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ABSTRACT

This thesis concerns heat transfer processes in single boreholes and systems of boreholes. The
thesis is divided in two parts of which the first considers borehole heat exchangers (shallow
geothermal energy), and the second part deals with heat transfer in an engineered geothermal
system, made up of boreholes forming a closed loop system (deep geothermal energy). The
essence of the thesis is described hereunder, starting with the borehole heat exchangers.

The borehole heat exchangers (BHEs) are used in ground source heat pump (GSHP) systems as
a source and sink for thermal energy, the U- tube configuration of BHEs is the most common. In
this thesis the heat transfer processes in U-tube BHESs are studied with the use of both numerical
and analytical models.

A novel numerical model for the heat transfer in non-grouted BHEs (which is common in
Norway and Sweden) has been developed. The model includes a correlation that accounts for
the occurrence of natural convection in the water surrounding the collector. The model is
compared with experimental data from distributed temperature measurements obtained during
both a distributed thermal response test (heat injection) and during heat pump operation (heat
extraction). The model is found to accurately replicate the experimental data. The model is used
to analyze the experimental data and to gain further understanding for the heat transfer
processes in non-grouted BHEs.

A borehole thermal energy storage (BTES) using a given solar collector as the means of thermal
recharge is studied. The BTES is operated with two individually, but thermally interacting
circuits with different thermal loads, were only one of the circuits is thermally recharged during
the warm season. The system is studied using an analytical model which allows for individual
thermal loads in the different boreholes of the BTES. The system is found to have a marginally
better performance as compared to the alternative of applying thermal recharge to all BHEs.
With access to more energy for thermal recharge it would be better to recharge both circuits.

The coaxial BHE is an alternative to the conventional U-tube BHE, and it has in general a lower
internal thermal resistance, which improves the performance of the GSHP system. In addition, it
is more suitable for deep boreholes since for a given borehole dimension it can allow for a
larger flow area, and thus for a larger mass flow and / or a lower pressure drop.

A numerical model is developed for the coaxial BHE. The model assumes the geometry of a
pipe-in-pipe coaxial BHE, and it is compared with distributed temperature measurements from a
thermal response test. The model is found to accurately predict the experimental data. The
model is used to analyze the experimental data and to gain further understanding of the heat
transfer processes in coaxial BHEs. The model is also used to study the influence of borehole
depth on the performance of the BHE. It is found that for the case of heat extraction the
performance of the BHE increases with borehole depth, even when accounting for the additional
pressure losses and pump work needed. Further, it is found that when used in GSHP
installations, the highest thermal performance for a deep borehole is a coaxial BHE with a thin-



walled center pipe, which is operated with a high mass flow rate. This allows for larger thermal
extraction rates while the costs involved with the coaxial BHE is kept at a minimum.

In the second part of the thesis, a closed loop engineered geothermal system (EGS) is studied.
The system studied is based on the US Patent US6247313B1 (Plant for exploiting geothermal
energy). It is a novel EGS concept for heat extraction from depths in the range of 3- 6 km. In
essence, the system consists of an injection and a production well that are interconnected by a
series of parallel boreholes, which forms a subsurface heat exchanger.

In the present work the EGS is studied primarily with the objective to provide hot water in the
temperature range of district heating (DH) networks. The thermal performance of the system
and the operation characteristics of the system have been the main focus of the study.

The system is studied using a numerical model developed within the present work. The model
can be used to study the transient behavior and the performance of the EGS concept on both
short time scales (minutes to hours) and on longer time scales, in order of the life time of the
system. To perform a more detailed study of the EGS as a provider of hot water to a DH-
network the model is applied in conjuction with DH data. It is predicted that the system can
sustain heat production for a significant time while requiring little or no use of high value
energy for fluid circulation. It also found that the system can be operated dynamically to cover
periods with higher or lower heat demands.

Since the primary and dominant heat transport is thermal conduction, the temperature difference
between the fluid temperature and the rock temperature, together with the effective thermal
conductivity of the rock are the most important parameters determining the amount of energy
that can be extracted from the system.

In absence of direct measurements the temperature and the thermal conductivity of the rock at
the target depth have to be estimated. This can be done using measurements from shallower
boreholes in combination with thermal modeling and by applying geophysical models.

In the present work a section of the Olso rift is modelled by combining regional measurements
of thermal conductivity and radiogenic heat production with heat flow data from boreholes (<
1000 m) and with the results from a geophysical model. The thermal model have a relatively
large uncertainty primarily related to the temperature regime in the bedrock.

Since thermal output of the system is dependent on the temperature level of the heat consumer
and the temperature of the bedrock. It is better to focus on the presence of a suitable heat
consumer that guarantees a high operation time at a low temperature range than pinpointing the
areas with the highest heat flow when finding suitable locations for an EGS.

The EGS is scalable both in temperature and in thermal output, the results presented in this
thesis are for a small system (1- 3 MW,,) suitable for a smaller district heating grid, larger
systems in the range of 50 MW, have been dimensioned.
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NOMENCLATURE

Abbreviations

BHE Borehole heat exchanger

BTES Borehole thermal energy storage
DTRT Distributed thermal response test

EGS Engineered geothermal system

FLS Finite line source solution

GSHP Ground source heat pump

HDR Hot dry rock

ICS Infinite cylindrical source solution
ILS Infinite line source solution

TRT Thermal response test

TRCM Thermal resistance and capacity model
Symbols

c Concentration [%]

C Specific heat capacity [J/kg K]

d Diameter [m]

H Heat production rate [ uW/m3]

k Thermal conductivity [W/ m-K]

m Mass flow rate [kg / s]

q”’ Heat flux [W /m?]

q’ Specific heat load [W /m]

Q Heat load [W]

r Radius [m]

Rb Local borehole thermal resistance [K-m/ W ]
Rb’ Effective borehole thermal resistance [K-m/ W]
s Center pipe wall thickness [m]

t Time [s]

T Temperature [K]

W Electric power [W]

z Axial coordinate [m]

Vi

Dimensionless numbers & ratios

T-Ty

0 Dimensionless temperature, = P [-]
Nu Nusselt number, hL/ [
Y Aspect ratio of spheroids [-]
i Thermal conductivity ratio, i = :—f [-]
g
K Radius ratiory, / 1; [-]
COP gta1 Total COP QtWhp [-]
P Whp+Wp
Cop Coefficient of performance, Q;/Whp [-]
hp
Ra* Modified Rayleigh number [-]
Subscripts
g Ground
b Borehole
f Fluid
m Mean value
local Local value
0 Initial value
th Thermal
o0 Infinite / undisturbed
s Surface
P Pump
hp Heat pump
in Inlet
i Inner
out Outlet
Greek symbols
a Thermal diffusivity, pic [m%s]
v Specific volume [m’/ kg]
p Density [kg/m’]
[0} Porosity [%]
u Dynamic viscosity [Pa- s]
0] Circumferential coordinate [°]
n Pump Efficiency [%]



STRUCTURE OF THE THESIS

This thesis is essentially made up by 6 papers and a report which are introduced separately by
individual introductions. The thesis is divided in two parts, the first part deals with heat transfer
in borehole heat exchangers and the second part considers heat transfer in a closed loop
geothermal system intended for heat extraction from crystalline rock at several kilometers
depth. The two parts are preceded by a general introduction clarifying the general objectives and
the scope of work. Heat transfer through thermal conduction and thermal transport properties of
rocks are essential and common for several parts of the thesis, this is, therefore, summarized in a
separate section of the thesis.
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1. INTRODUCTION

Geothermal energy is an abundant energy resource, which can be utilized to provide clean
energy for heating and cooling purposes and /or electricity production. Low temperature
geothermal resources can as well be utilized either direct in low temperature applications, or be
upgraded with the use of a heat pump.

The use of borehole heat exchangers in ground source heat pump systems is a mature
technology; there are, however, room for improvements, primarily related to the design of the
ground-coupling, i.e. the borehole heat exchanger.

At present, the use of deep geothermal energy as an energy resource is primary confined to
areas with hydrothermal systems which in turn are geographically constricted to volcanic active
areas. In addition there are some geothermal installations exploiting water reservoirs in
sedimentary basins outside the active areas. However, it is Engineered Geothermal Systems
(EGS) that have been pointed out as the way for geothermal energy to grow outside it constrains
and to reach a significant share of its global potential. These have, however, not been fully
developed and proven commercially viable at the present time.

