative
methods for the better performance and analysis of thermal response tests.

Newly developed testing equipment provides the technical premise to retrieve more
information on conditions of the underground and to do so more efficiently. It is one aim of
this project to develop new analytical methods or to adapt methods from the analysis of
hydraulic tests to process the new types of borehole measurements in order to enhance the
understanding of the lateral and radial thermophysical conditions at a site.

Eventually, these technical and analytical developments bring about an optimization of
thermal response testing in terms of time, cost and results for the most favorable design of
heat exchanger facilities.
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1.3 Approach

The project approach followed the general logic of compiling relevant information on suitable
methods and tools, adapting and enhancing them, and assessing their application. As a
general guideline the project was divided into the following steps:
[) Evaluation of methods and procedures for their suitability for thermal response
testing
II) Testing the procedures using generic or existing field data
llI) Testing the procedures in practical applications by accompanying ongoing
investigations
IV) Derivation of recommendations and conclusions

The project schedule was split into two phases: Phase One from November 2005 to April
2006 and Phase Two from January 2007 to December 2007. Phase One concerned Step |
and the initiation of Step Il while Phase Two was dedicated to the remaining steps.

The steps were further divided into project tasks which were distributed among the three
participants according to experience and expertise. These tasks are basically reflected by the
table of contents for this report.

2 Evaluation of methods

2.1 Review of the international state-of-the-art on TRT analysis

With an increasing number of installations of geothermal heat pumps, the demand for the
accurate design of the heat system is also growing. In-situ Thermal Response Tests (TRT)
provide a method to evaluate the site specific ground thermal properties necessary in the
design of Ground Coupled Heat Pump (GCHP) systems. Since the first mobile TRT rigs were
developed in 1995, the technique has become a routine tool in several countries.

GCHP systems use the earth as a heat source or heat sink by combining a geothermal heat
pump with a borehole heat exchanger (BHE). The technology dates back over 50 years and
is now well established. Geothermal heat pumps are one of the fastest growing applications
of renewable energy in the world, with annual increase in the number of installations with
10% in about 30 countries over the last 10 years (Lund et al., 2004). GCHP systems exist
worldwide and the largest market is today in the US. Switzerland has the highest number of
geothermal heat pumps per capita (Rybach and Sanner, 2000). However, the market
penetration is still modest throughout Europe (Sanner, 2003) but is likely to grow with further
improvements in the technology, increasing need for energy savings, and environmental
legislation coupled to incentive schemes.

The size and cost of a GCHP system is highly dependent on the ground thermal properties.
A good design requires certain site-specific parameters, most importantly the ground
thermal conductivity A, the borehole thermal resistance R |, and the undisturbed
ground temperature T . Estimations of these parameters are vital to the design, yet very
difficult to make. Without good estimations, the GCHP system is likely to be disproportioned,
resulting in either unnecessary costs if oversized or in less energy savings than predicted if
undersized. Traditional estimations (made from tabulated data or lab testing) lead to a crude
design, making a method of more accurate estimation of the ground thermal properties highly
desirable, which is motivating the research and development of in-situ TRT.
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Thermal response tests (TRT) offer a good method to determine the ground thermal
properties for the total heat transport in the ground with groundwater and other disturbances
automatically included. The principle is the following (Figure 2-1):

- A heat carrier fluid (water) is circulated through a closed loop in a borehole

- A constant heat power is injected

- Inlet and outlet temperatures are recorded

- Length and radius of the BHE are known

Estimation method of the ground thermal parameters thanks to a TRT generally includes site
specific conditions and external effects (e.g. groundwater influence), as detailed in the next
steps of this report

Extensive state of the art about TRT can be found in Eugster and Laloui (2001), Poppei et al.
(2006a), Mattson et al. (2008). The idea of measuring the thermal response of the ground in-
situ was first presented by Mogensen (Mogensen, 1983) who suggested a system with a
chilled heat carrier fluid. The first mobile test rigs for thermal response tests were developed
independently at Luled Technical University, Sweden (Ekl6f and Gehlin, 1996; Gehlin and
Nordell, (1997) and at Oklahoma State University, US (Austin 1998, Austin et al., 2000).
They were both based on Mogensen’s concept but used heated instead of chilled carrier
fluid. Similar test equipments have later been developed in several countries with small
variations from the initials, for example the equipment from EPFL, Switzerland (Laloui and
Steinmann, 2002) shown in Figure 2-4. The first TRT in Germany was performed in Langen
in 1999 with the equipment of UBeG GbR and used as a basis for sizing a large BHE field
(Sanner et al., 2003). In Netherlands a somewhat different test unit has been developed
(Witte et al., 2002) with a reversible heat pump instead of electrical power to control the fluid
temperature. By doing so it is possible to switch between heat extraction and heat injection.
The mobile test rigs would originally be housed on a trailer. However, recently developed
equipments, such as the compact equipment from EPFL (Steinmann and Laloui, 2005),
Figure 2-4, and some commercial units in the United States e.g. by Ewbank & Associates,
have been reduced in size to fit into suitcase-sized containers.

Thermal response test unit
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Figure_2-1: Typical set-up for thermal response test (left) with detail of the borehole heat
exchanger (right).
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The following TRT procedure is the one used with the compact equipment from EPFL; it is a
representative example of the TRT practice. The thermal energy is transmitted from the
ground to the circulating fluid by means of a borehole heat exchanger whereby PE pipes are
inserted into a borehole in the shape of a U-tube (or double U-tube) loop. The space
between the pipes and the borehole wall is filled with bentonite or another fill material to
ensure good thermal contact and prevent vertical circulation of ground water. The heat
exchanger is either connected directly to the reinforcement in the foundation structure or
installed in a borehole of appropriate depth, which is determined by the energy demand of
the planned building and the expected ground conditions at the particular site. The outlet
tube branches into two tubes after leaving the heater and then rejoins after emerging from
the ground. The heat exchanger tubes are directly connected to the test unit through 25 mm
connectors.

TRT is now widely spread in Europe, North America and East Asia. The method has also
reached South America. The following list of countries with operational rigs was given in
(Gehlin and Hellstrom, 2000): Canada, Chile, China, Germany, Netherland, Norway, South
Korea, Sweden, Switzerland, Turkey, United Kingdom, United States.

As a consequence to the market expansion, the need for standardisation and quality
insurance has been recognized. A draft of guidelines for thermal response testing has been
developed by a group of experts (Annex 13 of the Implementing Agreement on Energy
Conservation through Energy Storage of the International Energy Agency, IEA). For small
installations, the German design guidelines VDI 4640 are available and will be incorporated
into the next version of the IEA guidelines.

The TRT analysis is based almost exclusively on analytical solutions for a line source or a
cylindrical probe with approximations for sufficiently long time periods (e.g. Gehlin, 1998;
Gehlin and Hellstrom, 2003). The temperature T at a distance r from a line source with
constant heat output g [W/m] in an infinitely large, homogeneous and isotropic medium with
thermal conductivity A and thermal diffusivity a is given by

_ q e q 4at
T t)=Ty+—— | —du 0T, +——|In| — |- 1
(r.t) °4Tr)\r[u °4m{(r2jy} @)
4at

2
The approximation is valid for t > 4ré_ It does not include borehole effects. To include the

borehole resistance the thermal resistance R, has to be added to equation (1). The equation
(1) will be extend by an additional summand q- R,. Accordingly, the temperature change is
proportional to In(t) and inversely proportional to thermal conductivity A after a sufficiently
long period of time. This relationship is used to determine the “effective” thermal conductivity
of the formation penetrated by the borehole. The plot on the left-hand-side of Figure 2-2
shows a typical temperature curve from a TRT. The other plot shows the linear rise in
temperature on a logarithmic time scale.

In general, Thermal Response Tests are usually evaluated by the method shown in Figure
2-2 (left side). The effective thermal conductivity A can be computed by plotting the fluid
mean temperature versus the logarithm of time (Figure 2-2 right hand side), and assessing
the slopek of the linear part of the plot. One has:
A :i (2)
471k

where ( is the heat injection rate. The heat transfer rate can easily be converted from the
power level Q [W] recorded during the test and the height of the borehole H with:

Q=qlH 3)
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The effective borehole thermal resistance R, can be determined for each point in time with:

R ==(T, —To)—ﬁtﬁln(t)ﬂn(f—‘!]—y} @

q 0
where r, represents the borehole radius. A mean value is then calculated to represent the
tested borehole.

10 30

¥ =1.577 Ln{x) + 17.27

Fluid temperature (°C)

Mean fluid temperature (°C)

U] 50 100 150 200 0.0 0.4 1.0

10.0 100.0 1000.0
Elapsed time (h)

Elapsed time (h)
Figure 2-2: Measured temperature change (left) and mean temperature (semi-logarithmic,
right) from a test conducted by EPFL in Geneva in 2006.

This measurement principle is based on the so-called hot-wire method, a laboratory method
for the determination of thermal conductivity (in German referred to as “Lambda-
Nadelsonde”). It was first described in 1888 by Schieirmacher and was first applied in 1949
by Van der Held and Van Drunen (cf. Thermophysical property measurement methods, ed.
Magli¢ et al., 1984). The laboratory method, too, poses certain requirements on the object to
be investigated and the procedure to be followed. These were studied and discussed, e.g.,
by Blackwell (1953 and 1956). Some of the results from these studies can be transferred to
thermal response testing.

Thermal response tests conducted in boreholes which facilitate heat exchangers fail to honor

the following conditions of applicability for the analytical solution of the thermal conductivity

equation or honor the requirements only in approximation:

= 1D, radially symmetric thermal conduction (no differentiation and no heat exchange in
the direction of the borehole axis)

= Homogeneous and isotropic parameters

= Initial conditions independent of the location

= Negligible borehole radius (r— 0) for the line source or perfect heat conductor for the
cylindrical probe (A — ) or,

= The approximation of the exponential integral (as is required for a simple analysis) with
the natural logarithm for sufficiently small arguments (i.e. in this case sufficiently long
time) in equation (1) and

= (oftentimes technically effected) constant rates for the heat input or heat withdrawal.

A few effects caused by these non-compliances are discussed in examples below.

A comprehensive solution of the three-dimensional, transient problem requires numerical
methods. Numerical models for the analysis or parameter estimation are discussed, e.g. in
Spitler et al. (1999, 2000), Shonder and Beck (1999), Wagner and Clauser (2005) and
Gustaffson (2006). The application of numerical models has advantages such as the
possibility to account for arbitrary boundary conditions and spatially variable properties, or
the possibility to derive additional thermophysical parameters (thermal capacity, thermal
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diffusivity) and, if necessary, even their spatial distribution. Numerical models are very
computing time expensive and require time consuming meshing procedures. Therefore, in
practice, the algorithms based on analytical solutions dominate the analytical work.

A more general case is when the heat extraction rate changes is time dependant, e.g. is
given by step-wise constant values (Eskilson, 1987):

q L<t<t
q, L<t<t
q(t) =

Oy Gy <U<ty,

Then, the fluid Temperature T is

Iy

T()=T,+ 2;; Ty(t) + QN{Rb + ﬁ['”(dr—?j - VH ty+50 /a<t <ty )
The dimensionless parameter T,(t) is

00 =Y 6 ~0,) S S (- ),

ref

where g, is an arbitrary chosen reference specific energy yield, e.q. gre=Qs.

