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Abstract

Abstract

Shallow boreholes equipped with borehole heat exchangers (BHE)
connected to ground-coupled heat pumps are used for the heating and cooling of
buildings. Accurate estimates of ground properties are essential to properly
dimension a ground-coupled heat pump system. For small projects, the ground
properties are assumed for different rock types. In large projects, thermal
response tests (TRT) are carried out to estimate the actual properties.

Convection and groundwater flow affect the TRT results and the operation
of a ground-coupled heat pump system. This thesis investigates the influence of
groundwater on measurements of thermal properties such as effective (in sitw)
thermal conductivity (Aef) and borehole resistance (Rp) in fractured aquifers.

A statistical analysis for selected rock types shows that Aef is in general
higher than rock thermal conductivities measured from rock cores (Arock).
Databases of Aef and Arock, hydraulic yield of wells, and driller’s well protocols
from the Oslo region are used to test if Aeff can be predicted. It is shown that Aeg
cannot be predicted accurately: Heterogeneities in rock mineral content, rock
types along a borehole, regional groundwater flow and convection due to different
heat input rates during TRTs are too large. It is documented that a high thermal
conductivity is not necessarily linked to a high quartz content, but rather to the
orientation of insulating layers of low conductive materials. Thermal conductivity
estimates based on Arck from mapped bedrock types can give only a vague
indication about the thermal conductivity one may find at a site.

The influence of groundwater on Aeff was investigated in a field experiment.
Two TRTs were carried out in the same borehole: A first standard TRT and a
second TRT with artificially induced groundwater flow. Temperature profiles
after both TRTs showed groundwater flow in a few fractures only. The measured
Aeff was higher for the case of groundwater flow. The influence of groundwater
flow cannot be discovered from the measured Aey itself if the flow is restricted to
limited areas of the borehole. But temperature profiles taken a few hours after a
finished TRT allow a proper interpretation of the TRT results.

A multi-injection-rate TRT (MIR-TRT) showed that the measured thermal
properties changed with increasing heat input rate. The required borehole length
for a ground-coupled heat pump system would be reduced as buoyancy-driven
convection increases in the borehole. A second MIR-TRT was carried out with a
groundwater pump installed at the base of the same borehole. Groundwater was
pumped up to the surface and re-infiltrated into the borehole. The estimate for
required borehole lengths was reduced by 9 to 25 % in comparison to the
preceding MIR-TRT. Consequently, artificial convection may be used to reduce
the required borehole length of a ground-coupled heat pump system.

Keywords: Thermal response test, thermal conductivity, groundwater flow,
convection, quartz content, hard rock, ground-coupled heat pump.
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Symbols and Abbreviations

Symbols and Abbreviations

Latin letters

Cp specific heat capacity

D diameter

E power

f friction factor

k constant (slope)

L length of borehole heat exchanger
m constant (axis intercept)

P pressure

q heat exchange rate

R2 coefficient of determination
Ry thermal borehole resistance
b borehole radius

Re Reynold’s number

Sve volumetric heat capacity

T temperature

t time

Um mean fluid velocity

\% flow rate of heat-carrier fluid

Greek letters

a thermal diffusivity
n efficiency factor

A thermal conductivity
7 dynamic viscosity
p density

Subscripts

0 initial

b borehole

eff effective

f fluid

Geomap geological map

gw groundwater

in inlet

out outlet

pump pump

ref reference

th thermal

[J kgt K]

[m2 s1]

[-]
[WmtK1]
[kg m! s°1]
[kg m-9]
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Symbols and Abbreviations

Abbreviations

asl

DTA
GRANADA
HVAC

IEA
IGSHPA

ILS
MIR-TRT
NGI
NGU
NOK
NTNU
PhD
SINTEF
TRT
XRD

above sea-level

Differential Thermal Analysis

National groundwater database of Norway
Heating, Cooling, Ventilation, Air-Condition
International Energy Agency

International Ground Source Heat Pump
Association

Infinite Line-Source

Multi-Injection-Rate Thermal Response Test
Norwegian Geotechnical Institute

Geological Survey of Norway

Norwegian krone (currency)

Norwegian University of Science and Technology
Philosophiae Doctor

Foundation for industrial and technical research
Thermal Response Test

X-ray Diffraction
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1. Introduction

1. Introduction

1.1. Motivation

The understanding and use of geoecological linkages between the different
spheres on Earth will be essential for the future survival of humanity. Every
individual sphere — the atmosphere, biosphere, pedosphere, hydrosphere,
lithosphere — is linked to all other spheres in a fragile equilibrium. It is necessary
for humans to maintain an ecosystem functioning to be able to use the "ecosystem
services” in a sustainable way. Ecosystem services are for example natural
resources like food crops, oil and gas but they contain also processes that provide
such things as clean drinking water to humans.

Humans realize more and more that resources are limited and that ecosystems
are vulnerable to human activities. The legislation of many countries has started
to implement sustainable strategies concerning the use of renewable energy,
mostly as a result of the ongoing debate on climate change due to CO2 emissions
(e.g. "The Renewable Energies Heat Act”, which came into effect in Germany in
2009). The result is a commercialisation of technologies to use renewable energy
resources.

The so-called “Stern review”, published in 2006, was the first report focussing on
the effect of global warming on the world economy. Among other things, it shows
the relative greenhouse gas emissions per sector. The heating and cooling of
buildings accounts for 8 % of the total greenhouse gas emissions, or possibly even
20 % if upstream emissions associated with electricity and heat are included
(Stern, 2006, see Figure 1.1). Worldwide, the amount of direct and indirect
emissions from this sector grew by 75 % in the period 1970 — 1990 (Metz et al.,
2007).

Low-temperature geothermal energy applications, also called shallow geothermal
energy or ground-coupled heat pump systems, are considered one of the key
technologies to reduce greenhouse gas emissions in the buildings sector (Sims et

al., 2007). "The Directive on the Energy Performance of Buildings” of the
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European Union has become an important driving force for research and new

developments in renewable energy techniques.

Agriculture Waste
(20 %) (3 %)

Other energy-related
B

Industry
(14 %)

Power
(24 %)

Buildings

(8 %)
Transport
(14 %)

Figure 1.1 Relative greenhouse gas emissions in the year 2000 by source
(Stern, 2006 mod.).

One main advantage of a ground-coupled heat pump system is that it is an on-
site renewable energy supply system (Norges forskningsrad, 2008). For space
heating and cooling, a trend to a regionalisation can be observed where the
energy demand is covered almost completely by the “low-energy building” or
“passive house”. In such buildings, solar panels and wind mills can be installed to

produce electricity that may be used to run, for example, a ground-coupled heat

pump.

The number of ground-coupled heat pumps in Europe continuously increased
until 2008 with Sweden, Germany and France being the countries with most
installed units (in 2008: Sweden: 320 689 units, 2 909 MW, capacity; Germany:
150 263 units, 1 653 MWy, capacity; France: 121 866 units, 1 341 MWy, capacity)
according to EurObserv’ER (2009). The fastest growing market in the European

Union is Germany with an increase in installed ground-coupled heat pump units
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of 28 % in 2008 compared to 2007. Sweden, however, is the market with the
smallest growth rate in Europe due to a saturating market (40 % of the European
Union’s ground-coupled heat pumps are installed in Sweden). Norway has
approximately 26 000 ground-coupled heat pumps installed (Midttemme, 2010,
pers. comm.), which is enough to let Norway be part of the "top five” countries for
installed capacity per population (Lund et al., 2010). The public awareness of the
technology is increasing (Hay, 2009) and the potential for the use of ground-
stored heat in Norway is large. Ramstad (2011) concludes that the total heating
and cooling load could be covered with the help of ground-coupled heat pump
systems. Such systems would reduce the electricity demand for heating and
cooling by 70 %. The markets of ground-coupled heat pumps have been
developing mostly in regions with polar or temperate climate but numbers of
installed units are increasing also in southern KEuropean countries with
Mediterranean climate. Urchueguia and colleagues (2008) show that ground-
coupled heat pumps are more efficient than the conventional air-to-water heat

pump system also in a warm, cooling-dominated climate.

The story of ground-coupled heat pumps is not an absolute success. There have
appeared some issues:
Thermal "pollution” in the ground (unnatural ground temperatures)
Leakage of heat carrier fluids from borehole heat exchangers
Hydraulic short-circuiting between different aquifers
Uncontrolled outflow of groundwater through the borehole from artesian
aquifers (Sanner, 2011)
Hydrogeological problems when dehydrated evaporates get in contact with
groundwater through energy wells (e.g. Staufen, Germany, see also
Goldscheider and Bechtel, 2009).
These problems have been discussed by the media, and especially the case of
Staufen made customers in Germany insecure regarding ground-coupled heat
pumps as a good choice for heating and cooling of buildings (e.g. Lubbadeh, 2008;
Haimann, 2010; Kempf, 2011).
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Nevertheless, most of the mentioned problems are preventable through detailed
site investigations and installation procedures. Ground-coupled heat pump
technology is still an important step towards a sustainable way of life in the
future, when environmental aspects are taken into account. For this reason, this

research field is motivating to work with.

1.2. General background

Geothermal energy is defined as ”(...) energy stored in form of heat beneath the
surface of solid earth” (EU Directive 2009/28/EC on Promotion of Renewable
Energy Sources, Art. 2). Shallow geothermal energy deals with temperatures in
the range of the mean annual surface temperatures at a given place. The heat
used for ground-coupled heat pump systems has two sources, the sun and the
earth. A geothermal heat flux from the ground towards the surface opposes heat
fluxes in the opposite direction from insolation. The sun is the major heat source
for the renewal of heat in shallow depth down to 300 m according to Banks (2008,
see Figure 1.2).

Atmospheric long-
wave radiation

Insolation
Heat transfer by

convection and
evapotranspiration|

Back radiation L LYl /

e W

\ Zone of
\ [Summer | seasonal
fluctuation)

Average

annual
soil température

Geothermal
heat flux

Figure 1.2 Schematic presentation of heat fluxes and temperatures at the
ground and atmosphere (Banks, 2008 mod.).
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Still, Schiermeier et al. (2008, p. 820) conclude in Nature magazine in their
article about the potential of geothermal energy that ”(...) small geothermal heat
pumps that warm houses and businesses directly may represent the greatest
contribution that Earth’s warmth can make to the world’s energy budget”. This
stresses the large potential of ground-coupled heat pump technology in
comparison to high-temperature geothermal applications in a global perspective.

The most common type of low temperature geothermal heat applications for
space-heating and cooling in Europe is the closed-loop borehole heat exchanger
system. Shallow boreholes (< 400 m; Rybach and Sanner, 2000) are drilled for
this purpose in different kinds of rocks or unconsolidated sediments. Collector
pipes, U-shaped (single or double) or coaxial, are installed in the boreholes and
connected to a ground-coupled heat pump, which helps heat to flow from a low-
temperature environment to a high-temperature one. To exchange heat with the
ground, a heat carrier fluid (often anti-freeze mixtures with ethanole, methanole
and glycoles) is pumped through the borehole heat exchangers with the help of a

circulation pump (Figure 1.3).

Figure 1.3 Circulation pumps for borehole heat exchangers (left) and ground-
coupled heat pump at Nardo school (Trondheim, Norway).

The heat carrier fluid enters the ground-coupled heat pump and delivers heat or
cold depending on the mode. A ground-coupled heat pump can easily be switched

into reverse, from heating to cooling mode, so that heat from the inside of a
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building is pumped away to the borehole. This is more efficient than air-to-air or
air-to-water heat pumps in warm weather (Banks, 2008; Urchueguia et al., 2008).
This type of closed-loop system with a ground-coupled heat pump is widely used
in Scandinavia for heating and cooling of single households with one single or a
few non-grouted, water-filled boreholes. Large, mostly commercial or public
buildings require more boreholes to meet the demands for heating and cooling
(Figure 1.4). Free cooling can be used in some cases. In this case the heat-carrier
fluid circulates through the ventilation or cooling devices of the building without

any heat pump involved.

Figure 1.4 Borehole heat exchangers entering the HVAC (Heating,
Ventilation, Air-Condition) centre at Nardo school (Trondheim), 14 boreholes.

The first ground-coupled heat pump using direct expansion in the borehole was
installed in 1945 (Indianapolis, USA), while the first borehole heat exchanger
with a heat carrier fluid (standard today) in Europe was installed in Germany in
1974 (pers. comm. B. Sanner, 2011). Since then, the numbers of installed ground-
coupled heat pumps have increased more or less steadily in several European
countries (see also Eugster and Sanner, 2007). The recent market for ground-
coupled heat pump systems is still immature in Europe with the exception of
Sweden where a stagnation in the number of new installed ground-coupled heat
pumps is observed due to market saturation (pers. comm. G. Hellstrom, 2011). In

Sweden, houses traditionally use hot-water heating based on the combustion of
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oil. The conventional hot-water system can easily be changed into an innovative
ground-coupled heat pump system which is one reason for the appeal of the
technology in Sweden. In Norway, however, electrical radiators are commonly
used for the heating of buildings. A change to ground-coupled heat pump
technology is expensive in old Norwegian buildings. New buildings however, are
often equipped with ground-coupled heat pump systems for both heating and
cooling of buildings. The number of installed units may increase significantly also

in Norway in the near future (Ramstad, 2011).

For the estimation of the required borehole length to deliver a certain amount of
heating and cooling power, and energy to a building, some ground parameters
should be known. If, for example, the thermal conductivity for a certain rock type
is assumed and not certain, some extra meters of borehole are usually drilled to
avoid underdimensioning the ground-coupled heat pump system. Another
possibility is to perform a thermal response test (TRT) in a test well to measure
the in situ thermal conductivity and thermal borehole resistance (Austin, 1998;
Gehlin, 1998) and then drill the required boreholes depending on the measured
value. Thermal response tests are often performed for large ground-coupled heat
pump projects. The mathematical standard evaluation is based on the line-source
theory (Ingersoll et al., 1948) and is closely related to the standard evaluation
techniques of hydrogeological pumping tests (Raymond et al., 2011). The Theis
equation, for example, is based on the line-source theory for heat transfer as well
(Theis, 1935). TRT procedures have been continuously improved as tests with
heat injection and extraction were introduced (Witte, 2001, Witte and van Gelder,
2006) to find the most accurate estimates for the ground parameters. New
analytical (see e.g. Philippe et al., 2009) and numerical evaluation techniques
(e.g. Shonder and Beck, 1999; Austin et al., 2000; Hellstrom, 2001) are
introduced. One disadvantage, however, i1s that a TRT is a costly procedure (ca.
90 000 NOK which is equivalent to 150 m to 450 m of drilled borehole inclusive
borehole heat exchanger installation, depending on the bedrock and the

sedimentary cover). Alternatively, thermal conductivity data from rock cores may
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be used in planning and for the dimensioning of large ground-coupled heat pump
installations, if these data are available.

Groundwater flow, through and in the vicinity of energy wells, has been shown in
practice and in computer simulations to influence the measured effective thermal
conductivity as heat or cold is transported away from the borehole using the
water as heat-carrier (e.g. Claesson and Hellstrom, 2000; Witte, 2002; Gehlin and
Hellstrom, 2003; Fan et al., 2007; Wang et al., 2009). In Scandinavia, boreholes
in hard rock are normally non-grouted so that groundwater, filling the borehole,
alters the thermal properties of the borehole further. In non-grouted water-filled
boreholes used for borehole heat exchangers under operation conditions, the
effective thermal conductivity can increase 3 to 10 times if the groundwater
moves in the borehole due to natural convection (pers. comm. G. Hellstrém, 2011;
thermal conductivity of stagnant water is 0.6 W m-1K-). Related important
phenomena during TRTs like thermosiphon effect (i.e. inflow of cold groundwater
at a fracture at the base and outflow of warm water at a fracture at the top of the
borehole; Gehlin et al., 2003), groundwater flow through open fractures (Gehlin
and Hellstrom, 2003) and density-driven convection inside the borehole
(Gustafsson et al., 2010) have been explained and visualized mostly with the help
of computer simulations. Experimental data, however, that show the influence of
groundwater on TRTs and indirectly on borehole heat exchangers during

operation is still scarce, especially for hard rock aquifers.

1.3. Research objectives and hypotheses
The overall research objective of this doctoral thesis is to investigate the
influence of groundwater on the determination of thermal properties, in
particular, thermal conductivity via TRTs in Norwegian crystalline bedrock

aquifers. In this context, groundwater plays an important role in two ways:

a) through heat transport with groundwater flow through open fractures.
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b) through convective heat transport in the free groundwater column in the

energy well (applies to non-grouted boreholes).

In both ways TRT results are altered. To analyze the qualitative and quantitative
influence of groundwater on TRT results, four main hypotheses are formulated

and tested scientifically:

1) Groundwater flow in fractured aquifers has a significant influence on

TRTs.

II.)  Effective thermal conductivities are higher than lab-measured thermal

conductivities due to groundwater flow and convection in the borehole.

II1.) Free convection of water in the borehole during TRTs alters the

measured effective thermal conductivity and borehole resistance.