1.1. General objectives

The aim of this thesis is to provide insight and methods for calculation of the heat transfer in
boreholes, primary for the purpose of heat extraction. The thesis is divided into two parts of
which the first deals with shallow geothermal energy and heat transfer in borehole heat
exchangers. The second part is about the heat transfer in a closed loop geothermal system
intended for heat extraction from crystalline rock at several kilometers depth. The objectives of
the thesis can be summarized as:

- Study the local and global heat transfer processes in borehole heat exchangers with the
aim to provide possible improvements to the technology.

- Develop methods to calculate the thermal performance of a closed loop geothermal
system with the aim to provide energy in the range applicable to district and residental
heating.



1.2. Scope of the research

1.2.1. NON- GROUTED BOREHOLE HEAT EXCHANGERS

The borehole heat exchanger (BHE) forms the ground-coupling for a ground source heat pump
system (GSHP). A primary objective with the heat pump is to reduce the use of electricity for
heating purposes, this is measured by the coefficient of performance (COP) of the heat pump,
which is directly related to the temperature of energy source, i.e the temperature provided by the
BHE.

The use of BHEs is widespread and established. In Lund (2010) it is estimated that 49 % of the
worlds use of geothermal energy comes from the use of GSHP systems.

In Sweden it is estimated that approximately 400 000 GSHP plants were in operation by the end
of 2011, extracting about 12 TWh of heat and 500 GWh of cooling. About 300 000 of the
installations utilize vertical BHEs as the heat source and sink (Andersson and Bjelm (2013)).
While the market for smaller GSHP installations (single house installations) have stagnated due
to market saturation, there is a steady growth in the market for larger systems (smaller district
heating networks). In addition, there is a trend to use deeper boreholes.

Ramstad (2011) concluded that the entire heat and cooling demand in Norway can be covered
by GSHP installations. About 5000 new GSHP installations are built in Norway each year
(Midtemme et al. (2013)). There is a trend to deeper boreholes for BHEs, and there are some
few installations operating with BHEs with a depth in range of 500 m. Due to new building
regulations, which demands that the 60 % of the energy used for heating (and hot water) in
buildings (> 500 m*) must be supplied by an energy carrier other than electricity and/ or fossil
fules; there is the potential for a large number of medium sized GSHP installations.

The BHE usually consists of a borehole in which a heat carrier is circulated through a
polyethylene pipe (collector). The most common collector has the shape of a U-tube and forms a
barrier between the heat carrier and the borehole. The heat carrier which in this case is in
indirect contact with the ground, usually consists of a mixture of water and an anti-freeze
solution (e.g alcohol).

When in operation, there is a temperature difference between the heat carrier in the BHE and the
ground caused by the thermal resistance in the BHE. During heat extraction and injection, this
temperature difference can constitute a relatively large share of the total temperature difference
between the heat carrier in the borehole heat exchanger and the undisturbed temperature of the
ground. By reducing the thermal resistance in the BHE the source temperature for the heat pump
can be increased during heat extraction and the temperature during heat injection can be
reduced. Alternatively the amount of energy that can be extracted or injected can be increased.

The two major parts of the internal resistance in the BHE are the resistance through the collector
material, and the resistance in the medium surrounding the collector. In Norway and Sweden



the BHEs are usually non-grouted; that is, the space surrounding the U-tube collector is filled
with ground water. In these BHEs the internal resistance is significantly affected by natural
convection in the water which enhances the heat transfer. Although it is well known that natural
convection occurs, there is a lack of detailed studies into the subject. In addition, there have up
to the present not been any BHE -models that include the effects of the presence of natural
convection.

The thermal resistance in the BHE can as well be reduced using an alternative collector design,
such as the coaxial collector. This has been shown experimentally by Kjellson and Hellstrém
(1999) and by Acuna (2013).

Borehole heat exchanger systems can be upscaled either by increasing the number of boreholes,
or by increasing the borehole depth. With several interacting boreholes, BHE systems can be
tailored to cover specific heating and cooling demands; this does, however, increase the need for
flexible simulation programs that can be used to determine the performance of borehole field
using arbitrary BHE configurations. There exists good dimensioning tools for BHEs using
predefined and fixed borehole patterns; the designer wanting to use configurations other than
the predefined choices are, however, forced to make qualified guesses. There is a need for more
flexible tools for BHE dimensioning, such tools can be developed using both analytical and
numerical methods.

In areas where there is a limited available construction area, the borehole system can be made
compact by placing the boreholes with a small separation distance. This favors thermal
interaction and, therefore, the thermal load must be balanced over the year. It is, therefore,
required that the boreholes are thermally recharged. In cases where there are little possibilities
for thermal recharge, the number of boreholes (and thermal interaction) can be reduced by
increasing the borehole depth and thereby creating a BHE system which requires less thermal
recharge. There is little experience with deep BHEs at the present time, although, there are
some deep BHEs operating in abandoned oil and gas wells in Germany with open loop coaxial
collectors and with depths of about 1200 m to 2300 m.

In deeper boreholes, it is more favourable to use a coaxial collector than a U-tube collector since
it reduces the borehole thermal resistance and the pressure losses, alternatively, allows for
higher mass flow rates.

It is primarily the heat transfer processes in the BHEs that are studied within this thesis, and this
has been done through the use of numerical models. The models provide insight and
understanding for the acting local heat transfer processes in BHEs which can be used to develop
improved collector designs. The thesis also focuses on the possibility to increase the borehole
depth and thereby, creating larger BHE installations with a smaller surface footprint.



1.2.2. CLOSED LOOP ENGINEERED GEOTHERMAL SYSTEM

Geothermal energy is ideal as a base load resource for direct usage of heat. Through history,
geothermal energy has been used to cover direct heating purposes such as heating, bathing and
agricultural demands. In the development of Engineered Geothermal Systems (EGS) mainly
electricity production has been in focus and thus areas with the highest geothermal potential
(highest temperatures) have been targeted. While low temperature resources that can be
exploited for direct heat-purpose has been given less attention. This was pointed out in the [EA-
roadmap for geothermal energy (IEA 2011), which urges countries to asses their potential also
for low temperature applications.

The global geothermal resources suitable for direct utilization have been estimated in Stefansson
(2005) and in Krewitt et al. (2009). Stefansson characterized resources with a temperature
lower than 130 °C as applicable for direct usage and concluded that this amounts to 68 % of the
total geothermal resource. The study by Stefansson, Krevitt et al. (2009) estimated the global
geothermal resources suitable for direct use applications, to be 289 000 TWhy, / year, which is
6.5 times larger than the worldwide use of energy for heating in 2008 (IEA 2011). Most of the
accessible geothermal resources are to be found outside the geographical boundaries of the
conventional hydrothermal resources. These resources can be accessed and mined through
Engineered Geothermal Systems (EGS).

The worldwide use of geothermal energy for direct purposes in 2010 was 62 GWhy, /year
(excluding heat pumps) Lund et al. (2010). The Blue Hi-REN scenario in the IEA energy
technology perspectives 2010 (IEA 2010) projects the direct use of geothermal energy to
increase to 1.6 TWhy, in 2050 (excluding heat pumps).

This puts the projected use as an almost negligible fraction of the estimated accessible resource.
Even for this target, it is crucial that EGS (which is currently in the stage of research,
development and demonstration) becomes a viable commercial technology within the next
decades.

The projected use of geothermal energy does, therefore, show the amount of energy that is
believed to be technically and economically viable, given the current state of technology, and
the projected advancements.

Low temperature resources can as well be used to produce electricity with binary cycles at
temperatures lower than 100 © C. This has much in common with heat recovery from low grade
waste and the efficiency for such a process is bounded to be low as given by the laws of
thermodynamics. Thus electricity production would only be considered if there were no other
way of disposing the heat, or in remote locations outside the electricity grid. Through direct use
of geothermal energy a high efficiency is ensured, while the resource can be used to displace,
for example, electric resistance heating or other high grade fuels that could be used for
electricity production.

District heating provides an ideal way to distribute low grade thermal energy, and it accounts
for 85 % of the direct use of geothermal energy worldwide Lund et al. (2010). The stable nature



of geothermal energy makes it a suitable base load candidate in a district heating grid. However,
at present district heating grids often operate at an excessively high temperature. In Scandinavia
it is common with production temperatures around 80-90 °C and return temperatures around 65
°C. In some systems even higher temperatures can be found. High temperatures are often
related to requirements from industrial processes while domestic consumers in general have a
significantly lower temperature demand(< 60 °C). Future district heating nets are likely to be
operated at lower temperatures as the heating demand of buildings decrease, this also reduces
transmission losses and promotes renewable energy resources such as solar and geothermal.