Vertical profiling

The analysis of vertical effects such as thermal conductivity variations with depth requires
temperature logging in the BHE. NIMO-T is a small, light and wireless probe with p and T
sensors and a programmable microprocessor, which is designed for measurements in BHE.
The wireless probe is lowered into one tube of the BHE where it sinks under its adjustable
weight and records pressure and temperature while going down, at pre-selected time
intervals (Figure 2-3). After the probe has reached the U-tube bottom it stops there and is
flushed back to the surface by a small pump for recovery and data retrieval. A measurement
run in a 300 m deep BHE takes less than 60 minutes. The depth-temperature-profile allows
determination of rock thermal conductivity, if vertical heat flow is known at the location of the
BHE.
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Figure 2-3: Left side: Wireless NIMO-T probe (185mmx22mm), right side: lowering NIMO-T
into a BHE.

2.2 Assessment of requirements, potential and limits of application
of Mini-Module

The Soil Mechanics Laboratory (LMS) at the Swiss Federal Institute of Technology in
Lausanne (EPFL) has developed test apparatus for in-situ thermal response tests since
1998, which has been financially supported by the Swiss Federal Office of Energy
(SFOE/OFEN). The latest apparatus (EPFL mini-module, Figure 2-4), developed in 2005, is
compact and fits into a “flight case” (0.6m x 0.3m x 0.7m). The update of the equipment also
includes a data transmission system whereby the test can be followed and certain functions
controlled remotely using an internet connection. The mini-module enables the time and cost
of the test to be reduced and offer more flexibility and application potential for in-situ thermal
response testing. Thanks to these optimized features, the mini-module has been extensively
used in the frame of the present project.

The equipment obtained the ISO/CEI 17025 accreditation which represents a major
improvement towards quality control. Figure 2-5 describes the pipe layout, locations and
connection of the instruments.
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The Heater

The heater (Figure 2-5) was manufactured by the French company GRETEL with a
maximum power of 9kW adjustable in steps of 1kW. The circulation pump has a three step
adjustable speed (2050, 1650 and 1200 rpm), where the maximum speed mounts to 8m*/h.
The heater has a flow regulating valve to maintain constant flow. A security system
(Pressiostat) disrupts the heater in case of shortage of water where the pressure falls below
1bar, caused by for example a breach in the tubes. High pressure (>3 bar), is released by a
regulating valve. In order to protect the materials within the borehole heat exchanger, a
thermostat (Aquastat) regulates the temperature by temporarily cutting the electrical power
supply if the temperature exceeds 80C. This is und esirable since it results in a variation in
power level and often means that the test has to be restarted. In addition, the heater has a
second thermal security system with an emergency switch-off at 95C. After a switch-off, the
system needs to be restarted manually.

The electrical network
The power supply of the mini-module is achieved by a three-phase current with a voltage of
400V and a maximum current of 15 A.

Instrumentation and hydraulic circuit

PVC pipes have been used for the hydraulic circuit for practical reasons and to limit the
weight. Two automatic air valves are placed on high points of the tubes and taps are placed
on the circuit to control and stop the flow. The measurement devices are mounted directly on
the hydraulic circuit inside the module and comprise a flow meter, pressure meters and
thermometers. Data is recorded every minute for the following eight parameters:

- Incoming and outgoing fluid temperatures

- Internal and external temperature of the test unit

- Pressure of the heat-conducting fluid (input and output) of the heat exchanger tubes

- Flow rate of the heat-conducting fluid

- Energy consumption

The test apparatus is also equipped with a remote data transmission system, whereby a
modem installed inside the test unit transmits the information recorded by the data-logger to
an internet-connected server. Thus the test performance can be followed in real time from
any location. With the latest adaptation it is also possible to switch flow and power on and off
as well as altering the power level by sending an SMS. Hence the test operator only needs to
be on site for the installation and dismantling of the test apparatus, which enables great
savings in time and cost.

10
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Figure 2-4: The EPFL mini-module.

2.3 Assessment of requirements, potential and limits of application
of NIMO-T

The evaluation of thermal conductivity from temperature-depth-profiles requires the vertical
heat flow value at the location of the BHE. This value is quite well known within the Swiss
molasses basin. Then, the vertical component of the thermal conductivity can be calculated
using Fourier's Law. In general, the temperature field is disturbed by transient effects (e.qg.
climate change) within the uppermost layers of he ground from 0 to 80 m (Figure 2-6). There,
the vertical heat flow is superimposed by a climate-change caused heat flow which is
directed into the earth. Therefore, the application of Fourier's law yields useable results only
at greater depths (Figure 2-6b)

11
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A
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> Temperature
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Figure 2-6: a) NIMO-T temperature profile, measured in a 250 m deep BHE in Zirich. The
difference between the dotted line and the temperature between 0 and 70 m is caused by
transient temperature effects like climate change and groundwater flow. b) Temperature
gradient. The temperature gradient is proportional to rock thermal conductivity below
approximately 100 m, where transient effects vanish.

However, the thermal conductivity can be evaluated even in disturbed temperature fields by
combining vertical temperature measurement and TRT experiments. The evaluation of
stratigraphical effects requires at least two temperature depth profiles. The temperature in
the BHE is measured (1) before the response test and (2) after approximately one and/or two
more days, when the temperature field in the ground recovers and approaches more or less
to its undisturbed state. The temporal behavior of the temperature-depth-profiles
(temperature-logs, t-logs) reproduces the vertical variation of the ground thermal conductivity
in the vicinity of the BHE. This method of evaluation is called eTRT (enhanced TRT method,
Geowatt Pat. DE 10 2007 008 039). The eTRT is interpreted quantitatively by numerical
simulation using a highly resolved 3D FE mesh. The model reproduces the BHE tubes, the
BHE fluid, the backfilling material, and the surrounding ground with sufficient accuracy. The
thermal properties of the ground may vary with depth.

The temporal cycle of the response test is simulated. The numerically simulated temperature
in the BHE tubes is compared to the measured t-logs. The ground thermal properties are
changed gradually until a satisfying correlation between measurement and simulation is
reached. The quality of the results is not influenced by measurement techniques but mainly
by the very long simulation time for each 3D FE-model. At the moment, the model resolution
is limited to 10 equidistant layers over the entire length of the BHE.

12
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2.4 Assessment of hydraulic testing methods with respect to their
suitability for TRT

2.4.1 Similarities and differences between pressure and temperature
testing

Hydraulic tests in various types of formations have a long tradition and have undergone
many modifications. The main goal of these tests is the determination of the hydraulic
transmissivity (kyH) with k; — hydraulic conductivity, H — effective thickness of the formation or
of the region to be tested. The processing of field measurements is based on analytical
solutions of the partial differential equation for transport which is based on the

Darcy equation vV = -k, [ITh (6)

The Darcy equation describes laminar flow of an incompressible fluid and is of the same
mathematical form as the

Fourier equation aH =-AIOT (7)
(A — thermal conductivity; aH — heat flow density [W/m?]), the basis of heat conduction.

For time-dependent processes, these equations both lead to the parabolic differential
equation

ou(x,t) _ ac32u(x, t)
ot ox?

(8)

where u stands for the hydraulic potential h or the temperature T; and a for the diffusivity
which differs for thermal and hydraulic processes.

Accordingly, equivalent solutions may be derived for certain initial boundary-value problems
of the differential equation. These are then used for the determination of formation properties
(inverse problem).

The analysis of time-dependent drawdown of the groundwater table in a pumping test with
constant rate after Theis (1935) corresponds, for example, exactly with the procedure
described above for the line source to determine the thermal conductivity in the hot-wire
procedure (Magli¢ et al., 1984).

In recent decades the hydraulic test interpretation has led to the development of
methodologies and procedures (e.g. Earlougher, 1977; Horne, 1995) which, in part, may also
be applied for thermal response tests. The application does require, however, that certain
specifics of the processes in question are considered. These may be, for example:

0 The hydraulic conductivity ks (or the underlying permeability) generally has a log-normal
distribution and, for real rock formations, varies over a range of up to 10 orders of
magnitude. The thermal conductivity varies by about a factor 3 in rock formations and is
normally distributed.

0 The skin factor in hydraulics accommodates altered hydraulic properties in the vicinity
of the borehole (e.g. due to drilling). The “inner zone” in thermal tests is a complex
sequence of thermal resistances between the circulating fluid and the undisturbed rock
with (velocity-dependent) heat transfer in the tube, lining and filing (see also
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Eppelbaum and Kutasov, 2006). Also, U or double-U tubes do not have a radially
symmetric geometry.

0 For porous aquifers, the hydraulic diffusivity a (as a quotient of hydraulic conductivity
and storage coefficient) generally is relatively high (1 to 10> m?/s) which means that

certain criteria of the Fourier number (dimensionless time), Fo = a%z , e.g. for the
b

approximation of the exponential integral through the logarithm, are reached relatively
quickly. For thermal response tests, the thermal diffusivity a is the ratio of thermal
conductivity and heat capacity and tends to reach orders of magnitude (107 to 10°
m?/s) which correspond to very low permeability formations in the hydraulic-test
equivalent. Accordingly, the penetration depth of a thermal signal grows only very
slowly and sufficiently long recording times are necessary to meet certain criteria. This
is the reason why a TRT may not be cut off arbitrarily.

2.4.2 Diagnostic plots as an interpretation tool

So called diagnostic plots are an important aid when analyzing hydraulic tests and
characterizing tests and reservoirs. Diagnostic plots show the test response and its temporal
derivative in a semi-logarithmic and a log-log format. They may also find their way into the
TRT interpretation.

2.4.2.1 Semi-logarithmic plots

The most widely used semi-logarithmic hydraulic analysis method is the Jacob method
(Cooper and Jacob, 1946). For the recovery periods of hydraulic tests, the Horner method
(Horner, 1951) is most often applied. The Jacob method is similar to the straight-line method
used for the interpretation of a TRT (Ingersoll and Plass, 1948). The Horner method is
applied for the analysis of recovery phases and uses the principle of superposition to take
into account the pumping period just before the recovery period.

Certain characteristics in the temporal evolution of the response provide insight on reservoir
characteristics (Figure 2-7).
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Figure 2-7: Diagnostic plots for the interpretation

Earlougher (1977).

2.4.2.2 Double-logarithmic plots

of hydraulic tests according to

Additional information for the characterization of a reservoir is often gained through log-log
plots of the test response, i.e. the rise or drop of the groundwater table or pressure, and its

temporal derivative tﬂj%t (Figure 2-8).
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Horne (1995) introduced many such plots for the determination of certain reservoir
characteristics such as preferred flow paths, double-porosity behavior etc.. Up until now,
diagnostic plots have not been used in the analysis of TRTSs.