1V.)  Forced convection induced with a groundwater pump increases the

efficiency of a ground-coupled heat pump system.

By testing these hypotheses, conclusions can be drawn that lead to
recommendations on how groundwater should be accounted for in the planning of

ground-coupled heat pump projects where non-grouted boreholes are used.
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2. Material and Methods

2.1. Study sites

An overview of the study sites is given in Figure 2.1.

00§
oY
28 lw A
iﬁ( s
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/o ~:
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‘?‘
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Mzre
f
Lade
slo Region
500 km

Figure 2.1 Overview of study sites in Norway.

Hypothesis I was tested in a well field consisting of five wells at Bryn (Baerum
municipality; UTM: 32 583649E, 6643494N; 60 m asl; see also Figure 2.2) and in

a single test well at Meere (Steinkjer municipality; UTM: 32 617243E, 7092403N;
32 m asl).

10



2. Material and Methods

Figure 2.2 Preparations for the TRT with pumping of groundwater at Bryn.

Hypothesis II was tested with the help of data from 59 TRTs in the Oslo region
performed by NGU, NGI and Geoenergi AS. In addition, 7 own TRT
measurements were carried out to get a statistically interpretable dataset for
some geological units (see Figure 2.3). While the Oslo region is marked only in
general on Figure 2.1, the accurate coordinates of the test boreholes can be found
in Appendix B. Additional information is given there about surface rock core and

in situ thermal conductivities, geology and thermal borehole resistances.

s

Figure 2.3 TRT at Fredrikstad.

11
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Hypotheses III and IV were tested in a research borehole of NGU at Lade
(Trondheim municipality; UTM: 32 572044E, 7027070N; 25 m asl; see Figure
2.4).

Figure 2.4 Borehole at Lade equipped with borehole heat exchanger (single
U) and tube and electricity cable for the groundwater pump installed at the
bottom of the borehole.

All study sites are characterized by fractured hard rocks that are covered with a
thin layer of unconsolidated sediments. The boreholes at Lade and Bryn are pure
research boreholes while all other boreholes of this study were used for scientific
data collection and TRTs before being connected to the ground-coupled heat
pumps utilized in commercial or residential buildings. Detailed information

about the single study sites is given in the papers.

2.2.  Thermal conductivity measurements from rock cores

Surface rock cores from 1398 sample locations within the area of the bedrock map

of the Oslo region (based on Lutro and Nordgulen, 2004) were drilled and

12
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analyzed for their thermal conductivity by the Geological Survey of Norway.
Ramstad et al. (2008a) presented these data as a map showing the thermal
conductivity of the different geological units of the Oslo region. 24 out of 50
geological units are represented by 10 to 219 sample locations, and a median
thermal conductivity value was calculated for these units. To get a complete map
sheet, the thermal conductivity value for the remaining 26 geological units are

based on values of geological units with similar mineral composition.

The laboratory procedure to estimate the thermal conductivity of a rock core
follows Middleton’s approach (1993) where a constant heat source (144 or 300 °C)
is applied a few millimeters above the vertically positioned rock core sample at
room temperature. The temperature increase at the base of the rock core is
measured. From the measurement of the thermal diffusivity (a) of the sample,

the thermal conductivity (1) is calculated according to equation 1.

A=pCye 8
where
A: Thermal conductivity [W m-1K-1]
p: Density [kg m-3]
Cp:  Specific heat capacity [J kg1K-1]

a: Thermal diffusivity [m2 s-1]

A detailed description of the method development and quality control routines of
the thermal conductivity measurement at the laboratory at the Geological Survey
of Norway is given in Ramstad et al. (2008b). The advantage of using this
database is that the lab procedure and sampling is well documented and identical
for all entries of the database.

One drawback of the method is that fractures and fissures in the rocks are filled
with water at the location but they are dry in the lab. Air has a lower thermal
conductivity than water so that in situ measurements in water-saturated

conditions are expected to lead to slightly higher thermal conductivity values

13
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(Ericsson, 1985). Clauser and Huenges (1995, p. 114) report of an increase in
measured thermal conductivity with an increase in water saturation from dry to
completely water-saturated of around 8 % for a granite with low porosity (1%).
Midttemme et al. (2000) conclude that the water saturation is responsible for not
more than 10 % increase in rock thermal conductivity for samples from the Oslo
region. Further, a strong anisotropic thermal behaviour of some rocks has been
shown by among others Clauser and Huenges (1995) and Midttemme et al. (2000;
2004) where the thermal conductivity is high parallel to the foliation and low
perpendicular to the foliation. The direction of foliation, however, may vary
strongly in folded rocks within the same geological unit. This variation will give
varying thermal conductivity values.

One final limitation of the dataset is that only surface bedrock cores are taken
into account while several rock types may occur vertically along a borehole used
for a ground-coupled heat pump installation. Midttemme et al. (2004) claim
however that the variations are small in the main stratigraphy to a depth of 300

m in the study area.

For the study site of Mare, rock cores were drilled from 8 boulders and analyzed
for the thermal conductivity. The rock cores were drilled normal and parallel to

the foliation direction.

2.3.  Thermal conductivity from TRTs

Thermal response tests are often applied in Scandinavia to test the in situ or
effective thermal conductivity in a borehole which integrates over the thermal
conductivity of the bedrock, of the water in the borehole (inclusive effects of
convection and from groundwater flow) and the borehole equipment.

For this purpose the TRT equipment is connected to the collector pipes of the
energy well. Heating elements in a portable TRT rig warm up the heat-carrier
fluid that is circulating through the closed-loop system. The connection between

the TRT device and the borehole has to be well insulated, to avoid heat loss in
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2. Material and Methods

cold weather or heat gain through sun irradiation. The circulation pump creates
a turbulent flow in the pipes to get best heat transport from the collector towards

the ground.

The undisturbed ground temperature (measured before the TRT) and the
temperature increase in the heat-carrier fluid during a test run are used to
calculate the effective thermal conductivity of the ground (Aef) and the borehole
resistance (R»). The thermal borehole resistance depends on the thermal
properties of the borehole elements including the collector, grouting and the
physical arrangement of the collector in the borehole (Javed, 2010). The
calculation of Aeff and Rs follows the suggestions of Gehlin (2002) and Signorelli et
al. (2007), which are based on the infinite line-source theory (Ingersoll et al.,
1948). The line-source model is based on a linear relationship between the
average heat carrier fluid in the collector and the natural logarithm of the time ¢,
if the heat exchange rate per length unit, ¢, is constant (¢ is constant if the

electric power supply to the heating elements is constant):

7,()= kIn(t)+ m K] )
where
__4
k= o (K] 3
and
= q[Rb . 41/1(11{ 4 ; J— 0.5722H +7, K] (4)
T Ty Oye

r, is the borehole radius, §,.is the volumetric heat capacity of the rock/sediment,
and 7, is the undisturbed ground temperature. The average heat carrier fluid
temperature 7, is calculated from the inlet and outlet temperatures, 7,, and T, :

Tom + T;'n
Ty === (K] ®)
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The thermal conductivity 4is found by plotting 7, against the natural logarithm

of the time in seconds and by reading off the slope where the conditions have

stabilized (Signorelli et al., 2007; normally between 20 (¢,) and 70 hours (¢,)):

_ 49 ln(tz)—ln(tl) 1K
Cdn T/‘(tz)_T/‘(tl) (W ) ©

The thermal borehole resistance can be calculated with the help of the obtained

Avalue.

g, =""Tu _l(h{f’l] + 0.5722J [m K W] )
q ArA

1y Sye

A TRT typically lasts 72 hours (Gehlin, 1998). In this time range the analytical
solution of the infinite line-source shows a very low error level compared to the
alternative solutions of the finite line-source and the infinite cylindrical source
theory (Philippe et al., 2009). Different international guidelines recommend
durations of at least 36 hours (IGSHPA) or 50 hours (IEA). In Germany,
commonly a TRT is considered to be long enough if the estimated thermal
conductivity does not change more than 0.1 W m-1K-! within 24 hours (pers.

comm. M. Sauer, 2011).

Possible sources of error during a TRT are: 1) heat loss and gain, 2) variable
electric power supply, 3) lack of accuracy of the determination of the undisturbed
ground temperature, 4) free convection of water in non-grouted boreholes
(standard for energy wells in Scandinavia; Gustafsson et al., 2010), 5) gradient-
driven horizontal groundwater flow and 6) density-driven vertical groundwater
flow (e.g. thermosiphon effect, Gehlin et al., 2003, Gustafsson, 2006). Typical
levels of confidence of TRT results are about 9 % for the thermal conductivity and

about 14 % for the thermal borehole resistance (Zervantonakis and Reuss, 2006).

Within this study, 15 TRTs were performed, 7 in the Oslo region, 2 in Bryn, 3 in

Mere and 3 in Lade. Detailed information is given in the paper section. Videos
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showing turbulence in the non-grouted borehole at Lade during the TRTs were
taken with a special borehole camera borrowed from the Geological Survey of
Norway (see Figure 2.5). Three cases are recorded on video and shown in
Appendix A: a) No pumping of groundwater, no heating, some groundwater flow
at 34 m depth (video 1), b) heat input rate of 83 W m-, no pumping of
groundwater (video 2), c¢) heat input rate of 94 W m-l, with pumping of
groundwater from the bottom and infiltration at the top of the borehole (video 3).

The multi-injection rate TRT (i.e. MIR-TRT) at Lade was evaluated with
parameter estimation techniques based on the infinite line-source theory (see
Wagner and Clauser, 2005) and with a numerical model of Hellstrom (2001)
which was used and described in detail in an earlier study to evaluate MIR-TRTs
(Gustafsson and Westerlund, 2010). A + 10 % error can be expected for the same
TRT results analysed with different methods (Spitler et al., 2000, Witte et al.,
2002).

Figure 2.5 Borehole camera used at Lade to visually prove convection in the
borehole during TRT's.

2.4. Temperature measurements in wells

Temperature profiles were taken with the help of temperature dataloggers
(VEMCO, 8-bit Minilog TDR, Halifax, Canada) with a sinker bound to a 200 m
long chord (Figure 2.6).
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Temperature profiles were taken inside the collector pipe before each TRT to
determine the undisturbed ground temperature and four hours after the end of
the TRT. The temperature sensor was lowered to the depth of interest. The
datalogger was given two minutes to adapt to the fluid temperature even at steep
temperature gradients. The depth interval was two meters for the measurements
down to a depth of 40 meters. Below this depth and down to the end of the
borehole, the resolution was 4 meters. There, smaller temperature variations can
be expected. It is necessary to keep the measurement time of a temperature
profile short if it is recorded after a TRT. In this way, a further temperature
recovery during the measurement can be minimized. The depth interval was set
to four meters. For a 200 m deep borehole the measurement of one temperature
profile takes accordingly 70 minutes (30 minutes for the first 40 m and 40
minutes for the next 160 m). This standardized method is necessary to compare
the temperature recovery in different wells in different hydro-, thermo- and

geological settings.

Figure 2.6 VEMCO minilogger and sinker bound to a chord with two meter
marks for manual depth determination (left) and temperature logging inside the
collector pipe (right).

For all temperature profiles performed four hours after the TRT, it has to be kept
in mind that there is some temperature recovery during the measurement. A

permanent temperature log after a TRT in Bryn (see chapter 2.1) in 30 m depth
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showed a recovery of 0.5 °C between 4 and 5 hours after the test. That is the
temperature recovery that can be expected during the temperature measurement

under the conditions of the TRT in Bryn.

Temperature data loggers were installed in the borehole at different depths at
the borehole in Mare to evaluate the effective thermal conductivity in different
depths and the influence of groundwater flow through open fractures on TRT
results. The time resolution for the permanent temperature measurements inside
the borehole was 10 minutes, equal to the data logging resolution in the TRT

trailer.

2.5. Geochemical characterization of rock samples

Rock cores drilled from a boulder from the field site Maere were used to estimate
mineral content with x-ray diffraction (XRD) using a Bruker D8 Advance x-ray
diffractometer. The sample preparation followed the standard procedure
described in Buhrke et al. (2001) with minor adaptations. As the quartz content
plays a dominating role for the thermal conductivity of a rock (Sundberg, 1988), it
was measured independently with a differential thermal analysis (DTA,
Mackenzie, 1970) for each rock core. The measurement equipment used for the
DTA was a Mettler Toledo TGA/SDTA851e. Both XRD analyses and DTA were
carried out at the Department of Geology and Mineral Resources Engineering at
NTNU. The results were used to correlate the quartz content with the lab-
measured thermal conductivity depending on the foliation direction of micas

contained in the investigated schist.

Thin sections were produced in addition and analysed with plane and double
polarized light under the microscope to characterize the rock sample concerning

mineral content and mineral orientations.
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2.6.  Hydrogeological investigations

The influence of groundwater flow through an open fracture on TRT results was
investigated at the well field of Bryn (5 boreholes). A TRT was performed in the
centre-borehole and groundwater was pumped in the meantime from a close-by
well (distance between the two wells: ca. 10 m, pumping rate: 2.2 1 s'1). The
groundwater level was surveyed in all five boreholes. The groundwater level was
lowered in the whole area by about 4 m. The parallel drawdown observed in all
wells indicates a hydrological short-circuit by an open fracture that connects all
wells to each other. The presence of one main fracture has been investigated with
an optical televiewer in an earlier study (Ramstad, 2004). After switching off the
groundwater pump, a recovery test was performed to characterize the aquifer

and to estimate an overall hydraulic conductivity.

At the research well at Lade a groundwater pump (3”"WPS 2-65, Well pumps S.A.,
Fleurus, Belgium, see Figure 2.7) was lowered directly into the well where the

borehole heat exchangers were installed.

B

Figure 2.7 Groundwater pump used at Lade.

In this case, a vertical groundwater flow was induced as groundwater was sucked
in at the base of the well with a flow rate of 0.62 1 s'! and infiltrated at the top of
the well. The pump had a measured power consumption of 1.6 kW. All heat
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produced by the pump was transferred to the water in the borehole (water-cooled
pump). The induced artificial convection gives an indication if artificial
convection can be used to increase the efficiency of a ground-coupled heat pump
system by reducing the thermal borehole resistance and increasing the effective

thermal conductivity of a well.

2.7.  Vibration and pressure drop measurements

The entire issue of vibration and pressure drop measurements was chosen to be
presented in the Materials and Methods section as it focuses on two
measurement techniques to compare the performance of different collector types.
Preliminary results and interpretations are shown within the chapter as this
study 1s auxiliary to the main topic of this doctoral thesis and the experiments

were not successful.

One major expense to run a ground-coupled heat pump is the circulation of brine
in the collector pipes. Two different types of collectors are used frequently:
Standard and turbulence collector. To achieve turbulent flow, a lower volumetric
flow should be needed in the turbulence collector by contrast to the standard
collector. The turbulence collector has a grooved inner surface (see Figure 2.8)

while the standard collector has a smooth inner surface.

Figure 2.8 Sketch of the inner surface of a grooved turbulence collector (MTV
Water Services, 2011).
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Two methods were applied to compare the heat extraction performance and fluid
flow properties in the two different collector types: a) vibration measurements at
the outer surface of the collector and b) pressure drop measurements between the
collector shanks. In order to achieve similar conditions during the experiment,

both collector types were installed as a double U-collector in one single borehole.

a) Vibration measurements

The vibration at the outer surface of the inward and outward collector was
measured at 10 different volumetric flows and Reynold’s numbers ranging from
ca. 1600 to 16000 for both collector types. The accelerometer used, was a Norsonic
Dual Channel Real Time Analyser 840 (Norsonic AS, Lierskogen, Norway) with

two sensors glued directly on the collectors with epoxy glue.

Figure 2.9 Vibration measurements performed with an accelerometer (left)

and acceleration sensors glued directly on the collectors with epoxy glue
(right).

Figure 2.10 shows that a clear difference can be observed only in the lower
frequency range, where the turbulence collector vibrates stronger than its
standard equivalent. The analysis of the raw data was done by Frode Haukland

(SINTEF, Trondheim, Norway).
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Figure 2.10 Acceleration versus frequency in vibration measurements in the
outward collector side for the lowest and the highest Reynold’s number (flow
rate) for both standard and turbulence collector.

After the experiment was finished, a temperature profile was intended to be
measured. At 92 m depth the temperature logger did not slide further down
which indicates that the standard collector was damaged. Further
interpretations of the data are therefore not done. It is recommended to carry out
the same experiment in another borehole with undamaged collector tubes of the

different types installed in the same borehole.

b) Pressure drop measurements

The methodology and aim of pressure drop measurements are presented at this
place as the measurements can be applied in another occasion in the future. In
the case of the borehole heat exchangers at Mere, the data could not be
interpreted in a proper way due to the problem of the damaged standard

collector.
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The pressure drop in the borehole heat exchanger was measured with the help of
a differential pressure transmitter installed on the TRT trailer (see Figure 2.11).
The pressure drop was measured depending on the volumetric flow rate through
the borehole heat exchanger, first for the turbulence collector and then for the
standard collector. The approach is the same as suggested by Acufia and Palm
(2008) except that their borehole heat exchangers were not tested in the same
borehole. By using a double U-shaped borehole heat exchanger with both
collector types installed in the same borehole, the informative value of the results

would have been increased significantly.