While the most common approach to EGS is an system where wellbores for injection and
production of fluid are connected by artificially created fractures, there exist also alternative
approaches. The primary focus of the second part of this thesis is an EGS concept in which the
heat transfer is based primary on thermal conduction. The system has been presented by the
Norwegian company, Rock Energy AS, and it consists of an injection well and an production
well that are interconnected by a subsurface heat exchanger consisting of several directionally
drilled wellbores in parallel.

In theory this gives a reliable system with a predictable long term performance. The amount of
energy extracted from the system is, however, in direct proportion to the difference between the
temperature of the inlet fluid and the targeted reservoir temperature. Thus a shift towards lower
temperatures in district heating can have a tremendous impact on the accessible geothermal
potential.

This type of system has not been extensively studied prior to the work presented in this thesis,
and as pointed out in IEA geothermal roadmap (IEA 2011), theoretical studies of this particular
type of concept are needed.

The geological conditions in Norway are less favorable compared to many other places where
EGS projects have been initiated. Heat flow studies have, however, showed that the expected
geothermal gradients are in the range of 20 °C to 30 °C, which means that an EGS could be
built based on what is considered accessible depths (4- 6 km) to provide hot water in the
temperature range of district heating.






2. CONDUCTIVE HEAT TRANSFER IN ROCK AND
THERMAL PROPERTIES OF ROCK.

This thesis focuses primarily on the extraction and injection of thermal energy in boreholes and
on the heat transfer in the rock domain surrounding the boreholes. Inside the borehole,
convective processes transfer the energy between the rock and the heat carrier fluid. The
thermal transport surrounding the boreholes is in this thesis assumed to be by pure thermal
conduction. Due to the low thermal diffusivity of the rock, this is a relatively slow process.

Convective heat transfer is, for the applications and range of parameters studied here, a well
known phenomenon that can be readily quantified by empirical correlations from the literature.
For most of the cases studied in this thesis, the fluid flow is either fully turbulent or in the
transitional stage. Although the convective heat transfer is important as it provides the
boundaries for the conductive heat transport, it is the conductive heat transfer that will be
governing the heat transfer process. This is because the thermal resistance between the wall of
the borehole and the heat carrier fluid is small and often negligible compared to the higher
thermal resistance in the surrounding conductive domain.

It is, therefore, important both to have a calculation method that can handle the conductive heat
transfer with a suitable flexibility and accuracy, and to have a good estimate, or knowledge of
the thermal properties (i.e. the effective thermal conductivity and the specific heat capacity) of
the rock domain.

2.1. Heat transfer

The conductive heat transport can be treated using either numerical methods or analytical
solutions, some of which will be summarized hereunder. The choice of method depends on the
specific problem at hand, the required transient accuracy and in some cases the computational
load required.

For conductive heat transfer around boreholes it is suitable to consider the heat conduction
equation in cylindrical coordinates as given in Equation 2-1.
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where r is the radial coordinate, ¢ is the circumferential . <

coordinate and z is the axial coordinate as seen in Figure 2-1. a

A common assumption is that of symmetric heat transfer

around the borehole; hence, circumferential variations are not

present. This assumption has been applied consistently

throughout this thesis. Further simplifications can be made ~ I~ ==

by neglecting axial heat conduction and by assuming s
constant thermal properties. These assumptions are -
implicitly made when using the analytical solutions described
hereunder. Numerical solutions are in general more flexible
than the analytical, but might also require assumptions
(simplifications) in order to reduce the computational load.

Figure 2-1. Radial coordinate system

Numerical and analytical solutions both have their respective strengths and weaknesses, and
there is no direct answer to which type of solution that is the preferable. By combining the
respective strengths of analytical and numerical models, hybrid solutions can be derived. An
good example of this is the hybrid EWS — model of borehole heat exchangers (Wetter and
Huberg (1997)), where a numerical solution is used to account for the transient heat transfer of a
single borehole while the thermal interaction between several nearby boreholes is superimposed
using analytical solutions.

2.1.1. ANALYTICAL METHODS

Analytical solutions applicable to shallow and deep geothermal energy are described in the
following subsections. The equations corresponding to each solution can be found in Appendix
A.

2.1.1.1. INFINITE LINE SOURCE

The infinite line source (ILS), commonly referred to as the line source, is commonly used both
for shallow borehole heat exchangers (to evaluate thermal response tests) (Ghelin (2002)) and to
determine the temperature changes in deep boreholes (Ramey (1962)).

The infinite line source does not account for the finite length of the borehole: it is, thereby,
assumed that it can be represented by an infinite series of point sources. In the description of the
heat transfer inside and around a borehole, the solution is limited by two primary factors:

- The geometry of the borehole is described by a point source, the borehole is, thereby,
assumed to have the thermal properties of the surrounding conductive domain. This
limits the solution for early transients (times less than around 12 hours).



- The assumption of an infinite line source limits the solution as it is not applicable for
large time periods (up to several years), during which the heat transfer becomes 2-
dimensional (radial and axial directions).

The analytical solution for the infinite line source can be found in Appendix A - Equation A-1.

2.1.1.2. FINITE LINE SOURCE

In the finite line source solution (FLS), the finite length of the borehole is accounted for by
applying a mirroring technique to the infinite line source solution. The finite line source solution
is still not accurate for short time periods by the point source description of the borehole. It
accounts for the finite length of the borehole and gives the correct solution for large time
periods. The FLS solution is considered as the most appropriate analytical solution for BHEs.

The analytical solution for the finite line source can be found in Appendix A - Equations A-2 to
A-4 with reference to Lamarche and Beauchamp (2007).

2.1.1.3.  INFINITE CYLINDRICAL SOURCE

The infinite cylindrical source solution (ICS) is the analytical solution to heat transfer in an
infinite solid medium bounded internally by a cylindrical surface. It is presented in Carslaw and
Jaeger (1959) for a constant heat flux boundary and for a constant temperature boundary.

The analytical solution for the infinite cylindrical source can be found in Appendix A —
Equations A-5 to A-6 with reference to Carslaw and Jaeger (1959).

In the description of the heat transfer in and around a borehole, the solution is limited by two
primary factors.

- The solution considers the heat transfer to be located on the surface of a cylindrical
hole, the internal thermal capacity of the borehole is, thereby, neglected, This limits the
solution for early transients.

- The finite length of the borehole is neglected. This limits the solution as it is not
applicable for large time periods, during which the heat transfer becomes 2-
dimensional.

2.1.2. SUPERPOSITION METHODS

The flexibility of the analytical solutions can be greatly improved by using spatial and temporal
superposition. Thereby complex solutions can be derived with superposition of several spatially
distributed heat sources/ sinks and time-varying thermal loads.



2.1.2.1. TEMPORAL SUPERPOSITION

Transient numerical models use time-discretization, whereby a continuous time-varying
boundary condition, i.e. thermal load, is divided into discrete loads with a corresponding time-
interval. The response, in form of a temperature change, is then the sum of the response for each
discrete load. For certain cases ( i.e. isotropic thermal domains) the thermal response can as well
be determined by superposition of time-discrete analytical solutions, i.e. one solution for each
time step is required.

For long time-series (e.g. yearly simulations using hourly load values) this can become a
computationally demanding problem; it can, therefore, be beneficial to use an aggregation
scheme where historical loads are lumped together to averaged heat loads with a longer
duration, see e.g. Bernier (2004) and Javed (2012).

2.1.2.2. SUPERPOSITION OF MEAN AND PEAK LOADS.

A time varying thermal load can be considered as composed of a mean value and a fluctuating
component. Thereby, a solution can first be determined based on the mean value (which is
constant in time), and the thermal response from the fluctuating (time- varying) component can
then be added to the mean value solution. This is a method to get a characteristic solution,
without necessarily solving the entire problem. The procedure is beneficial since the mean value
solution requires less computational effort (either numerical or analytical) as compared to
solving the entire time-varying problem. This methodology is strictly not conservative, since the
energy in the peak loads are already included in the average value. The error involved is,
however, negligible, given that the time-duration of the peak load is small compared to the
larger time-duration of the mean load.

The methodology with superposition of mean and peak-loads is applied in Paper 3 where hourly
peak load values are superpositioned to monthly average values, in this case, it is assumed that
the heat transfer is uniform along the length of the boreholes. This methodology is also
described in more detail in Section 2.1.4

It should be noted that the method cannot always be applied, e.g. for deep borehole heat
exchangers (BHEs) the vertical distribution of the thermal load varies with the applied thermal
load. If the mean value differs from the actual thermal load, this will result in a different
distribution of the thermal load in the borehole.

2.1.2.3. SPATIAL SUPERPOSITION.

Given that the thermal domain is isotropic, the spatial linearity of the conduction equation
allows for superposition of the thermal response from spatially distributed heat sources or sinks.
Thereby, superposition can be used to determine the thermal influence from several boreholes at
any given location. This is beneficial, since it allows for simulation of rather complex systems
based on the analytical solutions.
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2.1.3. NUMERICAL METHODS.