2.4.2.3 Normalized derivative plots

A new generalized technique of diagnostics was introduced for hydraulic tests by Enachescu
et al. (2004). This technique uses the normalized presentation of the logarithmic derivative of
the hydraulic head and can also be used for the logarithmic derivative of the temperature
change during a TRT or the subsequent temperature recovery. The method essentially uses
test data to characterize small to medium scale formation behavior and provides a means for
continuous improvement in understanding the surroundings of the well.

Used for the thermal test analysis, the technique unifies the analysis of tests and allows for a
direct comparison between the different periods (e.g. heating or cooling and following
recovery period) in terms of the conductivity.

The basis of the technique is the hydraulic head/temperature change during one period

Au(t) = u(t) —u(t =t,) with u as potential (hydraulic head or temperature) and the time t.

Using the conventional hydraulic normalization methods (e.g. Horne, 1995), the semi-
logarithmic transformation equation is given by (Enachescu et al., 2004):

0. pg 9 olto)
P t hydr
Ap(ty = I P o(to) 4 dBp(t) _ diogt,
21k H dlogt 21k H

with the normalized pressure Pp and the normalized time tp, the flow rate gyyqr, the density p,
the gravity constant g and the transmissivity (kH). The logarithmic derivative becomes 0.5 for
an infinite acting radial flow (IARF). Assuming an IARF, the transmissivity therefore is given
by (Enachescu et al., 2004):

Qe P9 dlogt
k.H =
(KiH) e At dAp(t)

Taking into account that AT is equivalent to Ah = Ap/pg, this equation can be written in
thermal terms:

Q dlogt
AH) o = <
(AH) e ATt dAT(t)

Using this equation it is possible to normalize the derivatives of each test period and to
express it in terms of thermal conductivity units. Accordingly, for each point on the derivative
curve that fulfills the IARF assumptions — which means a flat shape of the derivative —, the
thermal conductivity equivalent of radial flow is equal to the Y-coordinate of the point in a plot
vs. the elapsed time.

A further transformation of time into distance is possible using the expression for the
hydraulic radius of investigation (Bourdarout, 1996):
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rinv =4
Quc,

where ¢ is porosity, | is viscosity and c; is total system compressibility. Taking into account

that the product @uc; represents the storage term, the transformation of this equation into
thermal terms becomes:

r.inv =4 M
Cf

with the heat capacity C; = p-¢;. Assuming a constant heat capacity the transformation can be
performed and plotted. The result is a plot of a radial flow equivalent conductivity vs. the
equivalent distance from the borehole.

2.4.3 Numerical simulations as interpretation tool

The past decades have seen the birth of many numerical simulators for the analysis of
hydraulic borehole tests. Colenco has developed a numerical simulator which is specifically
geared toward the requirements of testing in low permeability formations. For this reason, it
is particularly well suited as a starting point for the development of a numerical simulator for
the analysis of thermal borehole tests. The base for the adaptation is the mathematical
similarity of the two fundamental transport equations.

The program is based on a finite-volume definition of the spatial and temporal
interdependence. The spatial discretization follows a cylindrical partitioning with the test
interval, i.e. the borehole, in the centre. The temporal discretization follows the course of the
test. The system of equations is defined and solved numerically. The computation takes
several seconds. With this, the program allows for quick parameter variations for the
evaluation of the influence of parameters and to solve the inverse problem (i.e. to determine
parameters) within a few minutes.

The numerically based analysis improves, for example, the representation of the inner

boundary condition of the heat exchanger through:

= The integration of temporal temperature changes (direct integration of the
measurements)

= The consideration of a temporally variable performance of the heat source or sink
(direct use of measured data and, thereby, implicit superpositioning of test phases of
differing heat supply)

= The simulation of the temporal and spatial extent of the alterations in the temperature
field resulting from the test

= If required, consideration of temporal changes of material property values, e.g. of
installations in the borehole etc.

Through the application of the Barker model it is also possible to vary and assess the
influence of the dimension of the heat propagation, i.e. the effect of linear, radial and
spherical heat propagation in the rock formation. Spatial constraints may be varied and their
influences estimated and, through this, improve the quality of the results and determine their
band widths.

The results of the simulation are the temperature change with time and the heat source or

sink in the test interval as well as the temperature profile at arbitrary points in time or the
temporal temperature evolution at points of arbitrary distance from the interval.
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Last but not least, the numerical approach makes it possible to solve the inverse problem, to
determine parameters with a gradient approach (Levenberg-Marquardt algorithm) and to
predict the evolution of the temperature field.

2.4.4 Signal of thermal conductivity heterogeneities

In a more detailed view (with respect to line source theory), the heat flow between the BHE
and surrounding rock is determined according to the Fourier law by the temperature gradient
and the thermal conductivity. Radial heat flow may vary along a BHE due to the changing
difference between fluid temperature and ground and when the subsurface is stratified. The
effective thermal conductivity may then be dominated by one specific layer. In this study,
different ground models with the same average thermal conductivity but different vertical
distribution of thermal conductivity heterogeneities were simulated and analyzed with the line
source theory. The results show that the effective thermal conductivity is influenced by the
layers close to the surface. This means that the analysis with the 1D-approach over- or
underestimates the real average thermal conductivity of the ground.

The identification of vertical thermal conductivity variations requires temperature logging. The
influence of stratigraphic effects on vertical temperature measurements in a BHE during a
TRT was investigated by combining thermal response test data with vertical temperature
measurements in the borehole during the test. This method was tested using generic data.
The numerical tests showed that the temperature resolution of the temperature sensor is
sufficient to derive the ground thermal conductivity of 4 layers by Monte Carlo method.

2.4.5 Influence of groundwater flow on calculated results

The influence of groundwater flow on TRT evaluation has been observed in several field
experiments e.g. Gehlin, 1998; Witte et al., 2002). Heat transport due to groundwater flow is
a major deviation from the line source theory assumption. Therefore, the results from line
source theory evaluation yield a higher thermal conductivity, which does not represent the
real average thermal conductivity of the underground. This effect is analyzed in more detail in
Chapter 3.4.3

2.5 Method used to estimate the sensitivity

The sensitivity of parameters to the temperature recorded throughout a TRT can be analyzed
with a number of forward simulations. This procedure computes the so-called sensitivity
coefficients as function of time for each parameter of interest. For each parameter of interest
(e.g. the thermal conductivity A), the relative change in temperature (AT/T) corresponding to
a relative change in the parameter (e.g. AA /A) is computed for each time. A linear
approximation of the scaled sensitivity coefficient (relative to the parameter thermal

conductivity A) is given by the expression: A, = g E—IA)\—)\

The impact of the parameters on the temperature becomes evident when plotting these
coefficients over time, for each parameter of interest. The sensitivity coefficients for the
thermal response generally are given using a relative change of 1% for each parameter
considered.
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2.6 Mathematical definition of the uncertainty

The uncertainty or margin of error is commonly stated in terms of a range of values which are
likely to enclose the true value. This may be denoted by error bars on a graph, or by the
notation ‘measured value * uncertainty’.

Often, the uncertainty of a measurement is found by repeating the measurement a sufficient
number of times to get a good estimate of the standard deviation of the values. Then,
presuming a normal distribution of the error, any single value has an uncertainty equal to the
standard deviation. However, if the values are averaged, then the mean measurement value
has a much smaller uncertainty and is equal to the standard error of the mean, which is the
standard deviation divided by the square root of the number of measurements.

When the uncertainty represents the standard error of the measurement, then about 68% of
the time, the true value of the measured quantity falls within the stated uncertainty range.
E.g., it is likely that for 32% of the atomic mass values given in the list of elements, the true
value of the atomic mass lies outside of the stated range. If the width of the interval is
doubled, then probably only 4.6% of the true values lie outside the doubled interval, and if
the width is tripled, probably only 0.3% lie outside. These values follow from the properties of
the normal distribution, and they apply only if the measurement process produces normally
distributed errors. In that case, the quoted standard errors are easily converted to 68% (o),
95.4% (20) or 99.7% (30) confidence intervals.

The same is valid for any linear combination of values which are normally distributed.

2.7 Method to estimate mathematical uncertainty ranges

Any test may be simulated numerically. By applying a suitable merit function to this numerical
representation it is possible to derive a set of best-fit parameters. Such methods are
described, for example, by Press et al. (1996). The most commonly applied method is the
least squares fit as a maximum likelihood estimator. Gradient approaches like the
Levenberg-Marquardt method are often applied for nonlinear models. In these cases, the
solution is found by determining gradients and the Hessian matrix (cf., e.g., Press et al.,
1996).

Another solution approach is the Monte Carlo / bootstrap method (Efron, 1982). It offers the
option of directly determining the uncertainty ranges based on the values of the merit
function, like described in the example in the paragraph above. Unfortunately, the method
draws very heavily on computing time despite the excellent sampling algorithms. By
comparison, gradient approaches for the determination of uncertainty ranges are relatively
fast and require little computing effort. Their drawbacks are various assumptions (cf. Press et
al., 1996). Based on the assumption of a region-specific normal distribution of the error near
the solution (which has been found by solving the problem inversely), it is possible to use the
quantitative relationship between the Ax? distribution and the correlation matrix Cj of the
solution to determine the uncertainty. This has been demonstrated, e.g. by Press et al.
(1996). This approach saves computation time but requires a linearization of the
mathematical and/or physical description.
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2.8 Estimation of confidence intervals

As shown in text books, like Press et al. (1996), the determination of the confidence intervals

is based on the mathematical description of the physical framework of interest in which all

parameters (M) used in the mathematical description receive their own confidence interval.

Frequently, one is interested not in the full M-dimensional confidence region, but in individual

confidence regions for some smaller number of parameters (u). In that case, the natural

confidence regions in the u-dimensional subspace of the M-dimensional parameter space

are the projections of the M-dimensional regions defined by fixed Ax? distribution into the u-

dimensional spaces of interest. But the error distribution of the problem is often not normally

distributed. However, the formal covariance matrix that comes out of the Ax? minimization

has a unambiguous quantitative interpretation only if the errors actually are normally

distributed. In the case of a non-normal error distribution, it is “permitted”

= to fit for parameters by minimizing Ax?

= to use a contour of constant Ax? as the boundary of the confidence region

= to use Monte Carlo / bootstrap methods or detailed analytic calculation to determine
which contour Ax?is the collective one for the desired confidence level

= to take the covariance matrix C; as the "formal covariance matrix of the fit”.

If the measurement errors are normally distributed it is also permitted
= to use formulas which establish quantitative relationships among Ax?, Cj and the
confidence level.

In order to take advantage of this last bullet point, it is necessary to linearize the problem.
This can be achieved with a parameter transformation of the fundamental equations, i.e.,
parameters under the logarithm (x) are integrated as the logarithm of their value (y = log(x)).
This approach is also applied in the analysis of hydraulic tests, e.g., by nSight (Intera).

As is shown in text books like Press et al. (1996), a relation between the confidence interval,

given by da, = +,/Ax*/C,, , and the formal standard error, which is given by &, =./C,, ,
can be given for an individual parameter a. Given that the error is normally distributed the
68% confidence interval is g, the 95% confidence interval is +20.