Figure 2.11 Differential pressure transmitter installed on the TRT trailer.

The aim of the pressure drop measurements is to investigate the energy used for
the pump to circulate the heat-carrier fluid:
AP-V
E,,=— (W] ()

n pump

where E_isthe pumping power [W], APis the pressure drop [Pa], ¥ is the heat-

pump

carrier volumetric flow rate [m3 s] and 7,,,,,1s the pump efficiency [-].

The pressure drop is a result of friction in the borehole heat exchanger and it

increases with higher flow velocities. With the help of the measured pressure

drop, a dimensionless friction factor J can be calculated:
2D
pu, L

m

f=AP, - [-] )
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where AP, is the pressure drop [Pa], pis the density [kg m3], D is the inner pipe

diameter [m], Lis the total pipe length [m] and u,is the mean fluid velocity [m s
1.
In addition, the Reynolds number has to be known to find out if the flow in the
tube is laminar or turbulent and can be calculated:
Re = tuPD 8 (10)
7

where u is the dynamic viscosity of the heat-carrier fluid [kg m-1s-1].

The flow regime can be determined by plotting the friction factor based on the
pressure drop measurement against the Reynolds number in a Moody diagram

(see Figure 2.12).
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Figure 2.12 Moody diagram showing areas of laminar and turbulent flow
depending on friction factor and Reynolds number (Beck and Collins, 2008).

This project is an attempt to define the physical properties of different collector
types. Pressure drop measurements as suggested in this thesis, with a double U-
shaped borehole heat exchanger consisting of a standard and turbulence single U

installed in one single borehole, should be used to compare different collectors.
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Major questions that could be answered in this way include: When is turbulent
flow reached in different collector types? Which implications has the different
behaviour for the use of different borehole heat exchangers? The approach was
not followed up further in this thesis as the research question is not directly

related to the main focus of this thesis.
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3. Summary of Papers and Discussion

Figure 3.0 shows the overall structure of the thesis. It gives an overview over

hypotheses addressed in the different papers.

Paper1, 2,3 Paper 4,5, 6 Groundwater Paper 7
Reasons for flow versus
Hypothesis 2 —_— Hypotheses 1, 2 ] Hypotheses 3, 4
Agir VS Ao Aar> Ao | TRT with groundwater | convection | MIR-TRT with induced
flow; temperature convection
profiles
Can A, being Does groundwater Is convective

predicted from A,
and hydrogeological
information?

flow through
fractures alter TRT
results significantly?

groundwater flow in a
borehole positive for a
BHE installation?

Figure 3.0 Structure of the doctoral thesis.

Short summaries of the papers presented in this PhD are given in the following.

The full-length original papers are attached after the synthesis section.

3.1.

Paper 1: H.T. Liebel, K. Huber, B.S. Frengstad, R. Kalskin Ramstad,
B. Brattli (2010): Rock core samples cannot replace thermal response
tests - A statistical comparison based on thermal conductivity data from
the Oslo Region (Norway). Proceedings of "Renewable Energy Research

Conference”, 7th — 8th June 2010, Trondheim, Norway, pp. 10.

Motivation

The influence of groundwater flow was investigated statistically by comparing
databases of thermal conductivities. An extensive database of rock core thermal
conductivities from surface samples (1398 entries) exists at the Geological Survey
of Norway for the Oslo region (Norway). For comparison, a database was created
based on all TRTs performed by different companies and institutions in the same

area (67 entries). The motivation for this study was to find an equation that
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allows a prediction of the effective thermal conductivity in an energy well based
on the rock core thermal conductivity database.

Already Jessop (1990) concluded that thermal conductivity data from rock cores
cannot be used as generally valid values for different rock types within an error
range of 25 %. However, a trial was undertaken in this study as the database of
rock core thermal conductivities for the Oslo region is large and as thermal
conductivity maps were produced by the Geological Survey of Norway that have
the intention to be used as a basis for dimensioning a ground-coupled heat pump

installation.

Results

Median thermal conductivities for 14 different rock types in the Oslo region are
in a similar range for both rock core samples, 2.3 — 3.5 W m! K-1, and TRTs, 2.6 —
3.7 W m-1 K-1. In rock core samples, the quartz content is decisive for the thermal
conductivity. Quartz-poor monzonites and monzodiorites show the lowest, quartz-
rich Silurian sandstones the highest thermal conductivities. The highest effective
thermal conductivity was measured in granitic to tonalitic gneisses. Borehole
resistances varied for all rock types between 0.06 and 0.07 K W-1 m1 (except
alum shale: 0.09 K W-1m-1).

Plots of the median effective and rock core thermal conductivity values show that
all median effective thermal conductivity values are higher than the median
values from rock cores (see Figure 3.1). However, no significant correlation
between the two thermal conductivity datasets could be found. Consequently, a
prediction of effective thermal conductivities based on the rock core database is
not feasible.

Whenever enough data were available, the results of the two different thermal
conductivity measurements were compared for single rock types. Significant
differences were found between the values from TRTs and rock cores in syenites,
Silurian and Ordovician sediments. Wells drilled in syenites in Norway are
known to have the highest water yields in average according to a study of
Morland (1997). Groundwater flow may be the reason for the 15 % higher

effective thermal conductivity compared to the thermal conductivity from rock
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cores (median values). Another reason may be that the rock cores are not water-
saturated when measured in the lab. If the porosity of the sample is very low (e.g.
granite with 1% porosity) the measured thermal conductivity will be 8 % lower
than in a water-saturated sample (Clauser and Huenges, 1995). The median
effective thermal conductivity in Ordovician and Silurian sedimentary rocks were
16 and 19 % higher than the median rock core thermal conductivity as well.
Taking into account that the rocks are water-saturated, around 8 % can be
subtracted from the increase in thermal conductivity. Again, groundwater flow
can be expected through fractures and karst systems in the limestones which

might be responsible for the increase in thermal conductivity of 8 to 11 %.

Ay (Wm™ K
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Figure 3.1 Median values of the thermal conductivity from TRTs ("eff’)
versus values from rock core samples (“Geomap”) for 14 different geological
units. The linear regression (solid line) is shown with 95 % confidence
intervals (dashed line).

No significant difference was observed in mica gneisses. There, the variation due
to anisotropy masks possible effects of groundwater flow.

Finally, an inverse approach to search statistically for groups was performed (e.g.
a cluster of entries belonging to a geological unit). A hierarchical cluster analysis
was carried out based on the two different thermal conductivity datasets.

However, no clear pattern could be found.
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As the regression between the two different thermal conductivity data shown in
Figure 3.1 was not significant, the data analysis was extended and presented in

Paper 2.

3.2. Paper 2: HT. Liebel, K. Huber, B.S. Frengstad, R.K. Ramstad, B.
Brattli (2010): Can rock core thermal conductivity data replace thermal
response tests? Proceedings of Water and Energy Conference 2010,
Amsterdam, Netherlands, pp. 8.

Motivation

Paper 2 is a direct continuation of the study presented in Paper 1. Even if some of
the content is repeated, the study was chosen to be presented in the thesis as it
investigates further if rock core thermal conductivity data have the potential to
replace TRTSs. In addition to the data analyses and the thermal conductivity map
shown in Paper 1, a relationship was searched for between the effective and the
rock core thermal conductivity from the rock core sample closest to the TRT site.
Around every known TRT site in the Oslo region the closest rock core sample
within the same geological unit was chosen and compared to the effective thermal
conductivity. The research question to be answered was if the ratio between rock
core and effective thermal conductivity varies stronger the farther away the rock

core sample is taken from the TRT site.

Results
Figure 3.2 shows however, that the deviation of the effective thermal conductivity
from rock core thermal conductivity of the closest rock core sample varies over a

large range independently from the distance to the actual TRT site.
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Figure 3.2 Deviation of the effective thermal conductivity from the closest
rock core sample thermal conductivity for different distance groups.

The data analysis of this study does not prove an increase in variation and
uncertainty concerning the effective thermal conductivity estimate based on the
closest rock core sample. By contrast, the uncertainty is high even if the closest
rock core sample is located less than 500 meters away from the borehole where
the TRT was carried out. As the variation in the thermal conductivity ratio may
be explained with groundwater flow in some boreholes, an analysis combining
water yield, rock core and effective thermal conductivity data may help to predict

the effective thermal conductivity at a site.

3.3. Paper 3: H.T. Liebel, J. de Beer, B.S. Frengstad, R.K. Ramstad, B.
Brattli (2012): Effect of water yield and rock thermal conductivity on
TRT results. Accepted at Communicagoes Geoldgicas, pp. 7.

Motivation

Paper 3 attempts to predict the effective thermal conductivity at a site based on a
database of rock core thermal conductivity measurements and a water yield
database covering different geological units in the Oslo region.

Extensive databases exist for water yield data through the national groundwater

database GRANADA at the Geological Survey of Norway (see also Gundersen
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and de Beer, 2009). Four different rock types from the Oslo region were chosen to
be compared to each other: Mica gneiss, syenite and Ordovician and Silurian
sediments.

The highest water yield can be expected in syenites (median value of 1000 I hr-1).
The lowest water yields are found in mica gneisses (median value of 600 1 hr-1). A
database of rock core thermal conductivities at the Geological Survey of Norway
(the same one as in Paper 1 and 2) was used to investigate the thermal properties
of the four rock types. In this case, rock samples from mica gneisses are most
likely to have high thermal conductivities (median value of 3.03 W m-K-1).
Syenites have the lowest thermal conductivities (median value of 2.38 W m-1K-1),
while the Ordovician and Silurian sediments lie in between. Wells that show a
high water yield during drilling are also most likely to support significant
groundwater flow. If groundwater flow is more likely in syenites than in mica
gneisses, the effective thermal conductivity measured in TRTs should also be

relatively higher in syenites than in mica gneisses.

Results

The ratio between effective and rock core thermal conductivity are 1.17 in
syenites and 1.07 in mica gneisses. The dominant weakness of the comparison
between the two thermal conductivity values is the number of TRT
measurements. Data from only 8 TRTs respectively were available for mica
gneisses and syenites.

Heat transfer rates were available for 37 TRTs of the four rock types. The
thermal conductivity ratio is shown depending on the heat transfer rate in Figure
3.3.

The datapoints are scattered and no significant trends can be found. A linear
regression of the overall dataset shows a slight trend to increasing effective
thermal conductivities with increased heat transfer rates as it would be expected

according to Gustafsson and Westerlund (2010).
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Figure 3.3 Thermal conductivity ratio (TRT/rock core data) versus heat
transfer rate during TRTs performed in the Oslo region classified after
hydraulic yield data from the according well reports. The linear regression
and 95 % confidence intervals are based on the whole dataset (own data and
data from Geoenergi AS, NGI and NGU).

TRTs with water yields larger than 4000 1 hr! tend to have relatively higher
effective thermal conductivities than TRTs with low water yields. Groundwater
flow in boreholes with high water yields during drilling can be expected only if
regional hydraulic gradients are present that force the groundwater to flow. If
low effective thermal conductivities are found in boreholes with high water
yields, it can be expected that only minor or no groundwater flow appears
through the borehole.

The combined study of databases for water yield, rock core and effective thermal
conductivity indicates that no clear overall trends can be found and used for the
planning of ground-coupled heat pump projects. However, data about thermal
and hydraulic ground properties should be made available to ground-coupled
heat pump designers. Data from the closest TRT site in the same geological unit
should be available online including hydraulic and thermogeological properties.
These data will give an indication about the ground properties at the site of

interest.
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3.4. Paper 4: H.T. Liebel, M.S. Stelen, B.S. Frengstad, R.K. Ramstad, B.
Brattli (2011): Insights into the reliability of different thermal
conductivity measurement techniques: a thermo-geological study in
Mecere (Norway). Bulletin of Engineering Geology and the Environment,
DOI 10.1007/s10064-011-0394-3; pp. 9.

Motivation

The reliability of different thermal conductivity measurement techniques was
investigated at Maere agricultural school in the county of northern Trendelag
(Norway). A greenhouse was planned there to be supplied with environmentally
friendly ground-stored heat. For the investigation of thermal properties, a test
well was drilled (138 m deep) and equipped with a double U-shaped PE borehole

heat exchanger and TRTs were performed in different winter weather conditions.

Results

A first TRT was characterized by a cold start with a subsequent period of intense
snow melt which led to direct infiltration of surface water through the borehole.
Additionaly, an increase in groundwater flow could be detected in the fractured
areas of the borehole. Continuous temperature logging was performed in relevant
depths where fracture zones were known. The temperature curves from different
depths helped to locate areas of groundwater flow and to interpret the TRT
results.

A second TRT during a period of high atmospheric pressure without precipitation
gives the same results for the effective thermal conductivity as for the first TRT.
The continuous temperature measurements in four different depths display
minimal variations and are not necessary for the interpretation of the TRT
results. Directly after the first 72 hours with a heat input rate of 3 kW, the heat
input rate was increased to 6 kW. The measured effective thermal conductivity
increased then from 4 to 5.8 W m-1 K-1 probably due to increased convection in the
borehole with a better thermal contact to the surrounding bedrock. The study
underlines the importance of permanent temperature measurements in depths

where groundwater flow can be expected.
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Lab measured thermal conductivity values of six rock cores from the local

bedrock (a schist) are shown in Figure 3.4.
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Figure 3.4 Thermal conductivities measured from rock core samples parallel
and normal to the foliation direction versus quartz content (DTA). Sample 4
was excluded from the regression as incorrect outlier. For both datasets linear
regression lines are drawn and 95 % confidence intervals are shown as dashed

lines.

The results indicate an increase of the rock core thermal conductivity with

increasing quartz content for a measurement direction parallel to the foliation

direction only. Surprisingly, this increase could not be found in the measurement

normal to the foliation direction. Thin sections indicate that the schists with high

quartz content contain also mica bands, that are relatively thick and continuous,

blocking an effective heat transfer.

3.5. Paper 5: H.T. Liebel, K. Huber, B.S. Frengstad, R.K. Ramstad, B.
Brattli (2012): Thermal response testing of a fractured hard rock aquifer
with and without induced groundwater flow. Bulletin of Engineering
Geology and the Environment, DOI 10.1007/s10064-012-0422-y; pp. 11.

Motivation

The influence of groundwater flow on TRT results and on ground-coupled heat

pump installations is a matter of ongoing debate (e.g. Wang et al., 2009). Few

TRTs have been performed where groundwater flow through an energy well was
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controlled. A test performed in a well in unconsolidated sediments by Witte
(2002) is frequently referred to in literature. No similar test in fractured rocks is

known to the authors of Paper 5.

Results

This paper presents the results of two TRTs carried out in the same borehole at
Bryn (Beerum municipality, Norway). The borehole is 100 m deep and located in
an unconfined aquifer in fractured metasandstones containing a few diabase
dykes. The fracture network was mapped along the river Lomma and data
presented in a stereogram.

Groundwater was pumped during a first TRT (TRTgw) from a close-by production
well. The induced groundwater flow towards the production well followed the
main fracture at approximately 13 meters depth. A hydrogeological recovery test
was performed to estimate an overall hydraulic conductivity. The groundwater
flow was visualized in a temperature profile taken five hours after the finished
TRT. In areas of groundwater flow the temperature recovered much faster than
in the rest of the warmed-up borehole. The measured temperature profile was
correlated to different geological layers represented in the borehole.

After a recovery time of 24 days, a second TRT was carried out that was used as a
reference TRT (TRTyer). No artificial groundwater flow was induced. Data from an
earlier PhD thesis of Ramstad (2004) was available and used in addition for the
interpretation of the results.

Using the infinite line-source approximation, the measured effective thermal
conductivity with groundwater flow was 11 % higher (see Figure 3.5) than
without groundwater flow. No clear increase in effective thermal conductivities
over time as it was described in Witte (2002, 2007) was discovered during the
TRT with groundwater extraction. In a standard TRT it would not have been
discovered that groundwater flow was responsible for the high effective thermal
conductivity and that a parameter estimation technique should have been used to
evaluate the thermal conductivity instead of the infinite line-source or similar
approximations. Only with the help of a temperature profile taken after the TRT

it is possible to detect the presence of significant groundwater flow.
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Figure 3.5 Development of the effective thermal conductivity (Aes) over time
during both TRTgw and TRT:er using the method of Signorelli et al. (2007) with
a start time (¢9) of 5 hours.

In the paper a finite-element model is presented that was built up to estimate
and simulate the groundwater flow through the main fracture. The groundwater
simulation in FEFLOW (Diersch, 2009) and the simulation of borehole heat
exchangers in Earth Energy Designer (Eskilson et al.,, 2000) show that a
groundwater flow velocity of 130 — 1300 m d-! through one open fracture would
reduce the required borehole length by about 7 % to cover the heating demand of
a single house. The large range in groundwater flow velocity is a result of the

uncertainty of the fracture aperture used as model input.