Although a lot of information can be gained from studying the analytical solutions presented,
numerical methods offers transparency and are in general more flexible. Numerical methods
have been used extensively in this thesis. It is primarily the finite difference method that has
been applied. The finite element method has been sparsely used by the commercial simulation
software, Comsol Multiphysics. The Matlab environment has been used as the platform for
implementation of numerical codes.

Numerical methods can be used at different levels of resolution. Since the computational load
increases with the level of resolution, it is usually desirable to simplify the problem at hand. In
this thesis, heat transfer is studied for objects having a considerable aspect ratio; therefore, fully
discretized models are infeasible since they require very large numerical grids and therefore a
large computational effort. Still, models with a high resolution can be used to study parts of a
problem.

Throughout this thesis, the boreholes are considered as axisymmetric objects, consistent with
the assumptions involved when using analytical solutions. Nevertheless, some objects studied,
e.g. borehole heat exchangers, have been shown to have a circumferential variation depending
on the positioning of the collector Acuna (2010). The error involved by assuming axisymmetric
heat transfer is believed to be negligible in most cases.

It is primarily implicit numerical models that have been used in this work, although explicit
models have been used to verify the accuracy of the implicit models and for simulations using
short time steps (in the range where the explicit model is faster than the implicit model), e.g
when studying the transient behavior of the non-grouted U-tube BHE (Paper 2).

2.1.4. TEMPERATURE PROFILES

When extracting heat from a borehole by convective transport (fluid flow), the main thermal
resistance will usually be in the ground. Therefore, the fluid will obtain a temperature near that
of the borehole wall. A good estimate of the expected fluid temperatures during heat extraction
can, therefore, be based on the borehole wall temperature determined from the analytical
solutions. In this section, the analytical solutions (Equation A-5 and Equation A-6) are used to
study the radial heat transfer around a section of a borehole.

In Equation A-5 it is assumed that a constant heat load is imposed on the wall of the borehole,
and in Equation A-6 the borehole wall is maintained at a constant temperature differing from the
undisturbed temperature of the ground.

11



2.1.4.1. CONSTANT WALL TEMPERATURE

The profiles in Figure 2-2 show how the temperature profiles develop with time. The profiles
are determined using Equation A-6. The temperature difference between the borehole wall (Ty)
and the undisturbed temperature (T.,) is, in this case, kept constant at 80 K. T., is assumed as
140 °C.
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Figure 2-2. Radial temperature profiles surrounding a cylindrical cavity with a constant wall temperature.

The profiles are shown for times ranging between 0.1 year and 100 years. The profiles show the
extent of the temperature decline in the ground. It is seen that after 100 years the thermal
influence reach about 200 meters in radial direction. To better show the influence during the
earlier times, the same profiles are presented based on a logarithmic radial distance in Figure
2-3. In order to show the relative thermal influence the temperature is made dimensionless by
Equation 2-2.

=T To 2.2
Ts—Too

Thereby, the “thermal domain” influenced by the borehole can be determined.
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Figure 2-3. Dimensionless temperature profiles surrounding a cylindrical cavity with a constant wall
temperature. The figure is shown with the radial distance represented on a logarithmic scale.

It is seen that after 0.1 year the change in temperature difference at 1 m radial distance is 35 %
and that after 1 year the change at 10 meters is about 5 %. The thermal influence is important
when the interaction between several heat sinks (e.g. boreholes) are studied. Using spatial
superposition, the interaction between multiple heat sinks can be determined based on the
profiles in Figure 2-3.

2.1.4.2. CONSTANT HEAT LOAD

Equation A-5 is used to study the result of a constant imposed heat load. In Figure 2-4 the heat
load is constant at 150 W / m. Note that the temperature change for the smaller radiuses is
largest between the earliest profiles, while the temperature change is small between 10 and 100
years (on the order of 9 K), and (on the order of 5.5 K) between 25 and 100 years. The non-
dimensional temperature profiles in Figure 2-3 can be replicated by applying Equation 2-2 to
the profiles in Figure 2-4.
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Figure 2-4. Radial temperature profiles surrounding a cylindrical cavity with a constant wall heat load (W
/m). The figure is shown with radial distance on a logarithmic scale. AT =T, —T

Figure 2-4 is illustrative for the long term performance of a conduction based heat extraction
process. It is shown that, given the specific heat extraction rate of 150 W/ m, a system sized for
the thermal performance during year 25 will have a rather small decrease in temperature when
extending the operation time to 100 years. This is further described in the following figures.

The temperature profiles for different heat loads can be determined after specific operation
times. In Figure 2-5 and Figure 2-6 the temperature profiles are shown for given heat loads after
10 years, 25 years and 50 years.
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Figure 2-5. Radial temperature profiles (temperature difference) surrounding a cylindrical cavity with a
constant wall heat load (W /m) at 10 years. The figure is shown with radial distance on a logarithmic
scale. AT =T, —T

It is seen from Figure 2-5 that the change in borehole wall temperature after 10 years of
operation varies between 7 K for 25 W / m to 45 K for 150 W /m. As the operation time
increases from 10 to 25, respective 50 years, a temperature change on the order of 6 K is seen
for the highest heat extraction rate, while for the lowest heat extraction rate, the change is on the
order of 1 K.
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Figure 2-6. a) 25 years, b) 50 years, radial temperature profiles (temperature difference) surrounding a
cylindrical cavity with a constant wall heat flux (W /m) at 50 years. The figures are shown with radial
distance on a logarithmic scale. AT =T, —T
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In Figure 2-7, the temperature change on the borehole wall is shown as a function of the
imposed heat load and the duration of the heat load.
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Figure 2-7. Temperature change of the borehole wall for various heat loads and duration. The graphs are

shown with a logarithmic time scale. AT = To, — Ty,

As shown in Figure 2-7, a heat load of 150 W / m with a duration of 10 hours results in a
temperature change of 10 K, and the change increases linearly with the heat load and is 20 K for
a heat load of 300 W /m. The figure can be used to illustrate the superposition of mean and peak
loads(see Section 2.1.2.2) as shown by the following example.

Assuming an EGS system based on the conductive heat transfer from boreholes, the average
specific heat supply from the system is 150 W/m of the borehole, and the peak thermal load is
250 W/m. Such a system could, thereby, supply a peak thermal load of 1 MWy, using the
equivalence of 4 km length of borehole (e.g. parallel boreholes placed at the same
conditions).The yearly energy supply from such a system would then be 5,26 GWh. The
operating temperatures of the system can be determined using Figure 2-7.

Assuming that heat has been extracted for 25 years with an average extraction rate of 150 W /m,
the resulting temperature change of the borehole wall is about 48 K. The peak load of 250 W /
m, with an assumed duration of 10 hours can then be superpositioned to the average value. This
results in a further temperature change of 6. 8 K (first subtracting the mean value from the peak
and then read in the figure) the total temperature change is then about 55 K. With an
undisturbed rock temperature of 140 °C it can, therefore, be determined that after 25 years the
borehole will have a surface temperature of 85 °C while heat is being extracted. Extending the
heat extraction period from 25 to 100 years reduces the borehole wall temperature with further
55K.

It is, therefore, apparent that from a thermal perspective the heat extraction from such a system
can be operated for a significant time.

The influence of the borehole diameter and the ground thermal conductivity on the temperature
change of the borehole wall during a constant heat extraction rate is shown in Figure 2-8 and

16



Figure 2-9. In Figure 2-8 the diameter is varied from 0.1142 m (4.5 *) to 0.2540 m (10 ). It is
seen that the temperature change declines with increasing borehole diameter. Two profiles are
shown, one for the relative response after 25 years and on for the relative response after 10
hours. It is seen that after 25 years, doubling the diameter gives about 10 % decrease in
temperature change. The influence of diameter is larger for shorter time periods and for a 10 h
period, which is equivalent to e.g. the duration of a daily peak load, the borehole diameter only
has to be increased from 0.1142 m (4.5 “) to 0.1397 m (5.5”) to reduce the temperature change
of the borehole wall with 10 %.
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Figure 2-8. Normalized change in borehole wall temperature, constant heat load. AT = To, — T,

Rock thermal conductivity has a significant influence on the temperature change of the borehole
wall as seen in Figure 2-9. The temperature change of the borehole wall is almost inversely
proportional to the change in thermal conductivity, that is, the temperature change is about 3
times higher when decreasing the conductivity from 4.5 W/ m-K to 1.5 W/ m-K. This shows
that it is crucial to have a good estimate of the effective thermal conductivity of the ground
when sizing a system based on conductive heat transfer.
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The figures presented in this subsection show some of the fundamental characteristics of
conductive heat transfer around boreholes. Using the figures it is relatively simple to get an
overall picture of the limitations for heat extraction from boreholes, either in form of borehole
heat exchangers as discussed in Part 1 of this thesis or in form of a closed loop engineered
geothermal system as presented in Part 2. The transient heat transfer, especially with varying
load conditions in both time and space, is, however, easier to study using numerical methods,
and to some extent also superposition of analytical solutions.