As mentioned before, these considerations hold not just for the individual parameters a, but
also for any linear combination of these parameters, as it is demonstrated, e.g., in Press et
al. (1996). The confidence intervals, therefore, can be computed based on the covariance
matrix Cj. The covariance matrix may also be used to derive the correlations among
individual parameters.
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3 Application of methods

As discussed in Chapter 1 and 2, TRT data are usually evaluated by plotting the average
between in- and outlet temperatures at the wellhead versus logarithm of elapsed time, In(t).
The average ground thermal conductivity is then inversely proportional to the slope of a line,
which fits the data. The measurement duration and the time interval, which is used to fit the
data is an on-going discussion. The problem is, that the slope is influenced strongly by near
borehole effects if the evaluation-interval is defined at early times, and is strongly influenced
by boundary effects and measurement errors, if the time interval is defined at times greater
than 50-100 h.

One of the aims of this project is to present methods, which bear down this major evaluation
problem. In Chapter 3.1, several TRT experiments are described which were performed
during this project. The TRT's were performed at the same test site, but with different flow
conditions in the BHE tubes and different duration times. These tests were evaluated
(Chapter 3.2) by the very simple "line-fitting"-method. It is interesting that the results differ
quite significantly for the different test, although they should yield the same results.

Consequently, the potential of inverse methods is demonstrated in Chapter 3.3. As a result,
this inverse method outreaches the conventional valuation method. In contrast to
conventional TRT evaluation, the inverse method can also be applied, if the power of the
TRT during the experiment is not stable.

In Chapter 3.4, 3D effects like groundwater flow and thermal conductivity heterogeneities are
discussed in order to quantify these effects on TRT results.

3.1 TRT field campaign

3.1.1 Site selection

The long-term TRT experiments were performed at a 250 m deep BHE at ETH Zirich,
Hoénggerberg. The BHE will be labeled BHE ZH in this report. The owner granted a permit to
EPFL and GEOWATT to use this BHE for TRT and temperature profile measurements. This
BHE had never been used for heat extraction before. The TRT could be installed safely with
short wire length and safe power supply. Additionally, this BHE provided five thermal
conductivity values from measurements on cutting-samples (Table 3-1, Table 3-1 and Table
3-2)

Commissioned by

Table 3-1: Thermal conductivity of rock samples from BHE ZH

Sample | Depthinterval [m] Facies Thermal conductivity
No. [W/m/K]

E312 12-20 Gravel 3.69

E 342 42-48 Fine coarse sandstone with marl | 2.71

E 390 90-96 Fine coarse sandstone 3.00

E 3158 | 158-164 Average coarse sandstone 3.06

E 3194 | 194-202 Fine coarse sandstone 2.86

E 3242 | 242-250 Fine coarse sandstone 3.30
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Table 3-2: Stratigrahic profile, determined from cutting samples

Depth [m] Geology Rock type

0—27m Moraine Gravel

27 —250m Molasse (OSM) Sandstone, Marl
Table 3-3: BHE properties

BHE depth 250 m

BHE type Double U-type

Tube diameter 4x40mm

Borehole diameter 0-38m: 161 mm

38-250m: 135 mm

3.1.2 Test schedule and objectives

Test period was divided into eight test sequences as follows:

1.

First the undisturbed temperature profile was recorded using both the traditional
method (circulating water without heating and measuring the temperature) and
NIMO-T. The traditional method is slightly affected by the power from circulation
pump and this effect is difficult to estimate. It is therefore interesting to have real-case
measurements. NIMO-T measurements is taken first before starting the circulation in
order to record “the true” undisturbed temperature and the temperature over depth.
Measurements are also taken during the circulation. The aim of this sequence is to
measure the undisturbed ground temperature, compare the results from the two
methods and to evaluate the effect of the circulation pump on the traditional method.

The second test sequence is a short-term TRT. The aim is to get information about
the borehole, which will be used later on. The sequence is stopped when the radius
of influence reaches the outside perimeter of the borehole. The duration is about 10
hours.

The third test sequence is a temperature recovery phase, without circulation. The
temperature recovery as a function of time and depth is measured using the NIMO-T-
tool. During this phase the ground has returned to initial conditions for the following
sequence.

The forth sequence is a “standard” TRT and is designed to get information about the
soil formation. Therefore it is a long-term test. The interpretation of this sequence
makes use of the information about the borehole, obtained from the preceding short-
term test. The results of the interpretation should be consistent with the analysis
results of the NIMO-T measurements, obtained during the third sequence.

The fifth sequence is again a temperature recovery, but this time with circulation in

the well in order to confirm the values of the formation thermal conductivity. Additional
logging is carried out using the NIMO-T -tool inside the second U-tube.
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6. The sixth sequence concerns the flow rate within the heat exchanger, which is set to
laminar flow. In practice, sites often use laminar flow conditions. So, a measurement
under laminar flow conditions should enhance our understanding of the heat transfer
process. The test conditions were tried to be kept the same as for a standard test.
Moreover, it should be kept in mind that the temperature measurements taken during
this test could be a bit unreliable since the laminar flow is likely to allow zones of

different temperature within the heat carrier fluid.

7. The seventh sequence is a final temperature recovery with circulation keeping the
laminar flow regime.
8. The last sequence is a circulation phase without insulation, so as to use the ambient
air temperature as a possible signal for estimation of thermal conductivity.
Table 3-4: Test sequence and schedule
No. Description EPFL  Description Geowatt Duration gtart End
ate date
Measurements before
1 *Circulation only start of circulation and 24h 06.02 07.02
after 24h of circ.
2 *Short-term TRT - 10h 13.02 14.02
Measurements directly
3 ino circulation) after heat-stop, 24 hours 12 days 14.02 26.02
later and 48 hours later
4 Long-term TRT - 2 weeks 26.02 10.03
*Recovery with Measurements directly
5 . . after heat stop, 24, 48 3 weeks 10.03 01.04
circulation
and 72 hours later
6 LongtermTRT sweeks 0104 1904
with laminar flow with interruptions
Recovery with
7 circulation, laminar - 7 weeks 19.04 11.06
flow
3 Circulation without - 2 weeks 11.06 27.06

insulation
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3.2 Results of the test campaign

3.2.1 Test 1. first circulation phase (without heating)

The inlet and outlet temperature measurements are presented in Figure 3-1, as well as the
external and internal temperatures recorded by the module. Fluid rate is also plotted. It is set
to 13 I/min in this test.

- Phase 1 (06-07.02.2008) Circulation without heating -

o =z
12
e £
s @
g B
o
g 8 3
=2 w
6 — Inlet temp. (°C)
4 — Outlet temp. {°C) .
Internal temp. (°C)
2 External temp. (°)
— Flow rate (iimin} Plate
0 ; : D
06022008 06022008 06022008 06022008 07022008 07022008 07.02.2008 07.02.2008 07022008 07.02.2008
12:00:00 15:00:00 18:00:00 21:00:00 00:00:00 03:00:00 06:00:00 09:00:00 12:00:00 15:00:00
Figure 3-1: Temperatures and flow rate versus time in the first test of simple water

circulation (duration 24 h).

After stabilization, the mean value of the undisturbed ground temperature measured reaches
13.8TC. If thermal effects of the pump system are c onsidered, the temperature is set t013.7
<. Calculations of uncertainties on parameters giv e the temperature at + 0.2<C. In contrast,
NIMO-T tool provides an average temperature of 14.2C, which is very close to the mean
value obtained by the EPFL mini-module (see Test 5).

3.2.2 Test 2: short term TRT

Six days were allowed for the heat transfer in the ground to stabilize before starting
sequence 2. Afterwards, before heating the soil, one day of circulation has been performed
to keep the conditions of the traditional TRT (see Appendix A). Note that the fluid rate is set
to about 21 I/min, higher that the previous circulation phase (pump changed). Note also that
the heating power applied was set to 36W/m, for short and long term tests, in turbulent
conditions. After stabilization, the mean value of the undisturbed ground temperature
measured reaches 13.9C. Considering the thermal effect of the pump system, the
temperature is set to 13.8 . The short term test was performed during 10 hours (Figure
3-2).
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Figure 3-2:

Temperatures and flow rate versus time during short term test (duration 12h), in
turbulent conditions.

The ground conductivity and the borehole resistance can be estimated, on the basis of the
line source model. An effective thermal conductivity A can be computed by plotting the fluid
mean temperature versus a time scaling parameter r (Tau), Figure 3-3, and assessing the
slopek of the linear part of the plot (see Chapter 2 for more details). Tau is directly

proportional to the logarithm of time, and is obtained from Eqg. 5 (Section 2.1).

Thermal conductivity A and a mean value of resistance R, have been computed with the
line-source-method, on two different time periods: the six last hours (six hours from the
beginning to the end of the test) and the two last hours (from ten hours to the end of the test).

A(W/mK) Ry (K/IW/m)
6 hours 2.1 0.164
2 hours 2.46 0.171

The graphs below (Figure 3-3, Figure 3-4) show respectively the evolution of the thermal
conductivity and the mean value of borehole resistance. This parameters evaluation is on a
two hours period length.
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Figure 3-3:
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computed according to the line source theory, and its estimation, for short term TRT. See Eq. 2
in Chapter 2 for more details.

Figure 3-4:
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Data

Evolution of the mean thermal resistance with time computed according to the
line source theory, and its estimation, for short term TRT.

3.2.3 Test 3: recovery without circulation

Evolutions of temperatures are shown in the Figure 3-5 during this recovery phase with no
water circulation. There is obviously a strong influence of the external temperature on the
inlet and outlet water temperatures. This phase allows the ground to return to initial
conditions for the following sequence.
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i Phase 3 (14-26.02.2008) Recovery phase without circulation
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Figure 3-5: Temperatures and flow rate versus time in recovery phase without circulation

after short term test (13 days).

3.2.4 Test4:long term TRT

Before heating the soil, the usual one day (20 hours) circulation period has been followed.
The fluid rate is set to about 21 I/min, like in the short term test (see Appendix A). The fluid
was circulated in only one tube.

The long term test was performed during 2 weeks (Figure 3-6). Thermal conductivity and a
mean value of resistance R, have been computed (Figure 3-7 and Figure 3-8) on the
hypothesis on the line source model over the entire period of the heating (after 6 hours of
heating and during 13 days).

The results obtained are:
Effective thermal conductivity A =2.74 W/mK
Mean value of resistance R =0.164 K/(W/m)

The short term TRT thermal conductivity is 10 to 23% smaller than the long term TRT one.
But, the borehole resistance in the short term TRT is very close to that evaluated in the long
term TRT (the difference is maximum 2%).
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Phase 4-b (27.02. - 10.03.2008) Long term TRT
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Figure 3-6: Temperatures and flow rate versus time during long term test in turbulent
conditions (duration 2 weeks).
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Figure 3-7: Evolution of the thermal conductivity with T (temporal scaling parameter)
computed according to the line source theory, and its estimation for long term TRT.
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Figure 3-8: Evolution of the mean thermal resistance with time computed according to the

line source theory, and its estimation, for long term TRT.
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3.2.5 Test 5: recovery with circulation

Results show that after a first large drop, the temperature keeps decreasing over the entire
period of the recovery. At the end of the test, the final temperature is slightly higher than the
temperature at the beginning of the test (see Appendix A).