3.6. Paper 6: H.T. Liebel, K. Huber, B.S. Frengstad, R.K. Ramstad, B.
Brattli (2011): Temperature footprint of a thermal response test can help
to reveal thermogeological information. Norges geologiske undersgkelse
Bulletin 451: 20-31.

Motivation

In Paper 5 it 1s shown that temperature profiles after TRTs help to detect
groundwater flow. The importance of temperature logs and profiles before and
after TRTs in fractured aquifers is investigated further in Paper 6. The

experience from about 20 TRTs performed during this PhD work made it possible
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to draw some conclusions about the use of temperature profiles to better

understand the thermal behaviour of the boreholes’ thermal energy system.

Results
Four cases are presented showing different phenomena that can be experienced

during TRTs.

a) “Perfect” borehole with standard temperature profiles

In rare cases a borehole is characterized by a temperature profile showing
seasonal variations in the uppermost 10 to 15 m and a steady temperature
increase following the geothermal gradient below this depth. Also a temperature
profile taken 4 hours after the TRT will show a smooth curve with increasing
temperatures towards the depth. The TRT can be evaluated following standard

procedures like the algorithm based on the infinite line-source theory.

b) Thermal “pollution” from buildings or otherwise altered surfaces

Thermal "pollution” from buildings, parking lots, heated swimming pools etc. is
visible in the temperature profiles in the ground down to 100 m depth or more
depending on the temperature of the source and the duration of increased surface
temperatures. An example is shown where the temperature profiles are strongly
modified close to a building with decreasing impact on the boreholes farther away
from the building (see Figure 3.6).

The anomalous temperature profiles do not implicate a special TRT evaluation.
However, it gives valuable information on the expected operation of a ground-
coupled heat pump. An increased heat transfer from the surface is positive for
the heat extraction from the ground as the extracted heat is replaced faster with

heat from the surface.
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Figure 3.6 Temperature profiles in four boreholes close to a building
(borehole 4 directly at the building, borehole 1 farthest away, i.e. ca. 50 m).
The dotted line and the triangle show the groundwater level.

¢) Groundwater flow through open fractures

Groundwater flow through open fractures passing the borehole can be detected
easily with the help of temperature profiles. The temperature profile before the
TRT may not show any anomalies if the groundwater has the same temperature
as the ground at that depth. The temperature profile after the test however,
shows a deviation in the area of the fracture flow. The groundwater is colder than
the heated borehole and it cools down the borehole heat exchanger in the area of
the water-bearing fracture.

Another possibility for fast cooling in some part of the borehole may also be a
layer of the bedrock with high thermal conductivity (e.g. a quartz vein). To
distinguish between the two effects, the drillers’ reports are helpful as
information about water yield in different sections and about drilling mud colour
is given.

The effective thermal conductivity estimate may not converge but increase with

time in case of groundwater flow (Witte, 2002; 2007) if the infinite line-source
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theory is applied for evaluation. In this case other evaluation techniques like
parameter estimation or numerical combined thermal and hydrological
simulations have to be applied to estimate the effective thermal conductivity and
the final behaviour of the borehole heat exchanger during operation. The
groundwater will transport heat away from the well during operation in cooling

mode and towards the well in heating mode.

d) Groundwater up-flow through the borehole connecting two aquifers
Groundwater up-flow through the borehole can be triggered if a confined aquifer
gets connected to an unconfined aquifer through the open borehole. The
phenomenon of upwards flowing groundwater is easily detected with temperature
profiles after a TRT. The section with flowing groundwater will show a faster
temperature recovery than the non-affected sections of the borehole. In this case
special TRT evaluation techniques have to be applied like parameter estimation
or numerical modelling (e.g. Hellstrom, 1997; Spitler et al., 1999).

Special care has to be taken if dry minerals that have a swelling potential may
get in contact with upstreaming water from the confined aquifer as it was the
case in Staufen im Breisgau (Germany). The swelling leads to local uplift of the
terrain which can result in instability and cracking of buildings (Goldscheider

and Bechtel, 2009).

The temperature profiles deliver important hydro- and thermogeological
information which supplements other information about the site like data from
the TRT, drillers’ well reports, rock core thermal conductivity measurements, a
geological map and so forth. The combined evaluation of the data allows for a
secured dimensioning of the ground-coupled heat pump and the behaviour of the

plant in operation can be predicted.
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3.7. Paper 7: H.T. Liebel, S. Javed, G. Vistnes (2012): MIR-TRT with forced
convection in a groundwater-filled borehole in hard rock. Accepted at
Renewable Energy (Elsevier).

Motivation

The main focus of this paper is to investigate the influence of forced and
buoyancy-driven convection on the TRT results and if convective water flow in a
borehole reduces the required borehole length for a ground-coupled heat pump
system.

Two MIR-TRTs with four different heat input rates were performed at the
research well of the Geological Survey of Norway at Lade. At first, a reference
MIR-TRT was carried out without any artificial hydrological disturbance of the
borehole to have a basis for comparison. Then, a second MIR-TRT was performed
after a recovery time that was longer than the recommended waiting time for the
borehole to recover from the first thermal disturbance (Javed et al., 2011). A
groundwater pump was installed at the base of the borehole. Water was pumped
up to the surface during the MIR-TRT and re-infiltrated into the borehole. Video
records of the water movement inside the borehole confirm that an artificial
convective flow could be established which was larger than pure buoyancy-driven
convection in the borehole during a standard (MIR-)TRT.

The obtained fluid temperature developments during both MIR-TRTs were
analysed with two different methods: a) A parameter estimation code based on
the infinite line-source theory (ILS; see Wagner and Clauser, 2005) and b)
numerical 2D finite-difference model of Hellstréom (2001).

Results

Obtained effective thermal conductivities and borehole resistances were used as
input data for an evaluation of required borehole depths in Earth Energy
Designer v.3.13 (Eskilson et al.,, 2000) for a standard single-family house in
Sweden (borehole loads derived from Spitler et al., 2010). Figure 3.7 shows that
the results of the different models are very similar to each other. A linear
relationship of decreasing required borehole lengths with increasing heat input

rates was found for the MIR-TRT without pumping of groundwater. The
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phenomenon can be explained with an increasing influence of free convection in

the water-filled borehole (see also Gustafsson et al., 2010).
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Figure 3.7 Required borehole lengths depending on the heat input rate for the
MIR-TRTs with and without pumping of groundwater. The results are based
on the ILS parameter estimation technique and the model of Hellstrom and
shown for the case of a Swedish single-family house.

By contrast, the required borehole lengths do not change significantly with

increasing heat input rates during the MIR-TRT with pumping of groundwater.

The required borehole lengths are significantly shorter, i.e. 9% to 25% shorter

than without artificial convection. This effect may be used in operative ground-

coupled heat pump systems. Kharseh and Ossiansson (2011) recommend to use

air bubbles to create an artificial convection in a borehole to reduce the thermal

resistance and to increase the effective thermal conductivity.

More research, however, is needed to determine the long-term performance of a

ground-coupled heat pump system where artificial convection is created in the

boreholes.
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4. Conclusions

Four hypotheses of how groundwater influences the measured thermal properties

in a TRT were tested.

L) Groundwater flow in fractured aquifers has a significant influence on

TRTs.

The hypothesis is verified. In fractured aquifers where groundwater flow appears
only through limited fracture zones, an increased effective thermal conductivity
was calculated. Witte (2002) describes the phenomenon of an increasing non-
converging thermal conductivity with time during a TRT. His experiment was
performed in a borehole in a porous aquifer in the Netherlands and it was used
for comparison with a controlled experiment performed within this thesis. In our
study an artificial groundwater flow (pumping of groundwater) was created in a
fractured aquifer. The effect of increasing effective thermal conductivities could
not be found, however. The reason might be that groundwater flow appears more
often over large areas of the borehole in porous aquifers (in the range of several
meters) while groundwater flow was limited to few fractures in our study (in the
range of several centimeters). Boreholes in fractured rock might show increasing
effective thermal conductivities if an upflow of groundwater affects large parts of

the borehole. This phenomenon is linked to artesian aquifers.

1I.)  Effective thermal conductivities are higher than lab-measured thermal

conductivities due to groundwater flow and convection in the borehole.

The hypothesis is not fully verified. A systematic study of all thermal
conductivity data available from the Oslo region was carried out. TRT results
were compared to rock core thermal conductivity values for certain rock types.
TRT thermal conductivities are in average 10 to 20 % higher than the lab
measured values. This difference in thermal conductivity values can only partly

be explained with the fact that rocks are water-saturated in the field and dry in
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the lab. Low porosity crystalline rocks and rocks from the Oslo region are known
to increase their thermal conductivity by less than 10 % when getting water-
saturated (Clauser and Huenges, 1995; Midttemme et al., 2000). Large variations
within groups of similar rock types prohibit the use of database thermal
conductivity values for a site where a ground-coupled heat pump installation is
planned. Weaknesses of the measurement techniques are described in the

Material and Methods section of this thesis.

II1.) Free convection of water in the borehole during TRTs alters the

measured effective thermal conductivity and borehole resistance.

The hypothesis is verified. Also in non-fractured hard rock boreholes, TRT
thermal conductivities are generally higher than the rock core thermal
conductivities would suggest. Free convection in the non-grouted, water-filled
borehole is to a large extent responsible for the phenomenon. Free convection
during TRTs was proven by video recordings (see Appendix A) and with the help
of a MIR-TRT in a fractured borehole with some groundwater flow. Effective
thermal conductivity or borehole resistance alone do not give a clear trend for
increasing heat input rates. By taking into account the two parameters together,
however, it is evident that free convection influences the TRT results strongly.
Earth Energy Designer (Eskilson et al., 2000) was used to calculate required
borehole lengths for a standard base/peak load profile for a single house. The
required borehole lengths decreased linearly by 16 % with increasing heat input

from 25 to 83 W m-1, inducing free convection in the borehole.

1V.)  Forced convection induced with a groundwater pump increases the

efficiency of a ground-coupled heat pump system.

The results from two MIR-TRTs (one with and one without artificial convection in
the borehole) indicate that the thermal contact between the borehole heat
exchanger and the ground is improved through artificial convection. It could not

be concluded that borehole resistances always decrease and effective thermal
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conductivities always increase with artificial convection. With the help of Earth
Energy Designer (Eskilson et al., 2000), however, the effect of the combination of
both parameters can be evaluated. A load profile for a modern house in Sweden
was used to estimate required borehole lengths (Spitler et al., 2010 mod.). All
modelled required borehole lengths were shorter than during the MIR-TRT
without pumping of groundwater.

A long-term test of a ground-coupled heat pump system in operation with an
additional groundwater pump installed in the borehole should be performed to

finally verify the hypothesis.

Main conclusions

e Effective thermal conductivities cannot be predicted from rock core
thermal conductivity data and water yields of boreholes because of the

large local variation of both thermal and hydraulic conductivity

e Groundwater flow in crystalline rock cannot be detected in ordinary
TRTs if the groundwater flow is limited to a few fracture zones
(increasing effective thermal conductivity values during the TRT cannot

always be found)

e Convective flow in the borehole created by the TRT has a strong effect

on the calculated effective thermal conductivity and borehole resistance

e Free convection in energy wells reduces the required borehole length for

a ground-coupled heat pump installation

e Convection induced by groundwater pumps installed in energy wells
can substantially reduce the required borehole length for a ground-

coupled heat pump installation if used for heating and cooling
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5. Recommendations for Future Work

In the framework of this thesis it has been investigated the various aspects of
groundwater flow and groundwater convection and their influence on TRTs in
non-grouted boreholes drilled into fractured hard rock.

It is evident that more work is needed to understand better the processes of
convection to find a precise thermal conductivity and borehole resistance

estimate through TRTs.

Tracer experiments in combination with TRTs would allow for a more detailed
characterization of groundwater flow through fractures and convection inside the
non-grouted boreholes. Relevant questions that have not been adressed in this
thesis are among others: Which volumetric flow is needed to get increasing
effective thermal conductivities in a TRT as reported in an experiment by Witte
(2002)? When is the groundwater flow recognizable from the TRT result and

where is the border?

MIR-TRTs with and without pumping of groundwater in the test well have been
performed in this thesis. It was shown that the required borehole length can be
reduced significantly through artificially induced convection inside the borehole.
Test runs of borehole heat exchangers with a groundwater pump installed at the
bottom for effective convective flow inside the non-grouted boreholes would be a
vital test if artificial convection can be a cost-efficient mean to increase the

efficiency of the borehole system.

TRT results should be made available to the public in a national database.
GRANADA, which is the Norwegian national database for hydrogeological data
(maintained by the Geological Survey of Norway) would naturally be the platform
to publish TRT results linked to other information available about the borehole
such as hydraulic yield, fracture zones, depth of the borehole, sedimentary cover,
groundwater chemistry. The database should be enhanced and fed with both

thermal conductivity data from TRTs and rock cores and with the thermal
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borehole resistance. The combination of thermogeological and hydrogeological

data gives a good basis for the planning of a ground-coupled heat pump system.
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ABSTRACT

Borehole heat exchanger (closed-loop) systems coupled to a ground-source heat pump are
applied for space heating and cooling using the ground as energy source or storage medium.
For accurate dimensioning of a ground-source heat installation, knowledge of the thermal
conductivity of the subsurface is vital.

Thermal response tests (TRT) are widely used to measure the in situ thermal
conductivity in a well. Alternatively, the thermal conductivity in a borehole is approximated
from rock core samples based on lab measurements. Rock core data and thermal conductivity
maps are financially more attractive for planning purposes than expensive TRTs. The value of
both approaches was statistically tested using data from the geologically diverse Oslo region
(Norway).

Effective thermal conductivity data measured via TRTs show a clear trend towards
higher thermal conductivity values in comparison to lab measured thermal conductivity values
from rock cores (in 82 % of cases). The deviation from the rock core samples, however, varies
strongly as several geological layers may be represented in one single well. Furthermore, the
thermal conductivity of the rock core samples varies strongly within individual geological
units.

The comparison of both techniques of thermal conductivity measurement shows that
the in situ thermal conductivity at a location cannot be predicted from rock core data of a
geological unit.

The results of this study indicate that the dimensioning of a large ground-source heat
project cannot be based on rock core measurements or thermal conductivity maps only,
without analysing the in sifu thermo-, hydro- and geological conditions in fractured rocks.

Keywords: Thermal response test, thermal conductivity, ground-source heat, hard rock,
thermal conductivity map.

1. INTRODUCTION

The so-called “Stern review”, published in 2006, was the first report focussing on the
effect of global warming on the world economy. Among other things, it shows the relative
greenhouse gas emissions per sector. The space-heating and cooling of buildings account for
8 % of the total greenhouse gas emissions, or possibly even 20 % if upstream emissions
associated with electricity and heat are included (Stern, 20006).



Low-temperature geothermal energy applications, also called shallow geothermal
energy or ground-source heat applications, are considered one of the key technologies to
reduce greenhouse gas emissions in the buildings sector (Sims et al., 2007).

The most common type of ground-source heat applications for space-heating and
cooling in Europe is the closed-loop borehole heat exchanger system. Shallow boreholes (<
200 m) are drilled for this purpose in different kinds of rocks or unconsolidated sediments.
Collector pipes, U-shaped or coaxial, are installed in the boreholes and connected to a ground-
source heat pump, which helps heat to flow from a low-temperature environment to a high-
temperature one. Ground-source heat pumps can effectively be switched into reverse, from
heating to cooling mode, so that heat from the inside of a building is pumped away to the
borehole. This is more efficient than air-to-air heat pumps in warm weather (Banks, 2008).
This type of closed-loop system with a ground-source heat pump is widely used in
Scandinavia for heating and cooling of single households with a single or few non-grouted
boreholes. Larger buildings require more boreholes to meet the demands for heating and
cooling. For the estimation of the required borehole length to deliver a certain amount of
energy to a building, some ground parameters should be known, including the thermal
conductivity. If the thermal conductivity for a certain rock type is assumed and not certain,
some extra meters of borehole are usually drilled to avoid underdimensioning the system.

Another possibility is to perform a thermal response test (TRT) in a test well to
measure the in situ thermal conductivity (Austin, 1998; Gehlin, 1998) and then drill the
required boreholes depending on the measured value. Thermal response tests are often
performed for larger ground-source heat projects. One disadvantage, however, is that it is a
costly procedure.Alternatively, thermal conductivity data from rock cores may be used in
planning and dimensioning of large ground-source heat installations, if these data are
available.

For the Oslo region, the most densely populated area of Norway, such a database,
including a thermal conductivity map, exists at the Geological Survey of Norway (NGU).

This study investigates statistically the applicability of such a thermal conductivity map for
the dimensioning of large ground-source heat pump projects by comparing its entries with
data from TRTs performed in the same geological units.