2.2. Thermal properties of rock

This section focuses on the thermal properties of rock, namely the thermal conductivity, specific
heat capacity, and radiogenic heat production. The section is a supplement to the papers in the
thesis.

2.2.1. THERMAL CONDUCTIVITY

Thermal conductivity is a thermal transport property of a material. In relation to rocks, the
thermal conductivity is a somewhat abstract property to link to a certain rock type or lithology.

The effective thermal conductivity refers to the actual, or measurable value for a rock type. It is
important to have a good estimate of the effective thermal conductivity, since it has a large
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influence on the performance of both borehole heat exchangers and engineered geothermal
systems.

In-situ values refers to the actual effective thermal conductivity of the rock surrounding the
borehole at a certain depth. In the case of crystalline rocks, the effective thermal conductivity
depends on a number of factors such as temperature, pressure, minerals, porosity, fluid
saturation and scale. These factors are for most cases interconnected, e.g. the effect of fluid
saturation is related to the porosity, which can be affected by the specific minerals in the rock
and their respective thermal properties. For certain rock types, such as metamorphic rocks, the
thermal conductivity can also be highly anisotropic.

Measurements of thermal conductivity are often performed at ambient temperature and pressure
and then corrected to predict the in-situ, or effective, thermal conductivity values at both higher
temperature and pressure. It is, therefore, worthwhile to have a sound understanding for thermal
conduction and the different factors that influences the thermal conductivity.

In solid non-conducting materials, heat is carried by vibrations of the crystalline lattice. These
vibrations, or waves, can be thought of as discrete energy packets (phonons). The thermal
conductivity of the material is related to the scattering of phonons. In the case of a pure crystal
this occurs by Umklapp scattering which is proportional to the mean free path length (that the
phonon can travel), which in turn is inversely proportional to the absolute temperature.
Therefore, the thermal conductivity of non-conducting materials decrease with increasing
temperature (k o< ") (Eckert and Drake 1978).

For crystalline rocks, the temperature dependency of thermal conductivity is less pronounced
than for the pure crystal, since other factors such as impurities, grain boundaries and fractures
also contribute to phonon scattering (Seipold 1998). For temperatures higher than 500 to 600
°C, heat may also transported by thermal radiation (which increases proportional to T*); this
contribution can, however, be neglected for the temperature range of interest here (< 200 °C).

2.2.1.1. POROSITY

The porosity (¢) is defined as the ratio between void-volume and total volume of the rock. Even
for rock with a low porosity (¢ < 1 %) the influence on effective thermal conductivity can be
significant. This is because the porosity can be distributed in the form of thin fractures. If these
are water saturated, the effect is small since water has a relatively high thermal conductivity
(=0.6 W /m-K) as compared to air (=0.02 W /m-K) which usually fills the fractures in the case
of dry rock samples. The difference in effective thermal conductivity between dry and water
saturated low porosity rocks can be on the order of 30% (Schérli and Rybach (1984)).

There are several methods to calculate the effect of porosity, the most fundamental and simple
method would be to consider the porosity as thermal resistances either normal (series) to the
heat flow, or in parallel with the heat flow. For simplicity, it is assumed that the thermal
properties of the rock are isotropic and that the void-volume is occupied with a single medium.
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The normal and parallel cases are expressed by Equation 2-3 and Equation 2-4, respectively,
and constitute limiting cases for the influence of porosity on the thermal conductivity.

. __ 1 2-3
Normal: k= T
ke kg
Parallel: k = ¢ky + (1 — d)kg , 2-4

where kyand k, are the thermal conductivities of the fluid respective the rock.

A more restrictive approach was derived by Hashin and Strikeman (1962). The method was
originally intended to be used to determine magnetic permeability of two-phase materials, but
has been frequently cited and used for thermal conductivity (Zimmerman, 1989).

- 3ky(kg—ke)(1-b) 2-5
™= e + 3kpt(kg—kp)d

+ = _3kglkykg)d 2-6
ke =kg + 3kg+(kp—kg)(1-0)

where the k" and k refers to an upper respective lower limit to the influence of porosity.

Another method proposed in the literature (Zimmerman, 1989) considers the cracks or porosity
of the rock as spheroids in a homogenous matrix. The basic idea was proposed by Maxwell
(1892):

k = i, G-9a-D+rpe 2.7
9 (1-9)1-D+Bd
where i = g B is given by:
g

_1-i 4 1 2-8
b= 3 (2+(i—1)M+ 1+(i—1)(1—M))’

260-sin(20) 29

where M = 2tan(8)sin2() ’

and 6 = arccos(y).

v is defined by Zimmerman (1989) as the aspect ratio of the spheroids; some limiting cases are:

a) Thin cracks: g - W y =0, 2-10
b) Sperical pores: B = M R 2-11
2+i
. . (1-i)(5+0) 2-12
¢) Needle-like pores : po———y—>o

3(1+i) ’

Case a) corresponds to the lower limit of Hashin and Strikeman (1962) while case b) and c) are
closer to the the upper limit.
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In Figure 2-10, the normalized thermal conductivity is shown as a function of porosity as
determined by the correlations listed above. It is assumed that the porous voids are filled with
water (k—0.6 W/m-K), and that the rock has a thermal conductivity k,=3 W/m-K.

As shown, there is a clear difference between the parallel and series cases, while the respective
limits by Hashin and Strikeman (1962) and (Zimmerman, 1989) essentially gives the same
results.
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Figure 2-10. Normalized thermal conductivity as function of porosity (¢ = 0 — 10 %), k¢ k, =0.2)

The porosity of crystalline rocks is in general in the order of 1 % (Walsh and Brace (1984)). The
upper and lower bounds provided by the limiting cases (normal and parallel) give for this case a
reduction between 0.08 % and 3.8 % in effective thermal conductivity, and the more restrictive
methods gives a reduction between 1 % and 1.8 %. The effect of porosity is, therefore, in
general limited for fluid saturated rocks and is believed to be counteracted by static pressure in
the crystalline basement. Nevertheless, there can be fractures and fracture zones having a
significant porosity.

2.2.1.2. ANISOTROPY

While the effective thermal conductivity of plutonic rocks, e.g granites, varies little with
direction, a significant anisotropy can be observed for metamorphic rocks, e.g gneiss. These
rocks are formed by layers of different minerals, and the effective thermal conductivities
measured perpendicular and parallel with the foliation can be significantly different. On a
sample of gneiss, Clauser and Huenges (1995) observed a reduction of the effective thermal
conductivity of 40 % when measured perpendicular to the foliation as compared to parallel with
the foliation.
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The anisotropic effective thermal conductivity can be explained by a layered structure
consisting of minerals having high, respective low intrinsic thermal conductivities. The
minerals with a lower thermal conductivity acts as thermal resistances in the perpendicular
direction, while not having a large influence on effective thermal conductivity parallel with the
foliation.

Clauser and Huenges (1995) also observed that for a rock with a porosity on the order of 1 %
the anisotropy was independent of the degree of fluid saturation. This is because anisotropy is
being caused mostly by the distribution of minerals having different properties. It is, however,
likely that fractures that contribute to the porosity are aligned with the layerd structure and for
larger porosity values, a change in the anisotropy would be expected as a function of the
saturation degree.

The anisotropy of thermal conductivity is found to decrease with increasing temperature. This is
because minerals with a high thermal conductivity at ambient temperature in general have a
stronger temperature dependency than those with a lower thermal conductivity. Therefore, the
differences in thermal conductivity between the minerals in the rock decreases with increasing
temperature and thereby also the anisotropy.

2.2.1.3. TEMPERATURE DEPENDENCIES

The temperature dependency of thermal conductivity is mineral-specific and therefore,
dependent on the constituents of the rock. For the rock types of interest, igneous rock and
metamorphic rock, the dependency is in general linked to the content of feldspar respective
quartz.

Pure quartz has an orderly crystalline structure which gives a high themal conductivity (k=7 W
/ m-K at ambient temperature) (Clauser (2006) and a strong temperature dependency. Therefore,
rocks with a high content of quartz in general have a high value of thermal conductivity at
ambient temperature, which then decreases relatively fast with increasing temperature.