The temperature within one of the BHE tubes was measured several times during recovery
of the ground temperature. The temperature was measured in each tube of the not-used U-
loop. It can be seen that the temperature-logs approach the average undisturbed ground
temperature during recovery. This data used in Chapter 3.4.4 in order to identify vertical
variations of rock thermal.
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Figure 3-9: Temperature depth profiles, measured during recovery after TRT heat injection.

LogO represents the undisturbed temperature field.
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3.2.6 Test 6: long term TRT with laminar flow conditions

The total fluid rate is set to about 7 I/min, distributed in the two tubes. Reynolds number is
then equal to about 2000. The temperature profiles of the laminar long term test are shown
on Figure 3-10. Note that the heating power applied was lower in laminar conditions
compared to turbulent ones, and set to 24W/m. The steady temperature reached is much
higher than the one reached in turbulent conditions: the flow rate is here lower, which renews
the water in the module device in a slowest way than in turbulent conditions, so that the
water heats faster.

Phase 6 (14.04 - 19.04.2008) Long term TRT with laminar conditions (heating 6kW)
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Figure 3-10: Temperatures and flow rate versus time during long term laminar test (duration
5 days).

Thermal conductivity and a mean value of resistance have been computed (Figure 3-11,
Figure 3-12) on the hypothesis on the line source model over the entire period of the heating
(after few hours of heating and during 5 days).

The results obtained are listed below:
Thermal conductivity A =2.17 W/mK
Mean value of resistance R =0.374 K/(W/m)

The value of the thermal conductivity deviates of 10% from the value given by the classical
TRT, and the mean value of resistance deviates of 126%.
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Figure 3-11:  Evolution of the thermal conductivity with T (temporal scaling parameter)

computed according to the line source theory, and its estimation for long term laminar TRT.
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Figure 3-12:  Evolution of the mean thermal resistance with time computed according to the

line source theory, and its estimation, for long term laminar TRT.
3.2.7 Test 7: recovery after long term TRT with laminar flow conditions

The temperature series of the recovery period after the long term test with laminar flow
conditions are shown in Appendix A.

3.2.8 Test 8: circulation phase with ambient air temperature
A last test was carried out to evaluate the influence of the ambient air temperature as a

possible signal for estimation of thermal conductivity. Inlet and outlet temperature follow the
global variations of external temperature.
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Figure 3-13: Temperatures versus time in recovery phase with circulation after long term
laminar test (duration 7 weeks).

3.2.9 Partial conclusions

The tests performed with various input conditions have given quite different values of the
thermal conductivity and the mean resistance value R, in the case they are computed with
the line source theory.

To asses the optimum time to obtain a precise value of thermal properties of the soil,
numerical modelling is really necessary.
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3.3 Application of adapted and newly developed TRT analysis
methods

3.3.1 Analysis in generic and practical terms
3.3.1.1 Estimation of minimum test duration

Onsite diagnostic methods and TRT optimization

The following discussion of a TRT conducted on a construction site in Zdrich illustrates the
added benefits drawn from applying methods known from hydraulic testing in the context of a
TRT. Figure 3-14 shows the measured response (mean temperature) for a short-term test
run for 12 hours, the subsequent thermal recovery and a long-term test run for nearly 300
hours.

Temperature [T]
©

13:.| R s
14.02.2008 21.02.2008 28.02.2008 06.03.2008 13.03.2008 20.03.2008 27.03.2008

Figure 3-14: Temperature measurements recorded during two thermal response tests
conducted at the same site.

The virtues of diagnostic plots for test interpretation and reservoir characterization purposes
were described above. Of particular interest is the generalized diagnostic method introduced
in chapter 2.4.2 for the comparison of different test periods and sequences at one site. As
has been said above, it involves plotting the semi-logarithmic derivative of the measurement
in units of the thermal conductivity over time. Figure 3-15 shows the application of the
transferential transformation on the semi-logarithmic derivative of the measured temperature
difference (wrt. undisturbed temperature) after the normalized time for the two test phases
presented in Figure 3-14. Also shown in the graph is the equivalent radius of investigation
(slanted line). It is apparent from the plot (Figure 3-15) that the first test (short-term test) was
too short for a determination of the thermal formation properties and that the second test
(long-term test) could have been abandoned earlier, i.e. after about 100 hours, as is
indicated by the stabilization of the derivative.
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Figure 3-15:  Normalized plot of the semi-logarithmic derivative of temperature change
throughout the two test phases shown in Figure 3-14

This procedure can also be applied to the temperature recovery periods by using a
superpositioning method and it may be used onsite for the optimization of a test. The TRT
can be stopped when a nearly stable zone is recognized. This stable feature should stretch
over at least half of a logarithmic cycle. In this way, the generalized diagnostic technique
makes it possible to estimate the thermal conductivity and the radius of investigation at any
time while the test is being performed.

3.3.2 Influence of power disturbances

A TRT conducted by EPFL in Perpignan demonstrates the influence of power disturbances
on a TRT. The test was interrupted repeatedly by power outages so that the time intervals
between the outages are, on the one hand, considered to be complete TRTs and, on the
other, each TRT is viewed to have influenced the subsequent TRT. This is clearly seen in the
analysis of the “first TRT” (03.08.06) and the “last TRT” (06.-07.08.06), where the thermal
conductivities are found to be 1.9 — 6.6 W/mK with a semi-logarithmic analysis (Figure 3-16)
and no certain conclusion may be drawn on the conductivity.
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Figure 3-16: Result of the semi-logarithmic analysis of the first TRT" (left) and the ,last
TRT" (right).
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Figure 3-17:  Result of the inverse numerical simulation under consideration of the measured
power fluctuations.

Figure 3-17 shows the comparison between the measured and the calculated temperature,
whereby the latter was calculated with the parameters from the inverse simulation. It may be
concluded that a numerical determination of the thermal conductivity is possible but an
assessment of the uncertainty involved in the very low value of 1.52 W/mK is not possible.
The determination of the sensitivity and, eventually, of the range of confidence for this
situation would be essential to assess the results and to draw well founded conclusions.

35

Commissioned by




Project Nr. 101'690

Contract Nr. 152'907 Swiss Federal Office of Energy (BFE)

3.3.3 Uncertainties and confidence intervals

A numerical solution approach provides the opportunity to assess the uncertainties inherent
in the determined parameters, i.e. thermal borehole resistance, thermal conductivity of the
formation etc. One such assessment method relies on the application of the covariance
matrix of a gradient approach, e.g. Levenberg-Marquart method (Marquardt, 1963) or the
Monte Carlo / Bootstrap method (Efron, 1982). An example of how the parameters are
correlated is Table 3-5. The table shows the correlation coefficients to be determined for the
test sequences described in Chapter 3.1.2. It is a good example of the commonly observed
correlation between the parameters of the backfill (inner zone) and the formation (outer
zone).

Table 3-6 provides the results of the numerical analysis of the two test phases. The results
agree well with the estimates of thermal conductivity obtained through the application of the
generalized diagnostic method (Figure 3-15). The determination of the confidence intervals
was based on the matrix of covariances, the inverse of the Hessian matrix (see, e.g., Press
et al., 1996). The uncertainty ranges are derived by considering a selective set of parameters
of interest as is discussed in chapter 2.6. The more parameters are considered and the fewer
the mathematical and physical constraints inherent to this set of parameters, the larger is the
uncertainty range. In other words, the resulting uncertainty ranges are influenced by the
selection of parameters. To deal with the resulting ambiguity in the calculated uncertainty
ranges, one often relies on the opinion of an expert to extract plausible uncertainty ranges
from the calculated values.

The two-zone model shows a clear differentiation between the thermal conductivity of the
backfill (inner zone) and that of the formation (outer zone). As an example, Figure 3-18
illustrates the 95% confidence interval and the correlation of the determined thermal
conductivity of the formation and the undisturbed mean formation temperature. The
parameter values are a result of the inverse numerical simulation and are listed in Table 3-6.
Figure 3-19 presents the simulated temperature evolution inside the borehole in comparison
to the measurements. The entire test sequence can be reproduced well from the results.

The result of the numerical simulation with the values from Table 3-6 is shown in Figure 3-19.
The entire test sequence can be reproduced well from the results.
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Table 3-5: Correlation matrix of the relevant parameters for the numerical analysis of the

two TRT sequences.
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Table 3-6:
the two TRT sequences.

Determined parameter values and their confidence intervals for the analysis of

Parameter Value Confidence interval Unit
95% 68%

Undisturbed mean 14.00 +0.04 +0.03 T

formation

temperature

Flow dimension 2 +0.01 +0.01 -

(inner zone)

Flow dimension 2 +0.01 +0.01 -

(outer zone)

Heat capacity 2.210* 1.7-2.810" 1.8-2.610" Ws/m®/K

(inner zone)

Heat capacity 2.510% 1.8 -3.410" 1.9-3.210% Ws/m?/K

(outer zone)

Conductivity 1.0 +0.1 +0.1 W/m

(inner zone)

Conductivity 2.59 +0.12 +0.09 W/m

(outer zone)

Radius between inner | 0.07 +0.01 +0.01 mK/W

and outer zone
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Figure 3-18:

thermal conductivity of the formation.

Projected 95% confidence intervals for the mean formation temperature and the
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Figure 3-19: Comparison of measured (blue) and simulated (red) temperature.

3.3.4 Application for the laminar flow tests

As presented before the test sequence was continued with a laminar flow test sequence.
Figure 3-20 presents the mean temperature measured at the wellhead.
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Figure 3-20: Temperature measurements recorded during four thermal response tests
conducted at the same site.
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Because only the borehole condition is influenced by the laminar flow behaviour, the
normalized plot should present differences with respect to the turbulent flow tests only at
early times. At late time it should show a stabilization of the derivative at the same thermal
conductivity as was found for the formation in the previously conducted turbulent flow tests.
Figure 3-21 shows the normalized plot of the four TRT sequences. It indicates clearly that the
formation responds equally in all test sequences, but the borehole condition is changed for
the turbulent to the laminar flow behaviour. It shows also the disturbance of the first laminar
flow sequence which had to be stopped because of the risk of over-heating.
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Figure 3-21: Normalized plot of the semi-logarithmic derivative of temperature change
throughout the four test phases shown in Figure 3-20

As indicated by the normalized plot, a simulation of all sequences should be possible using
one consistent set of formation parameters. Figure 3-22 illustrates the simulation results. The
parameters used for the simulations of all sequences differ only slightly from the formation
parameters estimated by using only the turbulent TRT’s. The formation conductivity differs by
0.003 W/m/K and is therefore well inside the uncertainty range. The heat capacity of the
formation was not changed. The thermal conductivity of the inner zone differs by 0.08
WI/m/K, which is also inside the given range of uncertainty. As expected, the borehole
resistance increases under laminar flow conditions. The relatively small increase by a factor
of about 2.2 only (the heat transfer would drop by the switch from turbulent to laminar flow
theoretically by a factor of about 4.5) is due to the other factors contributing to the “overall
borehole resistance” but which have remained unchanged. Figure 3-22 indicates also a small
increase in the mean formation temperature by 0.2 over the whole observation period; this
not well understood at this time.