2. MATERIAL AND METHODS
2.1 Thermal conductivity data from rock cores

Surface rock cores from 1398 sample locations within the area of the bedrock map of
the Oslo region (based on Lutro and Nordgulen, 2004) were drilled and analyzed for their
thermal conductivity in the laboratory of the Geological Survey of Norway. Ramstad et al.
(2008a) presented these data as a map showing the thermal conductivity of the different
geological units of the Oslo region (Fig.1). For every geological unit a median thermal
conductivity value was calculated and then given a colour according to a colour classification
code. Each of the 24 geological units is represented with 10 to 219 locations.
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Figure 1: Median values of thermal conductivity of geological units are presented on map
sheet “Oslofeltet” where sampling points indicate measured values (Ramstad ef al. 2008a).

The laboratory procedure to estimate the thermal conductivity of a rock core follows
Middleton’s approach (1993) where a constant heat source (144 or 300 °C) is applied few
millimeters above the vertically positioned rock core sample at room temperature. The
temperature increase at the base of the rock core is measured. From the measurement of the



thermal diffusivity («) of the sample, the thermal conductivity (1) is calculated according to
equation 1.

A=pC,a (1)
where
A Thermal conductivity [W m'K™]
p: Density [kg m™]
C,:  Specific heat capacity [J kg'K™']
o: Thermal diffusivity [m’s']

A detailed description of the method development and quality control routines of the
thermal conductivity measurement at the laboratory at the Geological Survey of Norway is
found in Ramstad et al. (2008b).

One drawback of the method is that fractures and fissures in the rocks are filled with
water at the location but they are dry in the lab. Air has a lower thermal conductivity than
water so that in sifu measurements in water-saturated conditions should lead to slightly higher
thermal conductivity values (Ericsson, 1985). Further, a strong anisotropic thermal behaviour
of some rocks has been shown by Clauser and Huenges (1995) among others, where the
thermal conductivity is high parallel to the foliation and low perpendicular to the foliation.
The direction of foliation, however, may vary strongly in folded rocks within the same
geological unit, which will give varying thermal conductivity values.

One final limitation of the dataset is that only surface bedrock cores are taken into
account while several rock types may occur vertically along a borehole used for a ground-
source heat pump installation.

2.2 Thermal conductivity data from thermal response tests

Thermal response tests are often applied in Scandinavia to test the in situ or effective
thermal conductivity in a borehole. For this purpose the TRT equipment is connected to the
collector pipes of the energy well. Heating elements in a portable TRT trailer heat the water
that is circulating through the closed-loop system. The connection between the trailer and the
borehole has to be well insulated, to avoid heat loss in cold weather or heat gain through sun
irradiation. The circulation pump creates a turbulent flow in the pipes to get best heat
transport from the collector towards the ground. The undisturbed ground temperature
(measured before the TRT) and the temperature increase in the water during a test run are
used to calculate the effective thermal conductivity of the ground (A.r) and the borehole
resistance (Ry) which is from contact between the borehole heat exchanger and the well. The
calculation of Ac and Ry, follows the suggestions of Gehlin (2002), which are based on the
infinite line source theory (Ingersoll, 1948). A TRT typically lasts 72 hours (Gehlin, 1998). In
this time range the analytical solution of the infinite line source shows a very low error level
compared to the alternative exact solutions of the finite line source and the infinite cylindrical
source theory (Philippe et al., 2009).

Possible sources of error during a TRT are: 1) heat loss and gain, 2) variable electric
power supply, 3) accuracy of the determination of the undisturbed ground temperature, 4) free
convection of water in non-grouted boreholes (standard for energy wells in Scandinavia;
Gustafsson ef al., 2010), 5) gradient-driven horizontal groundwater flow and 6) density-driven
vertical groundwater flow (e.g. thermosiphon effect, Gehlin ef al., 2003, Gustafsson, 2006).

Data from 67 standard TRTs from the Oslo region performed with the test equipment
of the Geological Survey of Norway and the consulting company Geoenergi AS are
statistically evaluated in this study. Statistical analyses were performed with SPSS 17.0



(SPSS, Chicago, IL, USA), box and whisker plots were calculated and drawn with SigmaPlot
11.0 (Systat Software, Chicago, IL, USA).

3. RESULTS

Median thermal conductivities of different rock types from the Oslo region measured
in rock cores and in TRTs show a similar range and vary from 2.3 to 3.5 W m™ K™ and 2.6 to
3.7 W m" K, respectively (see Table 1). The lowest thermal conductivity is found in
monzonites and monzodiorites (quartz-poor rock). The highest values from rock cores are
measured in late Silurian sandstones (quartz-rich rock) while the highest effective thermal
conductivity (measured in TRTs) was found in granitic to tonalitic gneisses. The borehole
resistance varies from 0.06 to 0.07 K W' m™, with the exception of one measurement in an
alum shale (0.09 K W' m™). Convection occurs in non-grouted, water-filled boreholes during
heat injection, which reduces the calculated borehole resistance so that a slightly higher value
is expected for a ground-source heat pump system in operation during heating mode

(Gustafsson et al., 2010).

Table 1: Mean values for the borehole resistance, Ry, and median values of the thermal
conductivity (A) measured in TRTs (”eff”’) and from rock core samples (“Geomap”) for 14
different rock units (Geomap number) based on the geological map 1:250 000 of Oslo (Lutro

and Nordgulen, 2004). Number of analyses shown by (n).

Rock type Ry [KW'm™ | dg[Wm'K'] AGeoma Geomap
£SD (n) (n) [Wm'K'](m) | number

Monzonite, monzodiorite (larvikite 0.07 (2) 2.6 (2) 2.3(219) 14

and kjelsasite)

Biotite syenite (e.g. Grefsen syenite) 0.06 + 0.01 (7) 2.8 (8) 2.4 (58) 7

Syenite porphyry (ring-dykes) 0.06 (1) 29 (1) 2.5(18) 9

Dioritic to tonalitic gneiss (in places 0.07 £0.00 (3) 3.1(3) 3.1(11) 42

metagabbro; 1550 Ma)

Shale, marl and limestone, Mid to 0.07+0.01 (17) 3.2 (20) 2.7(79) 26

Late Ordovician age

Mica gneiss, often with garnet, kya- 0.06 £ 0.01 (8) 3.2(8) 3.009D) 44

nite or sillimanite (1590-1490 Ma)

Granite, granodiorite 0.06 +0.01 (4) 334 3.0 (157) 5

Granite (ca. 925 Ma, Fla- and 0.07 (2) 3.4(2) 3.2(32) 30

Iddefjordgranites)

Sandstone, Late Silurian age 0.07£0.01 (3) 3503) 3.5(24) 24

Latite (thomb porphyry) 0.06 (2) 3502 2.3 (54 19

Limestone, shale and sandstone, 0.06 £0.01 (8) 3.51) 2.9 (48) 25

Early Silurian age

Alum shale, sandstone, conglomerate 0.09 (1) 3.5(1) 2.6 (13) 27

and limestone, Cambrian to

Ordovician age

Granitic to tonalitic gneiss (1500- 0.07 £0.01 (4) 3.74) 3.0(95) 41

1550 Ma)

Mica schist, metasandstone, 0.07 (1) 3.7(1) 2.9(77) 50

amphibolite, granitic to tonalitic

gneiss

The thermal conductivity values from the two different measurement techniques show
a significant positive correlation (Pearson product-moment correlation coefficient, normally




distributed data) for the 14 different investigated rock types (r = 0.534, P = 0.049, n = 14). A
linear regression gives a poor fit to the dataset, however (see Fig. 2).
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Figure 2: Median values of the thermal conductivity from TRTs ("eff”) versus values from
rock core samples (“Geomap”) for 14 different geological units. The linear regression (solid
line) is shown with 95 % confidence intervals (dashed line).

In all cases the effective thermal conductivity is higher (or equal) than the thermal
conductivity measured in rock cores. If thermal conductivities from single TRT results (n =
68) are compared to the median thermal conductivity from rock cores, 82 % plot above the
1:1 line and show accordingly higher thermal conductivities compared to rock cores.

All locations of this study were classified according to the surface bedrock in
sedimentary, metamorphic and igneous rocks. The single thermal conductivity measured with
TRTs was then compared to the median value from rock cores as a ratio for the according
rock type. All median thermal conductivity ratios are higher than 1 (Fig. 3).
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Figure 3: Box and whisker plot for the ratio between the effective thermal conductivity and
the median thermal conductivity (rock core samples) for igneous (n = 19), metamorphic (n =
17) and sedimentary rocks (n = 32).



A Kruskal-Wallis nonparametric test (data are not normally distributed) shows that no
significant difference (x> = 1.404, df = 2, n = 68, P = 0.496) can be proven in the thermal
conductivity ratios between sedimentary, metamorphic and igneous rocks. A remarkable
higher variation in its thermal conductivity ratio, however, is found in metamorphic rocks.
Also the median thermal conductivity ratio of the metamorphic rocks is lower than the ones of
igneous and sedimentary rocks.

The dataset for effective thermal conductivity values in the Oslo region of 68 samples
opposes 1843 rock core samples. Statistical comparisons and cautious interpretations are still
possible. Box and whisker plots are used as descriptive statistics to compare visually the
results from the rock core samples with the thermal conductivity data from TRTs. Sufficient
data is available for four different geological units: Syenite (igneous rock), Silurian and
Ordovician sediments and mica gneiss (metamorphic rock; Fig. 4).
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Figure 4: Statistical variations of the thermal conductivity (25 % percentile, median, 75 %
percentile, whiskers indicate 10 % and 90 % percentiles if more than 9 samples are available,
outliers are dotted) for four geological units of the Oslo region according to the geomap of
Lutro and Nordgulen (2004) for data from rock core samples and from TRT data.

Nonparametric Mann-Whitney U tests (no equality of variance in the datasets) show
that the thermal conductivities of the rock core samples are significantly different from the
values measured in TRTs in syenites (Mann-Whitney U = 83.0, P = 0.003), Silurian (Mann-
Whitney U = 37.0, P < 0.001) and Ordovician sediments (Mann-Whitney U = 300.0, P <
0.001). Instead, no significant difference could be found in the data for the mica gneiss
(Mann-Whitney U = 322.0, P = 0.590). Large variations within the thermal conductivity
measurements appear in all rock types regardless of the measurement type.

The inversed approach to search statistically for groups (e.g. cluster of entries
belonging to a geological unit) within the two overall thermal conductivity datasets was done
with the help of a hierarchical cluster analysis (Squared Euclidean distance, Ward’s Linkage).
For this purpose the effective thermal conductivity and the median rock core value of the
same geological unit were chosen as input data. No pattern could be found, however.



4. DISCUSSION

Generally, the effective thermal conductivity is higher than the rock core data would
suggest. Effective heat transport through groundwater advection has been shown to be the
most important cause through field experiments (Witte 2002, 2007) and numerical modelling
(e.g. Fujii et al., 2005; Fan et al., 2007). No hydraulic yield or other hydrogeological data is
available for the wells of this study.

Morland (1997) however, studied well yields of wells in different geological units
throughout Norway.

In syenites, he found a normalised median yield of 22.4 1 hr”' per drilled meter, which
is one of the highest yields of the different rock types of this study. The median of the
effective thermal conductivity measured in syenites is 15 % higher than the thermal
conductivity from rock core samples, which may be explained by groundwater flow through
fracture networks.

In Ordovician and Silurian sediments, the median of the effective thermal conductivity
measured is respectively 16 and 19 % higher than the thermal conductivity from the rock core
samples. Groundwater flow through fractures and karst systems in the limestones can be
expected. A median normalised yield of 11.4 1 hr' per drilled meter in Cambro-Silurian meta-
sediments, however, is a surprisingly low value. One problem of the results of Morland
(1997) 1is, that his group of Cambro-Silurian meta-sediments includes both stronger
metamorphosed sedimentary rocks from the Caledonian mountain chain (low yields) and
weakly metamorphosed sedimentary rocks of the Oslo region where higher yields are
expected.

In micaceous gneisses the median effective thermal conductivity is only 6 % higher
than the thermal conductivity from rock cores and the variation within the different samples
of the same geological unit is the largest of all rock types of this study. Morland found a
median well yield of 16.7 1 hr™' for Precambrian gneisses from all over Norway. Groundwater
flow is expected in many wells drilled in gneisses as well. The thermal anisotropy of micas
may explain the large variation in thermal properties. Clauser and Huenges (1995)
investigated the thermal conductivity of biotites. They measured 3.1 W m™ K™ parallel to the
sheets and 0.5 W m™ K! perpendicular to the sheets. The orientation of the foliation in the
mica gneisses is not known and it may vary along the boreholes due to folding.

An inverse approach is to classify the thermal conductivity data to find homogeneous
groups belonging to one or several rock types with the help of a hierarchical cluster analysis.
This approach failed, as it shows that the variability within the geological units is large and
that no systematic cluster following the rock type classification can be found.

5. CONCLUSION AND FURTHER WORK

Despite the variations within individual geological units, rock core thermal
conductivity values give a good qualitative indication of the effective thermal conductivity
expected at a planned ground-source heat pump site. If the linear regression would yield a
better fit, the regression equation could be used to predict the effective thermal conductivity
of a geological unit. The data of this study, however, shows that the variations are large, due
to thermal anisotropic rock properties and variable groundwater influence. The dimensioning
of a high-capacity ground-source heat pump installation based on rock core data or the
thermal conductivity map of the Oslo region only is not recommended, despite the extensive
dataset available.



Further work could test whether a better correlation can be found if only the rock core
thermal conductivity from the outcrop closest to the TRT site is used. If this succeeds, a
geographic information system (GIS) could be built up that gives information about the
thermal conductivity of the closest rock core sample and its distance to the planned ground-
source heat site. Additionally, thermal and hydrogeological information can be made available
linking relevant databases available at the Geological Survey of Norway.
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The dimensioning of a ground-coupled heat pump project in water-filled hard rock boreholes is
dependent on a proper thermal conductivity estimate of the ground.

This study aims to test if thermal conductivities calculated from thermal response tests (TRT) can be
predicted with the help of well water yields and thermal conductivity maps based on rock core data.
Four different rock types which are widespread in the Oslo region (Norway) were investigated.
Effective thermal conductivities measured with TRTs were higher than rock core thermal
conductivities. The quantitative difference between the two thermal conductivity measures failed to be
correlated with water yield data for the four rock types. Used databases of water yield, rock core and
effective thermal conductivity may not be comprehensive enough and may have methodological
weaknesses masking existing patterns. Water yield and effective thermal conductivity may not be

related to each other, except for cases with strong local groundwater flow.

Keywords: Ground-coupled heat pump, hard rock, thermal conductivity, thermal response

test, water yield.

Introduction

The knowledge of the ground thermal
conductivity is a key parameter for the
dimensioning of ground-coupled heat
pump installations based on closed-loop
borehole heat exchangers. Different
strategies to obtain reliable thermal
conductivity values are applied. Databases
with estimates of average thermal
conductivities for certain rock types can be
found in literature (Horai & Simmons,
1969; Clauser & Huenges, 1995; Verein
deutscher Ingenieure, 2010) and in
computer simulation softwares (e.g. Earth
Energy Designer). These database values
rely on lab measurements of different rock
types and minerals.

Recent findings, however, show that in-situ
(effective) thermal conductivities measured
in water-filled, non-grouted boreholes are

higher than the database values from rock
cores (Liebel et al, 2010). The
determination  of effective  thermal
conductivities is not only based on
Fourier’s law of heat conduction but also
on factors that are part of the measurement
procedure (e.g. buoyancy-driven con-
duction in the borehole, heat transfer from
a borehole heat exchanger to the
surroundings). The standard technique to
measure the effective thermal conductivity
in a borehole is the “thermal response test”
(TRT) which was originally developed
parallel in the USA (Austin, 1998) and
Sweden (Gehlin, 1998). During the test a
borehole is heated up with a heat-carrier
fluid circulating through a closed-loop
borehole heat exchanger (most common a
single U-shaped PE tube). Based on the
temperature increase during the heating
phase, the thermal conductivity can be



calculated. Higher thermal conductivities
measured with a TRT can often be
explained with groundwater flow through
the borehole or through fractures close to
the borehole (Claesson & Hellstrom, 2000;
Witte, 2002; Gehlin & Hellstrom, 2003;
Liebel et al., 2011). The groundwater flow
through fractures may be discovered in the
TRT data only if large areas of the
borehole are affected by the fracture flow
e.g. through upwards flowing groundwater
when an artesian aquifer was perforated.
Then the effective thermal conductivity
estimate will increase with time during an
ongoing TRT. Significant groundwater
flow through limited fracture zones only
results in a higher effective thermal
conductivity  without a  pronounced
increase of effective thermal conductivities
over time. Artefacts linked to the standard
test setup occur, e.g. thermosiphon effect
(Gehlin et al., 2003) and convection in the
borehole due to density differences when
the water column in the borehole gets
heated up.

Considering that the importance of
artefacts is low if only a minor heat input
rate is chosen (Gustafsson & Westerlund,
2010), the higher effective thermal
conductivities could be linked to the water
yield of the wells. Increased water yields
measured by pumping of groundwater
from a well, increase the likelihood for
groundwater flow in the well also during
natural, undisturbed conditions.