Feldspar has a lower thermal conductivity at ambient temperature, and because of its metallic
constituents, the thermal conductivity of some feldspars increases with temperature (since in
metals, heat is also being transported by electrons). This can offset the reduction in thermal
conductivity of other minerals, leading to a reduced temperature dependency for rocks with a
high content of feldspar.

Measurements of temperature dependency are in general performed on dry samples, and at
ambient pressure, therefore, measured values must be corrected for the effect of fluid saturation
and pressure. Since rocks in general are anisotropic conglomerates of different minerals (having
different properties and thermal expansion coefficients), heating the rock samples during
measurements can cause thermal cracking due to differential expansion which in turn increases
the porosity, and reduces the effective thermal conductivity. This effect is most pronounced in
dry samples (Pridnow et al. 1996, Clauser 2006). In Abdulagatov et al. (2006) the temperature
dependency was measured on dry rock samples at elevated hydrostatic pressures. It was seen
that with increasing pressure, the temperature dependency decreased. It can, therefore, be
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assumed that some of the reduction in measured thermal conductivity with increasing
temperature can be attributed to thermal cracking, an effect which would be counteracted by the
increased pressure for in-situ conditions.

Several authors have published empirical correlations for the temperature dependency of
thermal conductivity. A summary of these correlations can be found in Lee and Deming (1998),
Vosteen and Schellschmidt (2003) and in (Clauser 2006). The probably most commonly used
correlation was first published by Sass et al. 1992 based on data from Birch and Clark (1940)
and is presented here as adapted by Vosteen and Schellschmidt (2003) for magmatic and
metamorphic rocks:

o _ k(0) 2-13
k(T (°O) = 0.99+T(°C)(a=b/k(0))’

where a= 0.003+0.0015 and b=0.0042 +£0.0006, and k(0) is given by :

k(0) = 0.53k(25 °C) + %\/1.13(k(25 °C))2 — 0.42Kk(25 °C) 2-14

Equation 2-13 has been cited and used in several publications e.g. (Clauser and Huenges, 1995),
(Vosteen and Schellschmidt, 2003) and (Clauser, 2006), (Hartman, 2008).

Seipold (1998) also derived a general equation for the temperature dependency of thermal
conductivity based on measurements on magmatic and metamorphic rocks:

K(T(K)) = 1/(B (T(K) — 532 + 45) + 0.448 + 0.014), 2-15

where the parameter B can be determined using the thermal conductivity of a rock at any
temperature.

It is important to note that correlations such as Equation 2-13 cannot replace actual site specific
measurements. Because of the high variability in properties within specific rock types, large
errors can be introduced if measurements are replaced by generally published values for a
specific rock or lithology.

The correlations do, however, show the general temperature dependency for the thermal
conductivity of crystalline rocks. The temperature dependency as described by Equation 2-13
and Equation 2-15 is shown in Figure 2-11.
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Figure 2-11. Temperature variation of thermal conductivity as determined by Equation 2-13 (Vosteen and
Schellschmidt (2003)) and by Equation 2-15 Seipold (1998).

In Figure 2-11 it is assumed that the thermal conductivity is 3 W / m -K at 25 °C . With this
starting value, the two equations give similar values, A larger difference is, however, seen for
lower values of thermal conductivity.

2.2.1.4. PRESSURE DEPENDENCIES

The influence of pressure on the effective thermal conductivity of crystalline rocks depends on
porosity, as well as fluid saturation. With increasing pressure, fractures that occur in-between
grain boundaries in the rock closes. Walsh and Decker (1966) performed measurements on
crystalline rocks with low porosity (= 1 %), and with a pressure up to 930 bar. They found that
for fluid saturated samples, the increase in thermal conductivity is much less pronounced than
for dry samples. This is to be expected since water has a higher thermal conductivity than air,
the effective thermal conductivity of the fluid saturated samples is, therefore, close to the
intrinsic thermal conductivity also at ambient pressure.

Horai and Susaki (1989) measured thermal conductivity of dry rock samples (igneous and
metamorphic) during elevated quasi-hydrostatic pressure in the range up to 12 000 bar. From
the results it was seen that thermal conductivity increased as the pressure rose to around 2000
bar; this was explained by the reduction in porosity and contact resistance. The effect of an
increased pressure is somewhat limited as the closed fractures still acts as structural defects
which contribute to phonon scattering. As the pressure increases further, the internal crystalline
structure of the rock starts to change, leading to further increase in thermal conductivity.

2.2.1.5. INFLUENCE OF SCALE
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The thermal conductivity can vary strongly within the same lithology and laboratory
measurements of thermal conductivity are usually conducted on small samples (core samples),
which might not be representative of the in situ effective thermal conductivity on a larger scale.
It is, therefore, important to be careful when extrapolating measured values.

In geothermal installations based primarily on heat transfer by thermal conduction, the thermal
performance depends on the value of the effective thermal conductivity of the rock volume that
is accessed by the system. For a normally sized GSHP system, e.g. for a school building, the
accessed rock volume can be more than 10° m’.

Larger GSHP systems are usually dimensioned based on a thermal response test (TRT)
performed in one of the boreholes, this test provides a measurement of the effective thermal
conductivity for the rock volume directly surrounding the borehole.

In general , TRTs yield a higher value of thermal conductivity than laboratory measurements.
The difference with application to dimensioning of GSHP system has been studied by Leibel
(2012) . Leibel concluded that the effective thermal conductivity cannot be predicted from
laboratory measurements due to large local variations. In addition, the effective thermal
conductivity as measured from the TRT can be affected by other factors such as fluid circulation
in the ground.

2.2.2. SPECIFIC HEAT CAPACITY

The specific heat capacity is defined as the energy required to raise the temperature of a unit of
mass by one degree. In general, the specific heat capacity of rocks varies with temperature,
pressure, porosity and fluid saturation.

The specific heat capacity of a rock can be determined from the volume fractions of its
respective mineral constituents and their respective specific heat capacities. Since specific heat
capacity is a scalar unit it does not have any variation with direction, i.e. anisotropy.

The effect of pressure and fluid saturation are interconnected with the porosity and can be
neglected for low porosity (¢ < 1%) crystalline rocks. According to (Waples 2004) the effect of
pressure is in the order of 0.1 % per km of rock column and can safely be neglected. This
leaves temperature as the only dependent variable for specific heat capacity.

The specific heat capacity of solid non-porous rocks increases with temperature. The increase is
relatively large, e.g. for quartzite the increase between ambient temperature (20 °C) and 200 °C
is about 30 % (Waples 2004).

The temperature dependency of a rock can be measured using calorimetric methods or it can be
calculated based on the respective mass fraction of the minerals in the rock and their respective
temperature dependencies. Clauser (2006) provided coefficients for a wide range of minerals
which can be used to determine the specific heat capacity as a function of the temperature using
Equation 2-16 as derived by Kelly (1960):
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Az 2-16

C =A1 +2A2 _T(K)2

A number of empirical equations (on the form of Equation 2-16) exist that describe the
temperature dependency of specific heat capacity. Some of those have been summarized by
Waples (2004) who also derived a universal correlation for minerals and rocks. The correlation
was derived based on heat capacity values for rock and minerals, normalized by their respective
values at 200 °C and is given by:

Cnp =895 % 10719T(°C)3 — 2.13 * 107 °T(°C)? + 0.00172T(°C) + 0.716 2-17
CTZ = CTl * CnTz/CnTl 2-18

The procedure involved when using Equation 2-17 and Equation 2-18 is described in Waples
(2004). The advantage with Equation 2-17 and Equation 2-18 is that the correlation is universal
and only requires a measured value of the specific heat capacity of a rock or mineral at a defined
temperature, while correlations on the form of Equation 2-16 require that either coefficients or
measurements of the temperature dependency are available. Correlations derived for a specific
mineral are, however, likely to be more accurate than the universal correlations.

Using Equation 2-17 and Equation 2-18 the variation of specific heat capacity of a typical
granite, having a specific heat capacity of 860 J /kg-K at 20 °C was calculated for the range 20
°C to 200 °C. The result is shown in Figure 2-12.
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Figure 2-12. Specific heat capacity as function of the temperature.
As shown, the specific heat capacity increases from 860 J / kg K to almost 1060 J/kg K as the

temperature increases from 20 °C to 140 °C, an increase of 22 % . Between 20 °C and 200 °C
the increase is 31 %. This means that the rocks ability to store thermal energy has increased.
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2.2.3. THERMAL DIFFUSIVITY

The thermal diffusivity is a measure of how much energy the rock can conduct relative to its
storage capacity. It is defined as the ratio between the thermal conductivity and the product of
the heat capacity and the density (@ = k/(C - p)). As the thermal conductivity decreases with
increasing temperature while the specific heat capacity increases with increasing temperature,
the thermal diffusivity experiences a decrease with increasing temperature.