40




Project Nr. 101'690
Contract Nr. 152'907

Commissioned by

Swiss Federal Office of Energy (BFE)

Temperature [*C]

13
12.02.08

Figure 3-22:

26.02.08

turbulent and laminar flow TRTs

11.03.08

25.03.08

3.4 Outlook on 3D effects

3.4.1 Monte Carlo resolution studies
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Comparison of measured (blue) and simulated (red) temperature for the

The potential of NIMO-T with TRT experiments was analyzed using generic data. First, a
reference model was created which contained a double U-tube BHE and four layers with
different thermal conductivities in a 3D FE mesh. The length of the BHE was limited to 100 m
in order to reduce computing time. The model parameters are shown in Table 3-7.

Table 3-7: Thermal conductivity of the reference model.
Layer No. Depth [m] Thermal conductivity
[W/m/K]
11 O0m-25m 15
12 25 m-50 m 2.0
13 50 m-75m 3.5
14 75 m-100 m 2.0

During the simulation, the temperature in the BHE tubes was extracted several times. These
profiles represent generic NIMO-T measurements. Then, the simulation was repeated using
arbitrarily changed thermal conductivity values in each layer. After each simulation, the total
temperature residual with respect to the reference temperature data was calculated. It was
assumed that the model with the smallest residual fits best to the reference model.

The thermal conductivity of only one layer of the model was changed, while the thermal
conductivity of the three other layers was set to the "real" value. This procedure was
repeated four times for each layer I1 — 14 in order to analyze if the resolution of this procedure
varies with depth. The results of the Monte Carlo simulation in Figure 3-23 show the random
thermal conductivity versus the total time residual, which is the total difference between the
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vertical temperature profile of each model run with random thermal conductivity and the
vertical temperature profile of the model with reference values. The vertical temperature
profiles were numerically determined at time t2 which is 24 h after fluid circulation was
stopped. This procedure was repeated four times for each layer of the model.
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Fizgure 3-23: Randomly changed thermal conductivity versus total temperature residuals in
K. The residuals represent the total temperature difference between the model with
"disturbed" thermal conductivity and the reference model.

The results in Figure 3-23 show that the thermal conductivity values of models with small
temperature residuals (0.05 K?) correspond to the original ("real") thermal conductivity of the
reference model (Table 3-7). The smallest temperature residual of the thermal conductivity
variation in layer I3 yields a thermal conductivity of approximately 3.7 W/m/K, which is slightly
higher than the value 3.5 W/m/K of the reference model.

This procedure was repeated with a model, which has uniform thermal conductivity of
2.5 W/m/K for each layer in order to analyze the influence of absolute thermal conductivity on
the results. The results in Figure 3-24 show that the residual distribution gets less "sharp"
from |11 to 14 with increasing depth of the layer. This indicates that the resolution of the eTRT
Method decreases with depth.
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Figure 3-24:  Randomly changed thermal conductivity versus total temperature residuals. The
residuals represent the total temperature difference between the model with "disturbed"
thermal conductivity and the reference model, which in this case has a constant thermal
conductivity of 2.5 W/m/K.

The results demonstrate that the Monte-Carlo technique is suitable to find the original ground
thermal properties of the reference model. Here, 2000 simulations correspond to 2000"=7
independent thermal conductivity values for each layer. If the thermal conductivity is
assumed to vary between 1 and 4 W/m/K, this yields an average resolution of 0.4 W/m/K for
each layer. The resolution can be improved if the total range of probable thermal conductivity
values can be constricted by laboratory measurements. A better resolution can be achieved
by increasing the number of Monte Carlo simulations. As a result, the total simulation time
will grow linearly with the number of simulation runs. Here, the simulation time already
exceeds 5 days for 2000 simulations.

3.4.2 General NIMO-T resolution studies

Although the Monte Carlo approach resolves the vertical variation of thermal conductivity
reasonably, its routine use is impractical due to the required simulation time. Therefore a
simpler, iterative approach has been followed. The temporal cycle of the response test is
simulated. The numerical simulated temperatures in the BHE tubes are compared to the
measured t-logs. The ground thermal properties are changed gradually, until a satisfying
correlation between measurement and simulation is reached. In practice, about 10
simulations yield satisfying result with minimum temperature residuals.

In order to further investigate the resolution effect on more realistic generic models, a single
TRT experiment was simulated with a much higher resolved FE mesh. The numerical TRT
was performed with a power of 8 kW over a total circulation period of 7 days on a 250 m
deep double-U BHE in a homogeneous soil with 2.0 W/m/K. Vertical temperature profiles
were calculated 24 h (NIMO-T1) and 48 h (NIMO-T2) after circulation stop. These
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temperature logs are shown as bold lines in Figure 3-25a. The blue line represents the
undisturbed ground temperature (NIMO-TO).
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Figure 3-25: Influence of stratigraphic effects on temperature profiles. The blue line displays
the undisturbed ground temperature of a reference model with a homogeneous thermal
conductivity of 2.0 W/m/K. The bold red and orange lines display the temperature in the BHE
24 h and 48 h after TRT stop. Additionally, three other TRT were simulated using the same
parameters, but increased thermal conductivity in one layer of 25 m thickness (thin lines). The
vertical position of these layers was changed in each model. On the right side, the total
temperature differences of the models with thermal conductivity variations are show with
respect to the homogeneous reference model

This TRT simulation was repeated three times with small thermal conductivity-changes in
three different layers of 25 m thickness in different depths. Therefore, the thermal
conductivity was set to 3 W/m/K instead of 2 W/m/K between 50 m and 75 m (variation 1),
between 125 m and 150 m (variation 2) and between 200 m and 225 m depth. The
corresponding temperature profiles are also shown in Figure 3-25a. The absolute
temperature differences with respect to the reference model are shown in Figure 3-25b. It is
obvious that the temperature-deviation due to thermal-conductivity change and thus the
resolution of the eTRT method decreases with depth, as assumed from the Monte Carlo
simulations. The total temperature deviation dT seems to decrease linearly with depth for
constant thermal conductivity deviations. The reason for this might be the vertical variation of
radial heat flow during the TRT experiment. At shallow depth, the temperature difference
between ground and circulation fluid is much greater than at the bottom of the BHE.
Therefore, the energy flow to the ground decreases with depth and the effect of thermal
conductivity variation becomes less visible.
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3.4.3 Influence of Groundwater flow

The same FE model was used to analyze the influence of groundwater flow on the results of
TRT. Groundwater flow vyields higher effective thermal conductivities. The effect of
groundwater flow on the effective thermal conductivity, calculated from classic line source
theory (LST) was analyzed by using different Darcy velocities in aquifers at different depths.

Darcy velocity is varied between 10® and 10™ m/s. The effective ground thermal conductivity
is calculated after LST by evaluating the TRT output temperature over time. The results are
compared with the results from a model without groundwater flow. The results are
summarized in Figure 3-26. The figure shows the relative increase of the effective ground
thermal conductivity as a function of Darcy velocities in aquifers at different depths. The

horizontal yellow line indicates the generally accepted accuracy limit of the classic LST
method.

Again, the effect decreases with depth of the aquifer (layer 3: 50-75m; layer 6: 150-175 m;
layer 9: 200-225 m). The effect of groundwater flow in a layer with a thickness of a tenth
(25 m) of the total BHE length (250 m) is visible for Darcy velocities greater than 10° m/s.
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Figure 3-26:  Increase of the effective thermal conductivity, calculated from LST, for different
Darcy velocities in aquifers.
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3.4.4 Test No 5: Stratigraphic effects

TRT Test 5 (Chapter 3.2.5) was operated using only one U-tube of the BHE ZH. It was
planned to measure temperature in the second U-tube during recovery of the ground
temperature, when the heating unit of the TRT was stopped.

The temperature in each tube of this not-used U-tube was measured with NIMO-T several
times in intervals of 24 hours (see Figure 3-9). The temperature profiles, which were
measured simultaneously in each tube, show only small temperature differences, which
could be explained by deviations of the BHE geometry from perfect shape. The temperature
profiles, which were measured immediately after heating stop (March 10, Figure 3-9), show
temperature differences of more than 3 K. This "noise"-effect is characteristic for temperature
measurements immediately after heat injection stop. After one day, the amplitudes of the
temperature "noise" disappear.

Due to circulation in one of the U-tubes, the fluid temperatures converge slowly to the
average ground temperature value of 14.2 C.

GEOWATT tried to evaluate this TRT using a 3D FE model. Model geometry and boundary
conditions map the real BHE geometry and measured boundary effects. The TRT was
simulated using a homogeneous thermal conductivity of the ground of 2.7 W m™ K™,

The simulated TRT temperatures are shown in Figure 3-27. The symbols represent the

simulated, the lines the measured temperatures of TRT No. 5. The model fits the measured
data very well.

Figure 3-27:  Simulated (dots) and measured (lines) temperatures (blue: into TRT; red: out
from TRT) of TRT No. 5.
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Generic temperature profiles were extracted from the 3D model at times, which correspond
to the NIMO-T measurements (s. Figure 3-9). The differences between generic and
measured profiles are shown in Figure 3-28.

The amplitudes of the temperature residuals are less than approximately 0.2 K. The largest
amplitudes occur at approximately 75 m depth. A local thermal conductivity deviation from
the average value of AA<1 W m™ K™ can be assumed considering the discussion in Chapter
3.4.2 about impacts of thermal conductivity heterogeneities on temperature profiles.

Due to circulation in the U-Tube, which is connected to the TRT, the fluid temperature does
not map the heterogeneities of the rock thermal conductivity. Therefore, calculation of small
thermal conductivity variations requires recovery of the BHE without circulation.

Figure 3-28:  Total temperature differences between generic and measured temperature
profiles. Temperatures were measured twice in each tube of the not-used U-tube during
recovery of TRT No. 5. The block arrows indicate the most significant deviations from
homogeneous conditions.

Better results can be obtained, if the BHE fluid is not circulated after TRT stop. Figure 3-29
shows the results of an eTRT, which was performed by Geowatt at the same BHE in 2007. In
contrast to the TRT, which are described in this report, the fluid circulation in the BHE tubes
was stopped after heat injection. The blue line in Figure 3-29 describes the undisturbed
ground temperature, the orange line describes the temperature in the BHE, measured one
day after TRT stop. The symbols denote the simulated temperature values. The thermal
conductivity profile, which was calculated from this eTRT data, is also shown in Figure 3-29.
From 50 m to 120 m depth, the thermal conductivity values of the rock are between 3.5 and 4
W m™* K™ It can be assumed, that these high thermal conductivity values are caused by
moderate groundwater flow within this depth.
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Results from an eTRT, which was performed by Geowatt at the same BHE in

Thermal Response Tests (TRT) are used to determine the integral thermal properties in the
immediate vicinity of the probe. These are important parameters for the site-specific design
of a BHE for heating and cooling purposes. The principle of a TRT is based on the
interpretation of the thermal responses (i.e. the change in temperature of the circulating fluid
at the well head) resulting from a thermal stimulation accomplished via extraction or feeding
of a certain heat flow. Presuming simplified, idealized model assumptions, it is possible to
use simple relationships between the temperature change, the heat flow and the integral

thermophysical properties of the probe for the analysis.