The hypothesis to be tested is that the
difference in rock thermal conductivity and
effective thermal conductivity can be
predicted if the water yield of wells in a
certain geological unit is known. The
locations of groundwater flow in the
boreholes are not taken into account as
these data are not available for the
investigated wells. Groundwater tem-
peratures are expected to be similar to the
undisturbed ground temperatures. Data on
groundwater temperatures are lacking for
the investigated wells and are not taken
into account.

Datasets of well water yield, effective and
rock core thermal conductivity data
available for the Oslo region are used for
comparison. Rock core thermal con-
ductivities were used to produce a thermal
conductivity map for different geological
units at the Oslo region (Ramstad et al.,
2008). This study tests if effective thermal
conductivities can be estimated based on
the combination of database values of
water yield and rock core thermal
conductivities that are the basis for the
above-mentioned thermal conductivity
map. Predicted values may be appreciated
especially in smaller ground-coupled heat
pump projects where the budget does not
allow for the application of an expensive
TRT.

Methods

Water yield data

The Norwegian national database of
energy and groundwater wells

(GRANADA) is administrated by the
Geological Survey of Norway (NGU). By
November 2009 the database contained
50000 registered wells of which
approximately  two  thirds  included
estimates about the water yield of the
wells. A statistical analysis of the water
yield was carried out for some of the major
geological units of Norway and in
particular of the region around Oslo. The
results are used to improve pre-
investigations of tunnel projects (Gun-
dersen & de Beer, 2009).

The estimates of water yield are based on
drillers’ observations during the drilling of
boreholes in hard rock aquifers. Often the
water yield of the wells is a rough estimate
which should be understood as an
indication for the water yield rather than as
a precise value. The water yield data is
dependent on local conditions like the
appearance of water bearing fractures that
cross the well and on the groundwater level
in the well at the moment of drilling.
Igneous Permian dykes intersect several



rock types in the Oslo region. Their
presence has been reported to increase
groundwater flow in rock types affected by
dykes in the Oslo region (Leset, 1981,
2002; Boge et al., 2002; Midttemme et al.,
2004). The reason might be fracturing
during cooling of intruding rocks.

With the help of the web-based GIS
application of GRANADA, information on
the water yield for single wells is available
for everyone. Data of water yields were
gathered of wells in the Oslo region where
effective thermal conductivity data were
available. For 16 wells the water yield was
not reported by the driller or the report had
not yet been digitized at the Geological
Survey of Norway who maintains the
GRANADA database.

Thermal conductivity data from rock cores
Surface rock cores from 1398 sample
locations within the area of the bedrock
map of the Oslo region were drilled and
analyzed for their thermal conductivity in
the laboratory of the Geological Survey of
Norway. Ramstad et al. (2008a) presented
these data as a map showing the thermal
conductivity of the different geological
units of the Oslo region (based on Lutro &
Nordgulen, 2004). The laboratory
procedure to estimate the thermal
conductivity of a rock core follows
Middleton’s approach (1993) where a
constant heat source (144 or 300 °C) is
applied few millimetres above the
vertically positioned rock core sample at
room temperature. The temperature
increase at the base of the rock core is
measured. The thermal conductivity (1) is
deduced from the measurement of the
thermal diffusivity (o) of the sample
according to equation 1.

A=pC,a (1)
where
A Thermal conductivity [W m'K!]
p: Density [kg m™]
C,:  Specific heat capacity [J kg K]
o: Thermal diffusivity [m?s”]

A detailed description of the method
development and quality control routines
of the thermal conductivity measurement at
the laboratory of the Geological Survey of
Norway is found in Ramstad et al. (2008Db).
A drawback of the method is that fractures
and fissures in the rocks are filled with
water at the location but they are dry in the
lab. Air has a lower thermal conductivity
than water so that in-situ measurements in
water-saturated conditions lead to slightly
higher thermal conductivity values
(Ericsson, 1985). Both Clauser and
Huenges (1995) and Midttemme et al.
(2000) conclude that the water saturation is
responsible for not more than 10 %
increase in rock thermal conductivity.
Further, a strong anisotropic thermal
behaviour of some rocks has been shown
by e.g. Clauser and Huenges (1995) and
Midttemme et al. (2000; 2004) where the
thermal conductivity is high parallel to the
foliation and low normal to the foliation.
The foliation direction, however, may vary
strongly in folded rocks within the same
geological unit, which will give varying
thermal conductivity values (Liebel et al.,
2011).

One final limitation of the dataset is that
only surface bedrock cores are taken into
account while several rock types may
occur vertically along a borehole used for a
ground-coupled heat pump installation.
Midttemme et al. (2004) claim however
that the variations are small in the main
stratigraphy to a depth of 300 m in the
study area.

For the comparison of rock core with
effective  thermal conductivities, the
thermal conductivity value of the rock core
closest to the TRT well was used. 41 % of
the rock cores were collected less than 1
km from the TRT site, 52 % between 1 and
5 km and 7 % of the samples were
collected farther away than 5 km from the
TRT site. The average distance of the
closest rock core sample from the next
TRT site was 1.4 km for syenites, 2.9 km
for Precambrian gneisses, 5.6 km for
Silurian sediments and 5.2 km for



Ordovician sediments. It was required that
both rock core sampling site and TRT site
were located in the same geological unit
according to the geological map of the
Oslo field (Lutro & Nordgulen, 2004). In a
future study rock cores might be drilled
directly at the TRT site, analysed for the
thermal conductivity and compared to the
effective thermal conductivity obtained
from TRTs (as it was done for single wells,
see e.g. Liebel et al., 2011).

Thermal conductivity data from thermal
response tests

Thermal response tests are often applied in
Scandinavia to test the in-situ or effective
thermal conductivity in a borehole. For this
purpose the TRT equipment is connected
to the collector pipes of the energy well.
Heating elements in a portable TRT trailer
warm up the heat-carrier fluid that
circulates through the closed-loop system.
The connection between the trailer and the
borehole has to be well insulated, to avoid
heat loss in cold weather or heat gain
through sun irradiation. The circulation
pump creates a turbulent flow in the pipes
to achieve optimal heat transport from the
collector towards the ground. The un-
disturbed ground temperature (measured
before the TRT) and the temperature
increase of the heat-carrier fluid during a
test run are used among others to calculate
the effective thermal conductivity of the
ground. The calculation of the thermal
conductivity follows the suggestions of
Gehlin (2002), which are based on the
infinite line-source theory (Ingersoll et al.,
1948). A TRT typically lasts 72 hours
(Gehlin, 1998).

Possible sources of error during a TRT are:
1) heat loss and gain, 2) variable electric
power supply, 3) accuracy of the
determination of the undisturbed ground
temperature, 4) free convection of water in
non-grouted boreholes (standard for energy
wells in Scandinavia), 5) gradient-driven
horizontal groundwater flow and 6)
density-driven vertical groundwater flow.

The database of effective thermal
conductivities contains data only from the
Oslo region (southern Norway) and is the
smallest dataset of this study. For
comparison, four geological units were
chosen where at least a minimum number
of 8 TRTs were carried out (numbers of
TRTs carried out in the different rock types
can be found in Table 1): Precambrian
mica gneiss, Ordovician and Silurian
sediments, respectively, and Permian
syenites. The geological units were chosen
to investigate if the thermal conductivity
value shown in the map of Ramstad et al.
(2008a) can be used together with water
yields to predict the effective thermal
conductivity.

Results from 44 different TRTs in the Oslo
region were used for the direct comparison
of rock core and effective thermal
conductivities in single wells depending on
the water yield of the boreholes. Heat input
rates were available only from 37 TRTs.
No rock core data was available directly
from the TRT sites.

The TRT data available for this study was
provided by Geoenergi AS, Futurum
Energi AS, the Geological Survey of
Norway and the Norwegian Geotechnical
Institute (NGI). The measurements were
performed with different test equipments,
heat input rates and flow rates of the
circulating heat-carrier fluid. These factors
add some uncertainty to the TRT data.
Also the borehole depth has an influence
on the TRT results as there is some thermal
interaction between the collector shanks.
The borehole depth varied around 200 m.
Detailed information about borehole
properties, however, is available only for
few wells of this study.

Results and discussion

Median values of the two thermal
conductivity measurements show that in
situ tests result in increased thermal
conductivity values (Table 1). The ratio of
the median thermal conductivities
(TRT/rock core) per rock type compared to



the median water yield does not show a
clear correlation. Mica gneiss, Silurian
sediments and Ordovician sediments seem
to be linearly correlated (linear regression:

R%: 0.923, n: 3, not significant due to low
sample number) with the water yield while
syenite would be an outlier.

Table 1. Median values of rock and TRT thermal conductivities, ratio between them and water yield for four rock

types from the Oslo region (number of samples).

Rock type )\rock, median (W m-1K-1) )\TRT, median (W m-1K-1) )\TRT/)\rock Water yleld,1
median (I hr™)

Mica gneiss 3.03 (43) 3.24 (8) 1.07 600 (2655)

Silurian sediments 2.85 (48) 3.50 (8) 1.23 700 (654)

Ordovician

sediments 2.70 (79) 3.20 (20) 1.19 650 (1738)

Syenite 2.38 (58) 2.78 (8) 1.17 1000 (525)

The difference in the ratio of thermal
conductivities is very small while the
difference in water yield of the different
rock types is remarkable. The fact that the
higher water yield of syenite does not
result in higher effective thermal
conductivity values may indicate that other
phenomena have a stronger influence like
the artefacts linked to the TRT procedure
mentioned above or that heterogeneities
are too large within the different rock
types.

Figures 1 to 3 show cumulative frequency
distributions for 1) water yield, 2) rock
thermal conductivity and 3) effective
thermal conductivity.
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Figure 1. Frequency distribution for the water yield

in_four different rock types from the Oslo region.

The percentile on the y-axis shows how
many values lie below a certain value on

the x-axis. Figure 1 shows the probability
to find a high water yield in a well in the
four different rock types. In syenites the
probability is highest and in mica gneisses
lowest.

The frequency distributions of the thermal
conductivities (figures 2 and 3) are
relevant for ground-coupled heat pump
projects. The dataset of thermal
conductivities from rock cores is large and
more representative than the dataset of
effective thermal conductivities.
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Figure 2. Frequency distribution for the rock core
thermal conductivity in four different rock types
from the Oslo region.

Some trends can be recognized however.
Considering only syenites, Silurian
sediments, and Ordovician sediments, the



probability to find high thermal
conductivities in a borehole is highest in
Silurian sediments and lowest in syenites.
This finding is consistent for both
frequency distributions (rock core and
effective thermal conductivity) which
indicate further that different water yields
of energy wells play generally a minor
role. Mica gneiss, however, shows a large
variation in both rock core and TRT
thermal conductivities which may be
explained with varying quartz contents and
anisotropic behaviour of the foliated micas
(Clauser & Huenges, 1995).

Figures 1 to 3 indicate that clear trends
cannot be found from data classified in
geological units. Therefore, a comparison
was done of rock core and effective
thermal conductivity with water yield and
heat transfer rate data for single boreholes
at the Oslo region.
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Figure 3. Frequency distribution for the TRT
thermal conductivity in four different rock types
from the Oslo region.

To obtain a measure with a reduced
influence of the geological ground
properties, the ratio between effective and
rock core thermal conductivity was applied
(rock core data from the closest outcrop).
About 70 % of the data in figure 4 plot at
values larger than one which confirms the
former finding of effective thermal
conductivities higher than rock core
thermal  conductivities. = The  linear
regression of the overall dataset indicates
an increase in the thermal conductivity
ratio with increasing heat transfer rate

during the TRT. The trend however is not
statistically significant, probably due to a
small dataset which includes unavoidable
sources of error. Such errors may e.g.
include the appearance of different rock
types in the same borehole or the possible
heterogeneity between the rock thermal
conductivity at the borehole and the closest
rock core found in the thermal conductivity
database. Keeping those limitations in
mind, the trend still indicates that the
effective thermal conductivities increase
with increasing heat transfer rates. The
reason for this correlation may be
increased convection in the borehole if the
temperature  difference  between  the
borehole heat exchanger (collector tubes)
and the borehole wall is large.
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Figure 4. Thermal conductivity ratio (TRT/rock
core data) versus heat transfer rate during TRTs
performed in the Oslo region classified after
hydraulic yield data from the according well
reports. The linear regression and 95 % confidence
intervals are based on the entire dataset (own data
and data from Geoenergi AS, NGI and NGU). Only
data are presented where the heat input rates were
known, 37 samples.

Water yield classes were chosen in a way
that approximately the same number of
samples is present in each class (0-1000 1
hr'': n=7; 1001-4000 I hr'': n = 6; >4000 |
hr': n = 8). For the same reasons as above,
no clear trends can be detected. However,
the average thermal conductivity ratio is
highest in the class with large water yields
of more than 4000 1 hr' (1.25 in
comparison to 1.09 and 1.04 in the groups
of 0-1000 1 hr' and 1001-4000 1 hr',



respectively) which may indicate a higher
probability of thermosiphon effects and
groundwater flow that affect the TRT
results.

Conclusions

This study is a continuation of an earlier
approach to statistically test if effective
thermal conductivities can be predicted
with the help of different thermal
conductivity databases and water yield data
(Liebel et al., 2010). The improvement of
this investigation is that a more
comprehensive and up-to-date water yield
database could be used together with data
of  different thermal conductivity
measurements.

The hypothesis that effective thermal
conductivities can be predicted based on
water yield and rock core thermal
conductivity databases cannot be verified
based on the approach of this study. The
approach is simplified in terms of
following the classification of the data into
geological units. The approach is
appropriate, however, to show that thermal
conductivity maps can serve only as an
indication for the effective thermal
conductivity.

Different reasons may apply: a) the
databases are not comprehensive enough,
especially for the TRT  thermal
conductivities, b) each database has
obvious weaknesses (see descriptions of
the single measurement methods) and c)
water yield and effective thermal
conductivity are not related to each other,
besides exceptional cases where strong
local groundwater flow through open
fractures or thermosiphon effects appear.
Another aspect is the positive trend of
effective thermal conductivities with
increased heat input rates during the TRTs.
A high heat input rate increases convection
and further, the possibility for significant
thermosiphon effects.

The study shows that thermal conductivity
maps give only an indication about the
values to be expected. Effective thermal

conductivities measured in close-by wells
to the area of interest might contain further
useful information. Effective thermal
conductivities might be registered centrally
and in this way made public and available
for drillers, ground-coupled heat pump
project designers and researchers if the
owners of the data agree on it, as it is the
case already for e.g. for water yield data.
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Borehole heat exchangers connected to a ground-coupled heat pump extract heat from the ground
for the heating of buildings. Heat is transferred to the ground in cooling mode and can be extracted
again during the next heating season. To dimension a large borehole field designed to meet the
heating and cooling demand of a building, important ground parameters (temperature, volumetric
heat capacity of the rocks, thermal conductivity, thermal borehole resistance) are needed. One
important parameter is the effective thermal conductivity, which is measured with the help of thermal
response tests (TRT). A temperature profile is measured before a TRT to find the undisturbed ground
temperature. Rarely, temperature profiles are also measured after a finished TRT. Experience from
about twenty TRTs shows, however, that important hydro- and thermogeological characteristics of
the borehole may affect the measured ground parameters. These can be detected from temperature
profiles after the TRT. Measuring the temperature profile in a well after a TRT can add valuable
information to the study and about the nature of a borehole heat exchanger system. Four typical cases
are discussed: a standard case of a borehole drilled in homogeneous and non-fractured rocks without
any temperature anomaly and three more complicated cases, involving heat loss from buildings,
groundwater flow through a single fracture and groundwater up-flow through the borehole from
a confined artesian aquifer. Extra information about groundwater flow, open fractures and varying
mineral content in the rocks can help to evaluate the TRT results and to suggest a better design of a
ground-coupled heat pump installation. Based on the results of our study it is highly recommended

to take temperature profiles after TRTs.

Liebel, H.T, Huber, K, Frengstad, B.S., Ramstad, RK. and Brattli, B. (2011) Temperature footprint of a thermal response test can help to reveal thermogeological
information. Norges geologiske undersakelse Bulletin, 451, 20-31.
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Introduction

Geothermal energy is most often understood as heat that is ac-
cessible from the Earth’s crust. This heat is mainly produced
from radioactive decay of minerals but may also include resid-
ual heat from the formation of the Earth. Geothermal energy is
used for electricity production in areas with an unusually high
geothermal gradient (e.g., Iceland, Indonesia, Italy). These areas
are mostly restricted to plate boundaries where heat is trans-
ported towards the Earth’s surface via conductive and convective
heat flow. A low-temperature variant of geothermal energy can
be used, however, in most places and most effectively in regions
with seasonal climate for the heating and cooling of buildings.
In this case the energy is not generated in the ground but pre-
dominantly stored and renewed with the help of solar irradia-
tion. A term frequently used to distinguish the heat source from
pure geothermal heat is ’ground-source heat’. This term may
be misleading as the main heat source is not the ground (e.g.,
average annual geothermal heat flux in Sweden: 0.6 kWh m?,
Andersson 2011). The ground is predominantly a storage medi-
um for the solar irradiative heat (e.g., average annual solar heat
flux towards the ground in Sweden: 1500 kWh m?, Andersson
2011). Therefore, a more precise term should be used: ‘ground-
stored heat’.