Using Equation 2-17, Equation 2-18 and Equation 2-13 the change in thermal diffusivity of a
rock can be estimated, assuming initial values of: k =3 W/ m- K (25 °C) and C=860 (J / kg-K)
(20 °C), p = 2600 kg/ m?, the density of the rock is assumed constant. The variation with
temperature in the range 25 °C to 200 °C is seen in Figure 2-13.
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Figure 2-13. Thermal diffusivity determined as a function of temperature. The values are based on
Equations 2-13 and 2-17.

2.2.4. RADIOGENIC HEAT PRODUCTION

About half of the continental heat flow originates from the decay of radioactive isotopes in the
crust, mainly from uranium (**U ), thorium (**Th) and potassium (*’K) (Turcotte and Schubert.
(2002)). In stable continental regions, variations in crustal heat flow is, therefore, tightly
connected to variations in radiogenic heat production. High isotope concentrations are

27



associated with enriched felsic rocks like granite, while depleted mafic rocks have the lowest
concentration and thus a lower heat production.

The total heat production (H (uW/m’)) can be estimated based the concentration of the
respective elements using Equation 2-19 as given by Rybach (1988):

H = p(9.52¢cy + 2.56cr, + 3.48c,)1075, 2-19
where p is the density of the rock and c is the mass concentration of the respective isotopes.

Radiogenic heat production is closely related to lithological variations which can be significant,
and is difficult to generalize and correlate with parameters such as geological age, crustal depth
and methamorphic grade (Slagstad 2008).

2.2.5. SUMMARY

The main characteristics of rock thermal properties has been discussed. Correlations for
temperature and pressure dependencies of thermal properties give an indication, but are no
replacement for actual measurements. Considering fluid saturated rock with low porosity, it is
the temperature dependency of rock thermal conductivity that can have the largest influence on
conductive heat transfer processes. For the temperature range considered for deep geothermal
installations in Part 2 of this thesis (around 140 °C), the reduction in thermal conductivity is
around 15 % (from Figure 2-11) compared with ambient conditions. As seen from Figure 2-9 a
reduction in rock thermal conductivity is proportional to a reduction in borehole wall
temperature during heat extraction.

The temperature dependencies of thermal conductivity as described by Equations 2-13 and 2-14
is implemented in Paper 5: A4 novel concept to Engineered geothermal systems, Paper 6:
Thermal modeling in the Oslo rift, and in the report presented in Section 0: Numerical model for
simulation of novel closed loop engineered geothermal system- as applied to district heating
systems. Also the temperature dependencies for specific heat capacity as decribed by Equations
2-16 and 2-17 are implemented in Paper 5 and Equation 2-19 is used when determining the
radiogenic heat production in Paper 6.

28



PART I

I NON-GROUTED BOREHOLE HEAT EXCHANGERS

I-1 Introduction

This section concerns primarily the heat transfer in borehole heat exchangers (BHE).
Conventionally the BHE consists of a borehole with a depth ranging between 50- 300 m and
with a polyethylene collector, forming a U-tube in the borehole. A heat carrier fluid circulates
through the collector and exchanges energy with the medium filling the borehole (grout or
water), and with the ground surrounding the borehole. Alternatively, coaxial BHEs can be used,
as will be explored later in this section.

The BHE can have a dual purpose as it is can serve both as a thermal energy source for a heat
pump and as a sink for excess thermal energy. Larger installations are usually constructed by
placing multiple BHEs in parallel. The BHEs interact through heat transfer in the ground and
the thermal characteristics of a BHE installation can be tailored and predetermined, i.e. the
number of BHESs, individual distances and depths, can be determined to cover a specificed
heating and cooling demand.

A GSHP system, where on a yearly basis the same energy quantities are transferred to the
boreholes as are extracted can be said to be balanced, while a system where more energy is
being extracted is negatively unbalanced.

The origin of the energy transferred in these systems is largely dependent on both the system
design and the way the system is operated, e.g. in a balanced system, the boreholes provide the
means for thermal exchange with a large thermal mass. The sum of the energy exchange can
over time, however, be zero. Therefore, the energy transferred in the system cannot be said to be
of geothermal origin; the same applies to positively balanced system where the ground
surrounding the boreholes is being heated up.

In a negatively balanced system, the ground surrounding the borehole is cooled down as energy
is being extracted. In a shallow borehole, the energy can be said to origin partly from the
surface, i.e. the ground is heated up by the ambient temperature at the surface, which in turn,
largely is dependent on solar energy. As the borehole depth is increased, the temperature in the
ground increases; therefore, the potential for heat extraction increases whereas the potential for
heat injection (cooling) decreases. In addition, the distribution of the heat transfer along the
borehole during heat extraction is proportional to the temperature gradient in the borehole
(which usually is positive); therefore, most of the energy will be extracted from the lower part
of the borehole and can clearly be said to be of geothermal origin.

The purpose of the BHE is to provide a stable, and (in case of heating) a higher source
temperature level for the heat pump than alternative thermal energy sources, such as air or water
resources e.g. lakes or rivers. The internal thermal resistance of the BHE is, therefore,
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important as it reflects the temperature difference required between the heat carrier fluid and the
borehole wall. E.g. with an effective (overall) thermal resistance of 0.1 K'm/W the temperature
difference required for a specific thermal load of 30 W / m is 3 K. However, if the thermal
resistance could be decreased, the evaporator temperature, and therefore, also the COP of the
heat pump would increase. Reducing the required temperature difference with 2 K, can mean an
improvement of the heat pump COP on the order of 5 %.

I-2 Section structure

Part I of the thesis is divided into four main subsections, where the first subsection (Section I-3)
presents previous work and the second subsection (Section 1-4 ) concerns the heat transfer in
non-grouted boreholes, i.e. water -filled U-tube BHEs. The heat transfer is studied on a local
scale. A numerical model is developed and complemented with a heat transfer correlation for
the influence of natural convection in the water surrounding the collector. The model is
compared with experimental data and is found to accurately predict the measurements. The
model is further used to study the heat transfer in the U-tube BHE. The essence of this
subsection is presented in Papers 1 and 2.

In the third subsection (Section I-5), a system is studied, where a matrix of borehole heat
exchangers is used together with a solar collector. The boreholes provide energy to a heat pump
system used in a school building. The boreholes are recharged with a solar collector in the
summer season. The system is nearly balanced and the boreholes are placed with a relatively
small separation distance. The system is studied with an analytical model that accounts for the
thermal interaction between the boreholes. The results from the model are compared with
temperature measurements from the system during the first year of operation. The model is then
used to study the long term performance of the system including the effect of a negatively or
positively balanced load. The essence of this subsection is presented in Paper 3.

In the fourth subsection (Section 0), the primary objective is to study the thermal performance
of coaxial BHEs as a function of borehole depth. With increasing borehole depth, the mass flow
has to be increased in the BHE to ensure that the thermal performance is high. To allow for high
flow rates without causing excessive pressure drops, the borehole heat exchanger has to have a
large flow area. This is accomplished using a coaxial pipe-in-pipe BHE. The thermal
performance of a coaxial pipe-in-pipe BHE is studied using a numerical model which is
developed in the present work and validated against experimental data. The essence of this
subsection is presented in Paper 4.
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[-3 Previous works

[-3.1 SHALLOW GEOTHERMAL ENERGY — BOREHOLE HEAT EXCHANGERS.

In this subsection a brief summary of previous works related to the aspects of borehole heat
exchangers studied within the scope of the thesis is presented. That is, the use of analytical and
numerical models to simulate the performance of BHEs (U-tube and coaxial) including the
influence of natural convection in non-grouted (water filled) boreholes.

[-3.1.1 CONDUCTIVE HEAT TRANSFER AROUND THE BOREHOLE -—
ANALYTICAL

The thermal response of the BHE can usually be divided into two parts: (1) the heat transfer in
the surrounding ground and (2) the internal heat transfer in the BHE and its constituents.
Analytical solutions used for the heat transport in the ground are in general related to the Infinite
Line Source (ILS) (Ingersoll and Plass (1948)) or the Infinite Cylindrical Source (ICS) solutions
presented in Carslaw and Jaeger (1959). In using either of these two solutions, it is assumed that
the ground is isotropic and that the heat transfer surrounding the borehole can be represented as
a 1-dimensional problem. The internal heat capacity of the borehole is in the case of the ICS
solution neglected while for ILS solution it is implicitly assumed to have the same thermal
capacitance as the surrounding rock (as the ILS assumes a point source). This limits the
accuracy of the analytical models for time steps shorter than 10 - 15 hours (depending on the
dimensions of the borehole). In addition, the assumption of a 1-dimensional heat transfer
problem limits the applicability for longer operation times because the heat transfer problem
then becomes 2-dimensional.