When designing, conducting and analyzing the tests, one needs to consider that
« the actual in-situ conditions are more complex and more complicated (e.g., in terms
of stratigraphic layering, non-radial symmetries, non-constant boundary and local
conditions etc.) than is presumed for the analytical methods
» the response test generally is transient and — for thermophysical reasons — requires a
sufficiently long test period,
« the signal to be analyzed is of relatively low amplitude, i.e. typically a few or even less

than 1 K, and that it

* may be superposed by various types of noise, e.g. of environmental or technical

nature.
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Even though the influence of some of these effects may be quantified and reduced with
complex numerical analyses, the following considerations for the field procedures of a TRT
serve well for the purpose of quality assurance.

4.2 Field campaign

Specific recommendations concerning the technical procedures to be followed in the field are
provided in Appendix B. In addition, there are some general recommendations to consider:

« Before commencing with any measurements it is necessary to design the tests to be
conducted in terms of defining the heating or cooling power and flow rate, estimating
the expected temperature difference and test period. These preparatory measures
may be supported by prognostic numerical calculations. The power is to be defined
such that for turbulent flow conditions the expected temperature difference is no less
than 3 K.

« Immediately before beginning the test, it is essential to circulate the fluid with no
thermal stimulation to obtain a good measurement of the mean formation
temperature. The circulation should comprise at least one complete exchange of the
volume inside the probe, and the data at the well head need to be recorded for the full
period of circulation.

e During the test, the rate (heating or cooling and circulation flow) should be kept as
constant as possible and measurements should be taken with a high quality standard
and resolution with a frequency of at least once per minute. The recorded
measurement data (the ambient temperature needs to be recorded continually
throughout the entire test phase as well) should, if possible, be made accessible to an
external access for the regulation of the measurement process.

e The data should be analyzed continually with diagnostic procedures throughout the
entire test. The test may be terminated only when the radius of investigation has
clearly exceeded the borehole radius.

« The test may (for an adequately constant rate) be terminated once the temporal
derivative of the temperature has stabilized and the stabilization has been observed
for at least half of a logarithmic cycle. This criterion has to be applied to the
normalized plot.

« Once the test phase has ended, the data should be recorded further until conditions
have returned to their original state. The recovery phase may be used for two
measurements:

0 Measurements with NIMO for a survey of vertical profiling; in this case
circulation must be stopped; the data is recorded at the end of the active
phase and again after two or three days

0 Measurement of the temperature field recovery as an additional test phase; in
this case the circulation is to be continued without heating or cooling and the
temperature is continually recorded at the well head

* When natural fluctuations in the ambient temperature are to be used for thermal
stimulation (i.e. when no constant source for heating or cooling is used), this should
be done only when the mean air temperature is clearly distinguishable from the mean
formation temperature (in the probe).

LI for technical reasons a laminar regime is used, the maximum heating power has to be limited as well to avoid
over-heating.
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4.3 Analysis

If the requirements for the analysis of the TRT with a line source or cylindrical source are
fulfilled, then the conventional methods could be applied.

The application of diagnostic methods is recommended for the optimization of the field
campaign. They provide first approximations and may justify the termination of the test.

Numerical analysis methods are sensible and suitable in the following cases:
e Unstable or failed power supply in the period of active stimulation
e Strong disturbances due to environmental influences while the test is conducted
* Obvious — in the diagnostic plots recognizable — deviations from the requirements for
the analytical methods (e.g. recognizable boundary conditions of the thermal
formation properties, apparent thermal conductivities > 3.5 W/mK etc.)
¢ Required (or for the dimensioning of the facility useful) information concerning the
stratigraphic distribution of the thermophysical properties.
Numerical methods for the analysis provide the means to use, in principle, any number of
stimulations for the analysis. For this reason, they are the only suitable analytical tool if
technical problems occur during the test. In addition, they allow for the sensitivity and the
correlation of parameters to be assessed. Through the application of inverse problem solving
methods for the determination of parameters, it is also possible to draw conclusions on their
confidence intervals (uncertainty ranges). These intervals are the base for an objective rating
of the quality of the results.

When recording the temperatures at the well head alone, a vertical profiling of the thermal
conductivity is not — or generally not sufficiently — detectable with the integral analysis
method. In addition, high apparent thermal conductivities (> 3 ... 3.5 W/mK) indicate
groundwater flow. In these cases, the supportive measurements with NIMO-T upgrade the
method. It makes sense to analyze the vertical profiles with numerical approaches like the
Monte Carlo analysis.

In summary, we recommend the following points to be honored when analyzing a TRT in
order to obtain the best possible results:

» Diagnostic methods should be applied already while conducting the test in the field.

* Numerical methods should be used for the subsequent analysis when a) a
quantification of the confidence intervals of the results is required and/or b)
boundary conditions during the test (control of the heat flow, variable environmental
conditions, significant deviations from homogeneous underground conditions) do not
permit an analysis with conventional methods.

» The recovery phase following the test should be used for an additional investigation.
When the option exists, vertical profiling with NIMO-T should be preferred over the
recording of the temperature field recovery at the well head (for continued
circulation) because more information may be gained from the former than from a
further reinforcement of the integral result from the active test phase.
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5 Glossary

Variable |Name Unit

a Thermal diffusivity [m?/s]

Ct Heat capacity = p ¢ [Ws m™® K™
Ct Total system compressibility [Pa™]

g Gravitational acceleration = 9.81 [m /s?]
Ohyar Hydraulic flow rate [m® /s]

h Hydraulic potential [m]

H Formation thickness [m]

ks Hydraulic conductivity [m/s]

K Permeability [m?]

p Pressure [Pa]

q Heat extraction/injection per m length [W/m]

qu Heat flow density [W/m?

r Distance from borehole axis [m]

My Radius of investigation [m]

Ry Thermal borehole resistance [K/(W/m)]
t Time [s]

T Temperature [C]

To Undisturbed ground temperature [C]

Tfm Average BHE temperature [C]

% Darcy velocity [m/s]

y Euler constant = 0.5772... [-]

A Thermal conductivity W m™ K"
p Density [kg/m?]

T Temporal scaling parameter [-]

0] Porosity [-]

u Dynamic viscosity [kg m™* s
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Appendix A:  Additional Results of the Thermal Resistance
Thermal (TRT) Field Campaign (EPfL)

A.1l. TRT field campaign in Zirich

Test 2 (short term TRT): results of the one day circulation period, performed to keep
the conditions of the traditional TRT before heating the soil.
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Figure A-1: Temperatures and flow rate versus time in circulation phase before short term test.

Test 4 (long term TRT): results of the one day circulation period (20 hours),
performed to keep the conditions of the traditional TRT before heating the soil.
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Figure A-2: Temperatures and flow rate versus time in circulation phase before long term test.
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e Test 5 (recovery without circulation).
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Figure A-3: Temperatures versus time in recovery phase with circulation after long term test
(duration 3 weeks).

e Test 7: recovery after long term TRT with laminar flow conditions
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Figure A-4: Temperatures versus time in recovery phase with circulation after long term
laminar test (duration 7 weeks).
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A.2. Thermal Response Test in EPFL Lausanne on heat exchanger pile

The test was performed between November 10" 2008 and November 17" 2008 on EPFL
heat exchanger pile. The heat exchanger pile is located at the side of a four storey building of
EPFL Lausanne, founded on 97 piles. The drilled pile diameter is 88 cm and the length is
25.8 m (Laloui et al. 1999). Before heating the soil, a 4 hours circulation period without
heating has been followed. The fluid rate was set to about 12 I/min. Temperature recovery
was also recorded.
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Figure A-5: Temperature and flow rate versus time during TRT test at EPFL (heating phase and
temperature recovery phase).

The test results were interpreted with the line source model (Figures A-5 and A-6). The
obtained values are:

Effective thermal conductivity Ay =2.40 W/mK
Mean value of resistance R =0.08 K/(W/m)

Thermal Response Test- Thermal Pile EPFL
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Figure A-6: Evolution of the thermal conductivity with ¢ (temporal scaling parameter) computed
according to the line source theory, and its estimation for the test.
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Thermal Response Test - Thermal Pile EPFL
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Figure A-7: Evolution of the mean thermal resistance with time computed according to the line
source theory, and its estimation for the test.

It is interesting to note that the actual thermal conductivity of the ground in the area of the
pile is about 1.80 W/mK. This value was estimated independently thanks to the density and
the water content of the soil. It is close to but smaller than the effective thermal conductivity
measured thanks to the present thermal response test. The effective thermal conductivity
value (the one required for the pile or probe sizing) takes into account water circulation.
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Appendix B: Practical guideline for efficient thermal
response testing (EPfL)

In what follows, some general recommendations for thermal response testing are listed.
These recommendations are based on several years of field experimentation. They could be
seen as a practical guideline for efficient thermal response testing.

B.1. Recommendation for test progress

The following steps should be mandatorily followed:

1. Test and calibration of all the sensors.

2. Setting of the device in the field and power supply connection. The site requirements are
detailed in Section A.2.

3. Connection to the borehole heat exchanger, thermal insulation of the tubing and joints
from the ground surface to the module.

4. Filling of the test loop with water to sufficient pressure and air flushing.
5. Checking of the watertightness.

6. Setting of the level of flow rate and heat power. Recommendations for power level setting
are given in Section A.3.

7. Data-logging setting.

8. Test beginning: determination of the initial undisturbed ground temperature by fluid
circulation without heating, over a several hours period (possibly one night), in any case
up to equality of incoming and outgoing temperatures is obtained.

9. Checking of the watertightness and of any anomaly that could be spotted during the
circulation without heating.

10. Possible data-logging re-setting: during the heating phase, data should be recorded with
a sufficiently short time step (typically one minute) for the following eight parameters:
incoming and outgoing fluid temperatures,
internal and external temperature of the test unit,
pressure of the heat-conducting fluid (input and output) of the heat exchanger tubes,
flow rate of the heat-conducting fluid,
heater energy consumption.

11. Setting of the power level and starting of the heating.

B2. Site requirements

The installation of the borehole and the heat exchanger should be done by the building
contractor at least 2 weeks prior to the beginning of the thermal response test. The borehole
installed for the thermal response test needs to fulfil the following requirements:
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The location must be situated in the vicinity of the future construction, with geological and
geotechnical conditions representative for the site.

The depth of the borehole and heat exchanger must be known as precisely as possible.
A minimum borehole diameter of 130 mm for a double U-tube must be obtained.

A geological profile must be obtained by a geologist or geotechnical engineer on site.
The inside and outside diameter of the tube must be known.

The tubes must be filled with clean water.

The space between the tubes is filled with a mix of bentonite and cement or similar,
injected from the bottom of the borehole.

Protection should be set up to prevent degradation or vandalism.