To extract this ground-stored heat, borehole heat exchangers
(PE collectors, mostly U-shaped in Scandinavia) are installed
in shallow boreholes. A heat-carrier fluid circulates through the
borehole heat exchanger and delivers heat to a ground-coupled
heat pump which transfers the energy to the building in heating
mode. In heating mode heat is removed from the rock. After a
considerable removal of heat, a significant heat flow from the
surface is established (Figure 1).

Ground surface

y _J J 4 1 1
-

Soil 1

Bedrock |

Vevdig

Figure 1. Energy refill around a shallow borehole from solar radiation under sta-
tionary conditions (minor geothermal refill is neglected in the figure; Nordell 2008,
mod.).

Most commercial buildings have also a need for cooling
in the warm season. This applies also to the Nordic countries
because of the greenhouse effect of buildings with extensive

21

glass facades or the heat production from computers and other
clectrical equipment. To satisfy the cooling needs, the heat
pump can be reversed and heat can be transferred to the ground.
This heat is then available to be brought up again in the next
heating period. In this case waste energy is stored in the ground.

Ground-coupled heat pumps are used widely in single houses
with a few wells and in commercial buildings or interconnected
housing areas with up to 8006 borcholes like in Fort Polk
(Louisiana, Hughes 2001). The largest well field in Europe until
now is installed at Akershus University Hospital (Norway).
There, 228 wells were drilled and furnished with borehole heat
exchangers. About 40% of the building’s heat load (ca. 20 GWh
per year) is expected to be covered with energy mostly from
ground-coupled heat pumps (www.fornybar.no, 11.04.2011).

The capacity of ground-coupled heat pumps worldwide has
increased from around 1 800 MW (thermal) in 1995 to around
15 000 MW (thermal) in 2005 (Lund et al. 2005) and 35 000
MW (thermal) in 2010 (Lund et al. 2010). The market for
ground-coupled heat pumps is also forced to increase in many
countries as the use of renewable energy for heating and cooling
of buildings is regulated by law. In new buildings in Norway,
for example, technical regulation TEKO07, § 8-22, requires that
after 2007, 40% of the energy required for space and domestic
water heating has to be delivered by other energy sources than
electricity or fossil fuels.

The decision about how many metres of borehole have to
be drilled to meet the heating or cooling load of a building
is crucial for the successful and long-lived operation of the
ground-coupled heat pump. The needed borehole length can be
calculated if the thermal ground and well properties are known.
Important parameters are temperature of the rock, volumetric
heat capacity, thermal borehole resistance and effective thermal
conductivity at a site. The knowledge of them will help to find
a good compromise between costs (drilling and operation costs
to run the ground-coupled heat pump system) and efficiency
(supplying expected heat and cold loads). Thermal borehole
resistance and effective thermal conductivity are measured with
the help of a thermal response test (TRT, see Austin 1998 and
Gehlin 1998). TRTs are applied as a standard procedure before
a large well field is dimensioned and the results are considered
to be essential for the proper dimensioning.

The objective of this study is to show the importance of
temperature profiles before and after TRTs for the interpretation
of the TRT results.

Before each TRT, a temperature profile is measured to find the
undisturbed ground temperature which is a necessary parameter
for the determination of the thermal borehole resistance (e.g.,
Gehlin 1998). Less attention, however, has been given so far
to measure temperature profiles after a TRT. Experience from
around 20 TRTs, with temperature profiles taken before
and after TRTs, gives us an overview over the most common
phenomena that can be observed. The temperature profiles can
be grouped into four cases. Four illustrative examples are chosen
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where observed temperature variations and their implication on
the TRT evaluation are discussed.

Materials and methods

Thermal response test

Thermal response tests are often applied in Scandinavia and
many countries worldwide to evaluate the in situ or effective
thermal conductivity in a borehole. For this purpose the TRT
equipment is connected to the borehole heat exchanger of the
energy well (PE collector pipes, most commonly U-shaped, see
Figure 2).

Heating elements in a portable TRT trailer warm up the
heat-carrier fluid that is circulating through the closed-loop
system. The connection between the trailer and the borehole
has to be well insulated, to avoid heat loss in cold weather or
heat gain through sun irradiation. The circulation pump creates
a turbulent flow in the pipes to get best heat transport from
the collector towards the ground. The undisturbed ground
temperature (measured before the TRT) and the temperature
increase in the heat-carrier fluid during a test run are used to
calculate the effective thermal conductivity of the ground (A ”
and the borehole thermal resistance (R). A_is a parameter which
integrates a) the ability of the bedrock surrounding the borehole
to conduct heat (Fourier’s law), b) buoyancy-driven convection
in the borehole due to the heat input along the collector tubes
(e.g., Gustafsson et al. 2010), and ¢) groundwater movement
in or in the vicinity of the borehole (e.g., Gehlin et al. 2003).

Thermal response test unit

Heating

Data acquisition

Borehole heat exchanger

Figure 2. TRT rig connected to a borehole heat exchanger (Gehlin 2002).
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The calculation of A  follows the suggestions of Gehlin (2002)
and Signorelli et al. (2007), which are based on the infinite line-
source theory (Ingersoll 1948). The line-source model is based
on a linear relationship between the average heat-carrier fluid in
the collector and the natural logarithm of the time 4 if the heat
exchange rate per length unit, g, is constant (g is constant if the
electric power supply to the heating elements is constant):

T, (t)=kIn(t)+m Kl (@
where
-9
k= o Kl @
and
1 47
m=gq|R, +4m1(ln(r,fsw)_o'5722 +T Kl ()

7, is the borehole radius, Sy is the volumetric heat capacity
of the rock/sediment, and T, is the undisturbed ground
temperature. The average heat carrier-fluid temperature, 7, is

calculated from the inlet and outlet temperatures, T, and T.:
T.+T,
T,= > Kl 4

The thermal conductivity A is found by plotting 77 against
the natural logarithm of the time in seconds and by reading off
the slope where the conditions have stabilized (e.g., Signorelli et
al. 2007; normally between 20 (7,) and 70 hours (2,)):

g . In(t)-In(s)

“ar Te)-7,(0) (W KD

)

A TRT typically lasts 72 hours (Gehlin 1998). In this time
range the analytical solution of the infinite line-source shows
a very low error level compared to the alternative solutions of
the finite line-source and the infinite cylindrical-source theory
(Philippe et al. 2009). Different international guidelines
recommend durations of at least 36 hours (IGSHPA) or 50
hours (IEA). In Germany, commonly a TRT is considered to be
long enough if the estimated effective thermal conductivity does
not change more than 0.1 W m'K" within 24 hours (M. Sauer,
pers. comm. 2011).

In case of strong groundwater flow through the borehole,
the parameters of interest (in our case: A ) can be approximated
with a parameter estimation technique which varies the
unknown variables in equations 1-3 to find the best fit between
calculated and measured data for time-varying heat inputs (see
also Shonder and Beck 1999, Wagner and Clauser 2005, Witte
2007).

Possible sources of error during a TRT are: 1) heat loss and
gain (affects 7), 2) variable electric power supply (affects g),
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3) accuracy of the determination of the undisturbed ground
temperature (affects 7)), 4) free convection of water in non-
grouted boreholes (standard for energy wells in Scandinavia;
affects A; Gustafsson et al. 2010), 5) gradient-driven horizontal
groundwater flow (affects A; e.g., Gehlin and Hellstrom 2003)
and 6) density-driven vertical groundwater flow (affects A; e.g.,
thermosiphon effect, Gehlin et al. 2003, Gustafsson 20006,
Gustafsson and Westerlund 2010). Typical levels of confidence
of TRT results are about 9% for the thermal conductivity
(Zervantonakis and Reuss 2006). If thermo- or hydrogeological
situations are present that alter the effective thermal conductivity
measurement, temperature profiles help to interpret the
obtained TRT data or help to detect the special situation.

Temperature profiles

Temperature profiles were taken directly in one shank of the
single U-shaped borehole heat exchanger before each TRT to
determine the undisturbed ground temperature, 7, and four
to five hours after the end of the TRT. The local heat flux is
the product of thermal conductivity and temperature gradient
(Fourier’s law of heat conduction). The heat flux is strongest in
areas where the temperature decreased most during the recovery
time after the TRT. In these areas a high effective thermal con-
ductivity can be expected due to high thermal conductivity of
the bedrock or due to groundwater flow.

The depth interval was two or four metres. It is necessary
to keep the measurement time of a temperature profile short to
avoid a further temperature recovery during the measurement
after a TRT. Measuring a temperature profile for a 200 m long
borehole took about 70 minutes. The temperature recovery
during the temperature measurement depends on the heat input
during the TRT and the thermal properties of the borehole
and the surrounding bedrock (see also Javed et al. 2011). In a
study recently presented (Liebel et al. 2011), the temperature
recovery in a 138 m deep borehole was registered also after the
TRT was finished. The temperature dropped within the first
four hours by 2.6°C. Within the next hour the temperature
decrease was 0.1°C only (heat input during the TRT: 3 kW for
94 hours). The temperature recovery is very fast in the first few

Table 1. General data of the four TRTs presented in this study.

hours before it slows down significantly. Therefore, four to five
hours after a TRT seem to be a good timing for the temperature
measurement after the TRT.

Fiber optic cables have recently been applied to observe
temperature variations along the entire borehole (Fujii et al.
2009, Acuna and Palm 2010). They give very good control
over temperature variations and temperature developments.
However, their applicability is to date restricted to research
due to the high costs of the analytical equipment. Therefore,
economically attractive, ordinary temperature dataloggers are
used in this study.

Results and discussion

Observations at the different sites

From a dataset of about 20 TRTs performed in Norway, four
illustrative cases were chosen to be discussed in this study (see
Figure 3).

All cases show phenomena that can be found frequently in
temperature measurements related to TRTs and they have dif-
ferent implications on the evaluation of the TRT results. Some
general data of the TRTs are presented in Table 1.

Fredrikstad
Outcrops close to the borehole in Fredrikstad show a rather ho-
mogeneous light reddish, biotite-bearing, medium-grained Id-
defjord granite, which crystallised from magma in the Precam-
brian around 920-930 Ma ago (Pedersen and Maaloe 1990).
The granite contains quartz, biotite, orthoclase, plagioclase,
some muscovite and small amounts of apatite, titanite, magnet-
ite and zircon (Holtedahl 1953) and it is interpreted as the con-
tinuation of the Bohus granite in Sweden. Outcrops around the
borehole and information from the driller’s well report indicate
granite along the entire borehole length.

Regional fracture zones are present but show low hydraulic
conductivity because of the appearance of swelling-clay miner-
als due to hydrothermal alterations and/or deep weathering in

. . Altitude Borehole depth A, Duration of TRT
Location Coordinates masl. (m) Date of TRT w s K (hr)
Fredrikstad 611848 E 17 200 26.07.— 3.15 72
6565630 N 29.07.2009

Nordstrand 600555 E 130 200 06.07.— 3.23 65
6637162 N 09.07.2009

Lade 572043 E 25 150 20.09.— 4.11 333
7037069 N 04.10.2009

Bjornegard 583691 E 6 200 26.08.— 4.81 95
6639799 N 30.08.2010

Coordinates refer to UTM zone 32, WGS84.
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Figure 3. Temperature  profiles
before (blue) and ﬂﬁer (red) a TRT
Fredrikstad Nordstrand ar the four different study sites:
0 0 Fredrikstad, Nordstrand, Lade and
Bjornegird.
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the Triassic and Jurassic period (Banks et al. 1992a, b, 1994,
Olesen et al. 2006).

Slagstad et al. (2009) measured a rock core thermal conduc-
tivity of 3.1 W m'K" in the Iddefjord granite which is consist-
ent with the TRT result: 3.15 W m'K". The almost identical
result indicates that the borehole is surrounded by granite only
with negligible alteration of effective thermal conductivities due
to groundwater flow. Also the temperature profile taken after
the TRT supports this hypothesis (Figure 3). The uppermost ten
metres of the borehole are influenced by seasonal variation while
the following 60 m are influenced by (palaco-) climatic effects as
described by Slagstad et al. (2009), before a normal geothermal
gradient is followed down to the base of the borehole.

The latter effects are most pronounced in the temperature
profile before the TRT, but they are still detectable in the tem-
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perature profile after the TRT. The temperature profile shows
no major variations along the borehole with the exception of
a sudden temperature drop at the base. This effect can be ex-
plained with a stronger vertical heat flow at the bottom of the
borehole due to heat flow from the sides and from below. As a
consequence the cool-down is faster than in other parts of the

borehole.

Nordstrand
The borehole used for the TRT at Nordstrand (borehole 3, see
Figure 4) was drilled only two metres away from a large school
building which dates back to the year 1926. Through the last 85
years, heat has been transferred from the building to the ground
due to poor insulation.

The area around the investigated well field is dominated
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by garnet-rich tonalitic gneisses, a few kilometres west of the
Mpysen syncline (1660-1500 Ma; Graversen 1984, Lutro and
Nordgulen 2008).

Sheet silicates like biotite are a main component of the
gneisses at Nordstrand. They are responsible for a strong anisot-
ropy effect in their thermal conductivity. Clauser and Huenges
(1995) investigated the thermal conductivity of biotite and
measured 3.1 W m'K" parallel to the sheets and 0.5 W m'K"!

perpendicular to the sheets. The strike and dip direction is
expected to vary along the borehole as outcrops showed folding
in the gneisses.

At an outcrop approximately 50 m west of the well field,
another local rock type was discovered: a felsic pegmatite dyke
(about 2 m thick). It is expected that the dyke cuts the borehole
so that both gneiss and pegmatite are present in the well.

The thermal conductivity of the gneiss is expected to be
somewhat lower than that of the pegmatite. Values recommend-
ed to be used in Earth Energy Designer for gneiss and pegmatite
are 2.9 and 3.4 W m'K", respectively (Eskilson et al. 2000).
In the GEOS (GEOlogy of the OSlo region) database of the
Geological Survey of Norway a median value of 3.04 W m'K"!
for the gneiss present at Nordstrand was calculated based on 91
surface rock core samples. The effective thermal conductivity
measured with the TRT in this study is 3.23 W m'K" and is
within the expected range. The driller’s well report indicates a
water-bearing fracture zone at 110112 m depth.

Two different phenomena can be discovered while studying
the two different temperature profiles related to the TRT: 1) the
thermal influence of buildings on the temperature field in the
ground, and 2) the presence of groundwater flow at 34 m depth.

The temperature increase in the temperature profile taken
before the TRT is remarkably high in the uppermost 60 m of
the borehole (see Figure 3). Therefore, three additional tempera-
ture profiles were taken in surrounding boreholes 1, 2 and 4 (see
Figure 5).

The thermal disturbance in the ground decreases propor-
tionally to the increasing distance to the main building of
Nordstrand school. The same phenomenon was described for
a building in Cambridge (Massachusetts, USA) where the in-
fluence was modelled to be down to almost 150 m, 50 years
after the construction of the building (Roy et al. 1972). Roy et
al. modelled the underground heat plume defining a Dirichlet
temperature boundary condition for the building which was set
to 15°C. This strategy was taken in a simple two-dimension-
al finite-element model for the thermal plume at Nordstrand
school. The model was built up in FEFLOW 5.4 (DHI-WASY
GmbH, Berlin, Germany). Using a transient model with a ther-
mal conductivity of 3.23 W m'K", a matrix porosity of 5%
(used as pseudoparameter), a geothermal gradient of 0.7 K per
100 m and a simulation time of 82 years (time since the build-
ing was built), the temperatures measured in the uppermost 100
m can be simulated successfully (see Figure 6 and compare also
with Figure 5).
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Figure 4. Map over Nordstrand school and position of boreholes (Bh) where tempera-
ture profiles were taken (map taken from www.norgeskart.no, 08.12.2009, mod.).
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Figure 5. Temperature profiles in four boreholes at Novdstrand. The dotted line and
the triﬂngl[ show the gmundwaler level.

The heat loss through the foundations of the building over
many years is significant and underlines the importance of good
insulation.

Groundwater has an influence on the temperature recov-
ery after the TRT. The driller’s well report indicates a water-
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Dirichlet boundary: 15°C
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Figure 6. Simulated heat plume below Nordstrand school 82 years afier the
construction.

bearing fracture zone at 110 to 112 m depth and exactly there,
the temperature decrease is fastest after the TRT. The effect of
groundwater on the temperature profile was further investigated
in a research borehole of the Geological Survey of Norway at
Lade (see discussion below).