The following items are asked to be provided by the site responsible:
Electricity adjacent to the borehole with three phase current of approximately 16 A.
Cover for the equipment during the whole test to protect if from degradation or vandalism.
An electrician to be present during the time of installation.

B.3. Setting the test parameters

The power level should aim for a temperature development in the heat carrier fluid as similar
as possible to that of the final system. The temperature development can be calculated with
an estimated value of the thermal conductivity as shown in Eq. (A.3) and Eqg. (A.4). The
optimal heat injection q should be between 30 and 50 W/m during the test. The power level P
[W] depends on the depth H of the borehole [m] as:

P=qxH (A1)
The flow regime is normally kept turbulent (a correction has to be made in case the system is
later laid out for laminar flow). The flow should be chosen as a function of the desired
temperature difference between the entry and exit of the heat exchanger. Ideally, the
temperature difference should be kept between 3 and 5 K. This can be estimated through:
P= C\/ ><QxATin—out (AZ)
where P is the power level [W], ¢, is the volumetric specific heat capacity of water [J.m™>.K™],
Q is the flow through the test loop [m°.s™] and ATi..o. is the temperature difference of the
inlet and outlet fluid [K]. During the heated part of the test, the fluid temperature rises in the
heat exchanger. To avoid perturbations along the heat exchanger caused by thermal
convection, the temperature increase AT should not exceed 30 K. This increase can be
estimated using the following relationship [Eskilson 1987]:

AT =(R,+R,)xq (A.3)
where AT is the temperature rise during the test [K], R, is the thermal resistance of the
ground [K.W™.m™] and R, is the thermal resistance of the borehole [K.W™'.m™]. In Eq. (A.3),
the resistance R, is determined from:

_ 1 2
R, _H(m(m It2)-y) (A.4)
where a is the thermal diffusivity [m?.s™], t is duration of the heated part of the test [s], 1y is

the borehole radius [m], yis Euler's constant (= 0.5772) and A is an estimated value for the
ground thermal conductivity at the particular site [W.m™.K™].
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Appendix C: Utilization of natural stimulations and
evaluating the response (AF-Colenco)

Objective

The idea behind this test application is to make use of ambient temperature changes to cool
or heat the near surface ground and to evaluate the temperature response by transient
measuring methods in order to derive the thermal conductivity. Similar approaches are
applied in geohydraulics by using tidal effects in piezometers to estimate hydraulic
conductivities.

The ground surface is used in this context more to ensure a forced heat exchange between
the circulating fluid and ambient air temperature than to supply a controlled heat or cold load.
Only the in- and outflow temperatures (and the flow rate) will be measured and used for the
analysis. In the following, a simple analytical model is described to calculate the
temperatures in the circulating fluid.

After giving the theoretical background, we illustrate the application of the procedure with a
long-term circulation test conducted in the ETH3 borehole in June 2008.
Analytical model for convective-conductive heat transfer in a vertical ground-coupled

heat exchanger

At first we consider a fully hydrodynamically and thermally developed turbulent flow in a
circular tube with the wall temperature T,.

The mean or bulk temperature T,, at a distance x from the inlet at the wellhead with the
temperature T, is given by

Tm _TO — A~2X"Nu,

T o1, ° @)
e 0
with
X" dimensionless length = X
[ [RePr
nic,
Pr Prandtl number = (2)
Ay
[2r,
Nun ... (mean) Nu number = a - (3)

w

(because Nu is here expected to be independent of x, we omit the index m in the following)

a heat transfer coefficient
o ..  (hydraulic) radius (= 203 Srossedionaarea
circumferace

v, [2r

Re .. Reynold number = Vo 2o 1Py, (4)
M
Ve velocity of flow (because the flow is fully developed also the index « can be
omitted)

Aw thermal conductivity of water
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M e viscosity (of water)
Cp specific heat capacity (of water)
Pw density (of water)

Inserting equations (2) to (4) into (1) we get

_ 2ma (XI5,
T,- T, _ e‘2X+NUm —o M (5)
Te - TO

with

m, .. mass flow rate (of circulated water)

We replace formally the heat transfer coefficient a with a radial overall (serial) transfer
coefficient U

U= 1 6)

1 +fom(raj +fa|n(rm (t)j
a Ape () Ay r,
which implies the local heat transfer at the wall, the thermal resistance of the tube (index PE)

as well as the increasing thermal resistance of the affected rock with
Ag thermal conductivity of surrounding rock

Ape f'o
rmt) ... thermal entrance depth (also known as “cooling shell”).
Ay

By substituting In(—} =f (t)and introducing the abbreviation a
r

1 r : . .
—In[—aj =Ryc... thermal resistance of the (PE-) tube with the outer radius r,

a

2m\ 1
Y 1 r Dm [t %
LN R +-2f(t) 2P
A, Nu " ° % (t)

equation (5) becomes

T

m

T, -T,

e

loze ®)

The transient thermal effect (long-term “cooling shell”) f(t) depends on the boundary condition
imposed at the inner surface of the tube. For the Cauchy type boundary conditions prevailing
here, there is no closed-form solution available. But the effect is supposed to be somewhere
between Dirichlet and Neumann conditions at the surface with

f(t) = In(l+ \/T[[FO) ... for Dirichlet boundary conditions 9)
Ei[_4; j

f(t) = _TO ... for Neumann boundary conditions (20)

with
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Fourier number Fo=—-; a4 ... thermal diffusivity of rock =
a (pc 59

The differences (or the influence of the type of boundary condition) vanish with time:

Table C-1: Examples for transient functions f(t) for different boundary conditions

Fo f(t) Dirichlet f(t) Neumann
1 1.020 0.522
10 1.888 1.569
100 2.930 2.709

(Example: ro= 0.017m tube, a;= 1-10° m/s, Fo = 1 after less than 5 minutes)

In vertical structures (boreholes) the wall temperature changes with depth according to the
geothermal gradient w. By specifying that the temperature of the (undisturbed) wall at the
entrance of flow is Ty 4, equation (8) has to be replaced by (see Forster & Kockritz, 19899%):

—az

T(z)=e™,,, twz+ 1_2 (a Mo F (I)) (12)

with the upper signs for the downward flow direction and the lower signs for upward flow®.

The (return) temperature of the fluid at z=0 (at the surface) after the time of a complete
circulation t' to the depth z and back to the surface is derived from equation (11) by
neglecting any heat exchange between the downward and upward channels to:

—az

1-e
a

Tz 0)= e‘""ZEEW;(z: Ot-t)+wz+ (alIrQg ~w) |-z + _:_az [a[ﬂTovg +wz)+ |

(12)

Equations (8) and (11) together with the abbreviation (7) consider
» atime dependent influence of long-term cooling/heating in f(t) and
« the actual heat transfer affected by the actual flow rate in Nu=f(Re).

For the calculation of the Nusselt number, we consider the empirical relations for fully
developed turbulent flow by forced convection in circular tubes with Prandtl numbers in the
order of about 8 (correlations are given by Kakag et al., 1987).

Note that the three different terms in the denominator of equation (7) of the overall heat
transfer coefficient U

A
_gi_'__gln r_a +r_af(t)
A, Nu Ao (r,) 1

% Forster, S.; Kockritz, V. (1989): Aufschluss und Gewinnung flissiger und gasformiger Rohstoffe,
Reihe: Fordertechnik, Formelsammlung, 3. erg. Auflage, Bergakademie Freiberg

% The pressure dependency on temperature in equation (11) can be neglected.

4 Kakag, S.; Shah, R.; Aung, W. (1987): Handbook of single-phase heat transfer; J. Wiley & Sons
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are practically in the same order of magnitude, and are in a relation of about 0.2/0.2/1 ...3

r : : : L .
-2~1). This describes the increasing impact of the time dependent
r.O

A
(Nuwn>20; )\—g ~4;

w

“cooling shell”.

When using this model, one has to be aware that this model implies some rigorous
simplifications (e.g. constant linear geothermal gradient, radial symmetry, constant flow rates
and inflowing temperatures etc.). Furthermore, we neglect the heat input by the circulation
pump. Violating these assumptions leads to increasing uncertainties.

Interpretation of the circulation test at ETHZ (June 2008) and recommendations

After a sufficiently long recovery phase (33 days; 19.04.-11.06.08) the fluid was circulated for
a period of about 16 days without controlled heating or cooling. Above the ground surface the
heat exchange with ambient conditions was ensured by abstaining from thermal isolation of
the tube along 2 x 3.7 m between the wellhead and the circulation pump.

After a first phase of 3 days with marginally increasing flow rates, the rate remains constant
at 25.8+ 0.5 I/min. Due to the prevailing ambient conditions at that time the circulation results
mainly in a moderate cooling of the fluid by the surrounding rock. Figure C-1 shows the
measured inlet and outlet temperatures at the wellhead (the temperatures are recorded with
a frequency of one per minute, each line is a moving average value of 24 measured values).
The temperature differences are rather small (about 0.1 K), noisy and show no long-term
tendency.
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Figure C-1: Measured inlet and outlet temperatures during circulation

Considering the flow rate and tube length, the water needs a circulating time of about 34
minutes. The flow is characterised by relative high turbulence (Re ~ 7°000). This leads to
relatively high Nu numbers (55 ... 65) with correspondingly small heat-transfer effects along
the inner surface of the tube.
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By estimating the heat capacity of the rock (pcy), the thermal conductivity of the tube (Aeg)
and the geothermal gradient w, and by calculating the Nusselt number (heat transfer
coefficient) we fitted the outflow temperatures according equation (12) (minimum of root-
mean-square deviation) by varying the thermal conductivity A,.

The results in terms of best fit of calculated return or outlet temperatures are shown in Figure
C-2.
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Figure C-2: Measured and calculated outlet temperatures during circulation

The calculated values provide a rather high value for the surrounding thermal conductivity for
the first 8 days (about 2.6 W/m K) and low values for the late time (1.6 W/m K). Although the
results seem to be reasonable, the high uncertainty and the tendency are rather discouraging
and require some explanation. By looking at the measured undisturbed temperature profile
and the calculated temperatures (here indicated for two selected situations) in Figure C-3,
one may conclude as follows:

* Up to a depth of about 100 m the recorded temperature profile does not at all follow
the linear increase with depth as is presumed in the model.

* The prevailing inflow temperatures (due to ambient conditions) are in the order of the
mean temperature within the borehole. This causes a cooling of the fluid in the upper
part and a heating in the lower part in both directions which eventually results in a
very small signal being recorded at the wellhead for the analysis.
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Figure C-3: Measured temperature profile and calculated fluid temperatures within the tube at
two selected time steps

Summarizing the results we recommend:

* The proposed procedure of circulating without controlled heating or cooling by relying
solely on the “natural” response can be considered a simple and suitable technique to
obtain rough estimates of the thermal conductivity.

* Due to the short time for one loop, the main response reflects the immediate vicinity;
far field signals are difficult to detect and interpret.

* This technique is best applied when the ambient air temperatures are markedly
different from the mean temperature in the borehole (i.e. in winter or in summer; in
summer especially suitable for shallow heat exchangers).
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