Lade
The upper 93 m of the borehole at Lade consist of Lower Ordo-
vician greenstones while the lower part is characterised by trond-
hjemite based on driller’s observations and an investigation with
an optical televiewer. The borehole was tested for hydraulically
active fractures with the help of a groundwater pump installed
at 20 m depth. During pumping of water with a volumetric
flow rate of 780 | hr', a propeller was lowered in the borchole.
The number of rounds per time interval can be used to detect
and calculate groundwater flow through open fractures. In the
depth around 34 m a pronounced fracture appears, which is vis-
ible in the flow measurement (reduction of number of rotations
below 34 m) as well as in an optical televiewer image (see Figure
7). The televiewer image and the test data were made available
by Harald Elvebakk who performed the measurements in 2003.
The effective thermal conductivity measured with the TRT
is 4.11 W m"'K". This value is higher than the median rock
core thermal conductivity measured in Norwegian greenstones
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(2.7 W m'K", n=37, unpublished data, NGU) and trond-
hjemites (2.7 W m'K", n=11, unpublished data, NGU).

The temperature profile at Lade is characterised by a negli-
gible geothermal gradient and little variation along the bore-
hole. However, the effective thermal conductivity measured at
the borehole was higher than the laboratory measured thermal
conductivities would suggest for greenstones and trondhjemites.
A closer look at the temperature profile taken after the TRT
reveals a faster recovery around 34 m than at the rest of the
borehole (Figure 3).

As described above, the flow measurement showed a water-
bearing fracture at this depth. A natural, regional groundwater
flow can therefore be expected, similar as in the study of Liebel
et al. (2011), which is responsible for an increased effective
thermal conductivity. Even if the effect of the open fracture is
rather small at Lade, it was chosen as an example because of
the complete dataset comprising hydrogeological data for the
borehole. A more pronounced effect of groundwater on the
temperature profile than in this case can frequently be found
(see e.g., Liebel et al. 2009).

Bjornegard

The borehole at Bjornegird (Barum municipality, Oslo region)
is drilled primarily in Ordovician limestones and shales accord-
ing to the geological map and to outcrops from the area. The
sedimentary cover is 28 m thick and consists of clays. The medi-
an thermal conductivity from rock core samples from the Ordo-
vician limestones and shales is 2.7 W m'K? (GEOS database,
NGU 2011 unpubl.). The TRT result shows a pronounced
higher effective thermal conductivity of 4.81 W m'K". The
driller’s report indicates a water-bearing fracture at 60 to 62 m
depth with a water yield of more than 1000 | hr'. The driller’s
estimate of the water yield for the entire borehole is 15000 | hr'.
During drilling the borehole was artesian. After the drilling was
finished, a tight plug was installed to stop the outflow from the
borehole.

The temperature profiles at Bjornegard show an anomalous
temperature increase towards the surface (uppermost 10 m)
which can be explained with two neighbouring injection wells
where surface water is infiltrated into the aquifer with a total rate
of ca. 38 litres per minute. Infiltration is done to avoid surface
subsidence damages related to a lowered groundwater level as a
consequence of the relatively new railway tunnel nearby. Figure
8 visually shows the hydrogeological situation at Bjgrnegard.

The temperature profiles were taken in August 2010. The
shallowest temperature field is altered due to solar irradiation
on the parking lot and heat flow from the surface towards the
ground (Figure 3). Elsewhere, the temperature profile before the
TRT shows no unexpected variations. Very different, however,
is the temperature profile after the TRT. The borehole cuts an
open fracture at 60 m depth belonging to a presumably con-
fined aquifer (artesian). Water intrudes the borehole and flows
upwards to the next possibility where it can flow into the sur-
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Figure 7. Results from the flow measure-
ment (left) and optical televiewer image
of the main fracture in the investigation

borehole (right, H. Elvebakk, unpubl.);

red arrows indicate the main fracture. E:

rounding formation, which is in this case at the contact between
the bedrock and the sedimentary cover at about 28 m depth.
Therefore, the temperatures recover fastest in the profile taken
after the TRT in the interval between 60 and 28 m, while the
heat takes longer to be dissipated in the other parts of the bore-
hole. Similar temperature profiles were reported from Sweden
(G. Hellstrom, pers. comm. 2011) and Germany (M. Sauer,
pers. comm. 2011).

Conceptual models
Conceptual models of the four discussed cases are shown in Fig-
ure 9 and discussed in the following.

Case 1:

If the rocks in a borehole are homogencous concerning min-
eral content and if no permeable fractures occur, a temperature
profile may be measured after a TRT as shown in Figure 9. The
temperature recovery after the TRT is fastest in the upper part
of the borehole as the temperatures of the surrounding rocks
are colder. Here the temperature gradient is largest resulting in
a high heat flux according to Fourier’s law. Further down in the
borehole the undisturbed rock temperature increases according
to a geothermal gradient. The temperature difference decreases
between the heated borehole and the surrounding rock. There-
fore, the temperature recovery is slow in the low part of the
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Figure 8. Schematic diagram showing the groundwater flow through the open
fr/zcture at Bj@rnega“m’ and the upwam' ﬂaw t/omugh the borehole with the ﬁnal
inflow into the sediments.

borehole (low heat flux). A temperature drop at the base of
the borehole can be observed due to heat dissemination also in
vertical direction.
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A temperature profile of this kind is the optimum for the
TRT evaluation. The assumptions for the TRT analysis for ex-
ample with the infinite line-source theory are met.

Case 2:

In case 2 the geological conditions are similar as in case 1 but
the temperature in the upper part of the well is higher due to an
increase in heat flow from the surface. Possible alterations may
be due to the construction of a building with poor insulation
towards the ground, a parking lot (pronounced effect with dark
asphalt) or a forest clearing which increases the irradiation and
the heat transfer towards the ground.

A temperature profile of this type does not implicate a spe-
cial TRT evaluation. However, it gives valuable information on
the expected operation of a ground-coupled heat pump instal-
lation. An increased heat transfer from the surface is positive

for the heat extraction from the ground as the removed heat is
restored fast from the surface.

Case 3:

If the borehole passes through a water-bearing fracture, a fast
temperature recovery can be expected in the vicinity of the frac-
ture (Figure 9).

If a temperature profile taken some hours after a TRT indi-
cates a water-bearing fracture, the TRT results need a cautious
interpretation. Groundwater flow through the borehole during
the TRT can be discovered from the TRT results in certain cir-
cumstances. One possibility is that the effective thermal con-
ductivity does not converge with time but does increase con-
tinuously (Witte 2002, 2007). If the groundwater flow volume
through the open fracture is relatively small or if the total time
of the TRT is chosen too short, this effect cannot be discovered

Case 1 Case 2

Figure 9. Fictitious temperature

profiles before (blue), right after

Depth
Depth

x

(red) and five hours after (black) a
TRT in homogeneous rock for the
Sfour cases. Case 1: no water-bearing
Sfractures; case 2: temperature anom-
aly towards the surface due to poorly
insulated buildings or solar collec-
tors (e.g., parking lot, pitch); case 3:
one wdter-beﬂringﬁa[tun’; case 4
two open fractures short-circuiting a
confined lower aquifer with an un-

confined upper aquifer.

=

Temperature

Case 3 Case 4

Temperature

Depth
Depth

+

Temperature
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in the TRT results. Results from a study in Bryn (Oslo region)
show, however, that the effective thermal conductivity increased
by 0.4 W m'K" due to an increased groundwater flow through
one fracture. In this case two TRTs were compared to each oth-
er, one without artificial groundwater flow and one with pump-
ing of groundwater from a close-by well (for more details see
Liebel et al. 2009).

Even if the groundwater flow is not detectable directly in the
TRT results, it will transport heat away from the well during
operation in cooling mode and it will transport heat towards the
well in heating mode, which has to be taken into account for the
dimensioning of a ground-coupled heat pump system.

The temperature profile after the TRT may indicate ground-
water flow, even if the TRT results seem normal. In this case a
more detailed hydrogeological investigation and a groundwater
flow simulation should be performed to estimate the influence
of groundwater on the borehole heat exchanger during opera-
tion. Parameter estimation techniques are a possibility to esti-
mate the thermal conductivity based on the TRT results (e.g.,
Hellstrom 1997, Spitler et al. 1999).

A second explanation for a temperature profile with a fast
recovery in one zone is a layer of improved thermal conductivity
due to a different mineral content (for example a high quartz
content). In most cases, the driller’s observations of the colour
of the drilling mud indicate different geological layers and min-
eral contents. If percussion drilling is applied, cuttings should
be sampled in a regular interval (e.g., every three metres) to get
more information about changing rock type and mineral con-
tent in the well. The driller’s observations can be correlated to
areas with fast temperature recovery in the temperature profile.
In this case, the TRT results give effective thermal conductivi-
ties that converge and a standard data evaluation can be accom-
plished.

Case 4:

In this case the borehole penetrates two fractures where the
lower one belongs to an artesian and the upper one to an un-
confined aquifer. An upstream of groundwater towards the up-
per fracture is going to be established. Alternatively, the upper
fracture can be replaced with the border between bedrock and
permeable sedimentary cover.

A weaker upward flow might be established during the TRT
if a thermosiphon effect appears (Gehlin et al. 2003).

The phenomenon of upwards flowing groundwater is easily
discovered with the help of a temperature profile after the TRT
as the temperature recovery will be fast in the area of flowing
groundwater (Figure 9).

During a TRT, the temperature of the heat-carrier fluid in
the borehole heat exchanger increases less if groundwater flow is
present. The effect of upwards flowing groundwater on the ef-
fective thermal conductivity measurement may be stronger than
of groundwater flow through fractures crossing the borehole.
With up-flowing groundwater large areas of the borehole heat
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exchanger are affected by the contact with cold groundwater. In
the case of horizontal fracture flow through the borehole, how-
ever, only limited areas of the borehole heat exchanger get in
contact with cold groundwater. The measured effective thermal
conductivity will be higher than the actual thermal conductiv-
ity of the bedrock in both cases, but highest in the case of up-
streaming groundwater. Parameter estimation techniques are a
possibility to estimate the thermal conductivity based on the
TRT results (e.g., Hellstrom 1997, Spitler et al. 1999). For the
dimensioning of a borehole field, further hydrogeological stud-
ies should be carried out, including a flow simulation for the
influence area of the borehole field.

Conclusion

Temperature profiles before a TRT are taken as a standard pro-
cedure to calculate the undisturbed ground temperature and the
thermal borehole resistance.

This study highlights the importance of taking temperature
profiles also after the TRT is finished.

The temperature profiles yield important hydro- and ther-
mogeological information based on a measurement that takes
only about one hour. The driller’s reports give an indication for
areas of high probability for open fractures only. In the tempera-
ture profile after the TRT, the water-bearing fractures can be
located precisely. Upcoming groundwater from confined arte-
sian aquifers can be detected clearly. Layers of different mineral
content showing varying thermal conductivities can be located
and distinguished from zones of groundwater flow with the help
of the driller’s well reports.

Information gained from temperature profiles after a TRT,
supplements the data obtained from various other sources such
as: TRT, the driller’s well report, rock core thermal conductiv-
ity measurements, the measurement of the undisturbed ground
temperature, the geological map and so forth. The combined
evaluation of all data available for a borehole can then be used to
define the required capacity of a ground-coupled heat pump sys-
tem and to predict the behaviour of the plant in operation. The
extra information gained helps also to decide whether further
site investigations or groundwater flow simulations are needed.
Further work should focus on the quantification of the influ-
ence of groundwater flow on the estimate for the effective ther-

mal conductivity.
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Appendix A

Appendix A on CD (attached to the thesis):

I) Geological Survey of Norway, Report 2009.069
Reference to the report:

H.T. Liebel, K. Huber, B.S. Frengstad, R. Kalskin Ramstad and B.
Brattli, 2009: Thermogeology in the Oslo region and Kristiansand —
Results from thermal response tests (TRT) with and without
artificially induced groundwater flow. Geological Survey of Norway,
Report 2009.069, 57 p.

II) Three videos showing vertical groundwater movement in the
borehole:

a. Video 1 No heating.avi
- no significant groundwater movement

b. Video 2 No pumping 83 Wm-1.avi
- convective flow, mostly upstream along the borehole heat
exchanger, mostly downstream along the cold borehole wall)

c. Video 3 Pumping 94 Wm-1.avi
- dominating downstream flow towards the groundwater pump
installed at the bottom of the borehole
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Appendix C

Appendix C: Technical data about the TRT trailer

Thermal Response Test Equipment Data Fill-in Date: 10-2010

Country: Norway

Contact Person: Gaute Storrg, Heiko Liebel

Organisation/Company: Norges geologiske undersokelse ‘

Address: Postboks 6315 Sluppen, 7491 Trondheim, Norway
Phone: +47 73904315

Email: gaute.storro@ngu.no; heiko.liebel@ntnu.no

GENERAL TRT DATA

Type: Heat injection | No TRTs: ~50 | Size, weight: 400 cm, 180 cm, 190 cm, 540k |
‘ Aim: Research /commercial H Pump: Duijvelaar DPV 10-80; 3kW, 2.5 I/s ‘
Powered by: Electricity | Heater: Viirmebaronen EK 180-125, 8 x 3 kY|
Built onin: Traier | HPICooler: - |

Temperature measurements:
Thermocouples

Flow rate measurements:
ABB Kent Messtechnik MTH-DA-KGm-HM

Hectrical unit

Voltage stabilization: No

Supply Power Monitoring: Yes

Years of operation: since 2000

Number of performed measurements: ~35 Research/~15 commercial
Typical borehole depths: 100 - 400 m

Applications: BHE

Typical collector type: 1U, 2U

Typical fluid type: HX35

Typical groundwater temperature: 4-8 °C

Geographical area: Norway

Analysis Method: Line source

: GPS: No |
:i' , : AL ‘Remote Control of Operation: Yes ‘
I Dran o | Drin from
I ) j safety vl ‘ Remote Data Collection: Yes ‘
Toborholes Principle outline ‘ Logger: CTRX10 ‘
TRT EXPERIENCE




Appendix D

Appendix D: Contributions to conferences and workshops

Scientific results were presented at the following conferences and workshops:

a) The 334 International Geological Congress, Oslo, Norway, 2008 (poster)

b) IEA Annex 21 - TRT: Experts’ Meeting, Vienna, Austria, 2008 (oral

presentation)

c) Effstock 2009 — Thermal Energy Storage for Efficiency and Sustainability,
Stockholm, Sweden, 2009 (poster)

d) 18% National Seminar on Hydrogeology and Environmental Geochemistry,

Trondheim, Norway, 2009 (poster; award for the best student poster)

e) Ist European Geothermal PhD Day, Potsdam, Germany, 2010 (poster and short

oral presentation)

f) Renewable Energy Research Conference, Trondheim, Norway, 2010 (poster and

short oral presentation)

g) Water and Energy Conference, Amsterdam, Netherlands, 2010 (oral

presentation)

e) 20" National Seminar on Hydrogeology and Environmental Geochemistry,

Trondheim, Norway, 2011 (oral presentation)

f) 2rnd European Geothermal PhD Day, Reykjavik, Iceland, 2011 (poster and short

oral presentation)
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g) 21t National Seminar on Hydrogeology and Environmental Geochemistry,

Trondheim, Norway, 2012 (oral presentation)

h) International Conference on Groundwater in Fractured Rocks (GwFR’2012),

Prague, Czech Republic, 2012 (abstract accepted for oral presentation)



Appendix E

Appendix E: Further geoscientific contribution during the PhD

1) Liebel HT. & Krill, A. 2011: Lille Raipas — a geological-botanical treasure chest
in Alta. Blyttia 69: 74-86.

Abstract

A 3 km? area on the hills of Lille Raipas, 7 km southeast of the town of Alta
(Finnmark) displays a wealth of geological and botanical treasures. A species list
containing more than 200 taxa is presented, including some rare species such as
Epipogium aphyllum, Eriophorum x medium and Woodsia glabella. The geology
of Lille Raipas is extraordinary. Distinctive rock types, including dolomite, shale,
tillite, conglomerate and slate are responsible for different soil conditions and
plant communities. Stromatolites, or beds of fossil algae in the dolomites are
among the oldest fossils in Europe, dating back more than 1 800 million years.
Red breccias are chaotic fragmental rocks that filled cave systems below an
ancient flat land surface. A younger land surface, about 650 million years old,
consisted of rugged hills of quartzite. It is also well preserved here, as it was
covered by glacial moraines of the spectacular Snowball Earth era. All these
rocks were buried by hundreds of meters of Alta-slates that were thrust from the
northwest during the Caledonian collision and mountain-building event.

The combination of different geological and botanical cites can be explored on a 3-
hour walking trip using the location coordinates and descriptions presented in
this article. Lille Raipas has much pedagogical value, as several different links in
an intact ecosystem can be easily studied in this small area. It should be
monitored and protected from damaging human impact.



Se vogliamo che tutto rimanga com’e, bisogna che tutto cambi.

If we want that all remains as it is, everything has to change.

(Novel: "Il Gattopardo” by Giuseppe Tomasi di Lampedusa)