Further, the Finite Line Source (FLS) solution is an improvement to the ILS, and it uses
mirroring techniques to consider the ground’s surface and is, therefore, accurate for longer time
scales. The FLS was presented first in Eskilson (1987). The structure of the solution was further
improved by Zeng et al. (2002) and by Lamarche and Beauchamp (2007). The FLS is
considered as the most appropriate analytical solution for BHEs (Fossa et al. 2011).

The accuracy for short time scales of the analytical models has been addressed by Yavuzturk
and Spitler (1999) and by (Javed (2012), who developed short time response factors based on a
numerical scheme.

The analytical solutions can be used with spatial and temporal superposition to create flexible
solutions. The evaluation of the analytical solutions does, however, require numerical
integration which in the case of the large time series of loads (e.g. with short time steps) can
become computationally heavy. The responses for a fixed borehole pattern and time series of
thermal loads can be precalculated and stored as response factors for more rapid calculation.
This approach was first used by Eskilson (1987) who introduced the response factors as g-
functions, although, in this case, a two-dimensional finite difference code was used.
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Compiled collections of g-functions form the basis for the most widely used method to
dimensioning BHEs. The method is fast, but limited to the precalculated borehole patterns.
Authors such as Bernier (2004), Lamarche and Beauchamp (2007), and Javed (2013) have
provide ways to accurately determine the performance of BHEs using the analytical solutions
while keeping the computational load down, thereby, making it easier to calculate the thermal
response from arbitrary borehole patterns.

Recently, also spectral methods have been applied to evaluate the analytical solutions for
temporal superposition, and thus, reducing the computational load (Lazzarotto (2104) and
Marcotte and Pasquier (2014)).

It should be mentioned that in using the analytical models, the internal resistance of the
borehole is usually assumed constant. In addition, due to the simplifications, the models does
not account for the transient behaviour of the heat carrier in the borehole.

1-3.1.2 CONDUCTIVE HEAT TRANSFER AROUND THE BOREHOLE -
NUMERICAL.

The analytical models can be computationally cost effective, but they are not capable of
describing all the involved phenomena in the BHE, and therefore, lack some of the accuracy,
flexibility and transparency that can be gained from numerical models.

There has been a lot of work done with numerical models on BHEs, and the progress is
somewhat coupled with the development in numerical methods generally. It can be seen that the
level of detail has continuously increased. Earlier works focused on describing the thermal
interaction between boreholes, often using a simplified representation of the boreholes, such as
a cartesian grid (Lund and Ostman 1985) or neglecting the early transients in the system
(Eskilson and Claesson 1988). The advancement in numerical methods and the accessibility of
multipurpose numerical simulation tools with built in grid generation made it easier to build
more complex models. An example of a 3- dimensional model with a higher level of detail is
that of He (2012). The very large aspect ratio of the BHE does, however, make it impractical to
use a fully discretised model for the entire BHE. Therefore, models are often constructed for a
limited part of the BHE for more detailed studies.

Efficient numerical models have been presented amongst others by Al- Khoury et al. (2005) and
by Bauer et al. (2011%) using the analogy with electric networks when describing the thermal
resistances within the borehole, these models are referred to as thermal resistance and capacity
models (TRCM). In such a model the entire length of the borehole is discretized while the
different parts in the borehole are described using single nodes. Further works on TRCM-
models are presented by Diersch et al. (2011%) and Diersch et al. (2011°) and Mottaghy and
Dijikshoorn (2012).

In all the above publications, the simulated BHEs were grouted and therefore, the internal heat
transfer between the collectors and the wall of the borehole is treated as thermal conduction. In
non-grouted boreholes, the heat transfer between the collector and the wall of the borehole is
dependent on the possible presence of buoyancy-driven flow (natural convection).
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1-3.1.3 NATURAL CONVECTION

In Sweden and Norway it is common practice that the boreholes are non-grouted, the boreholes
are, therefore, filled with ground water. When the BHE is in operation a temperature gradient is
established between the collector pipes and the wall of the borehole. This establishes a
convective movement due to the density differences with temperature in the water in the
borehole. Natural convection in BHEs has been pointed out by Nordell (1994), by Gehlin
(2002) and by Kjellsson (2009). The influence of natural convection was studied in more detail
by Gustafsson et al. (2010) using numerical simulation on a 3 m borehole section.

Although detailed studies of natural convection in BHEs are scarce, the water filled BHE
resembles an enclosure with a high aspect ratio for which theoretical and experimental studies
of natural convection are presented in the literature. Seki et al. (1978) presented visualizations
of natural convection in a fluid filled vertical slot with an aspect ratio (height /width) of 15 and
Wright et al. (2006) visualized natural convection in an air-filled vertical cavity with an aspect
ratio of 40. In both studies the flow transits from a conductive regime to a secondary flow
regime before becoming turbulent. Natural convection in vertical annulus with high aspect ratio
has been studied by (Choi and Korpela (1980), Lee and Korpela (1983), Keyhani et al. (1983)
and Littlefield and Desai (1986).

In water filled enclosures, the effect of natural convection is tightly connected to the coefficient
of thermal expansion of water, for which the minimum coincides with the maximum density at
4°C. Using a thermal extraction response test, Gustafsson and Westerlund (2011) showed that
the thermal resistance in a water filled borehole is highest when the temperature of the borehole
water is in the range of 4°C.

In essence, the effect of natural convection depends on the temperature level in the borehole and
the thermal load; therefore, the effect is usually larger during a heat injection than during heat
extraction. As a result, the internal resistance in the BHE as determined from a thermal response
test (TRT) with heat injection can differ significantly from the value experienced during heat
pump operation.

The present work as presented in Papers 1 and 2 is an extension of the numerical TRCM
concept (which has been presented for grouted BHEs by e.g. Al- Khoury et al. (2005), Bauer et
al. (2011%) and Diersch et al. (2011%)) for non-grouted BHEs. An extensive literature review
regarding natural convection in high aspect ratios enclosures (not directly related to BHEs) is
used to derive a correlation for natural convection in non-grouted BHEs. Although using a
different approach, the model presented in the present work extend the work by Gustafsson et
al. (2010) and Gustafsson and Westerlund (2011). The developed model which is compared
with measurement data from Acufia (2013), is used to study the transient heat transfer in U-tube
BHEs in detail.
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[-3.2 COAXIAL BOREHOLE HEAT EXCHANGER

The coaxial BHE can be used either as an open loop, where the circulated heat carrier (water) is
in direct contact with the borehole rock, or it can be used as closed system with a secondary heat
carrier fluid.

There are two main reasons why the coaxial borehole heat exchanger might be favorable as
compared to the U-tube borehole heat exchanger. Firstly, it has the potential of reducing the
internal thermal resistance in the BHE, and thereby increase the temperature of the heat carrier.
Secondly, it can utilize a relative large fraction of the borehole as flow area, and therefore, allow
larger mass flow rates without causing excessively large pressure losses.

In this thesis it is primarily the second reason that is exploited as the behavior of the coaxial
BHE is studied for deeper boreholes where the mass flow rate has to be increased.

Deep coaxial BHEs have been studied by Kohl et al. (2000) (1213 m deep open loop coaxial
BHE with a steel centerpipe) and by Kohl et al. (2002) (2302 m deep open loop coaxial BHE
with a vacuum insulated central pipe). In both cases a numerical model was used to simulate
and evaluate the performance of the BHEs. The conclusion was that the performance of the
installations would be improved (in case one) by using an insulated central pipe, and (in case
two) by using a higher mass flow rate. Dijkshoorn et al. (2013) studied the feasibility of using a
2500 m deep coaxial BHE for heating purposes and for cooling purposes through an absorption
heat pump. Dijkshoorn concluded that the concept would require a prohibitively expensive
center pipe.

If the coaxial BHE is applied as an open loop system, the freezing point of water becomes a
natural lower limit for the possible inlet temperature of the water to the BHE. In addition,
contaminations in the water might cause fouling in the top side heat exchangers. Acufia (2013)
studied experimentally a coaxial BHE in which the heat carrier was separated from the borehole
wall by a thinwalled flexible pipe. The pipe was not entirely sealed and can, therefore, not be
considered as a closed BHE, the circulation of water between the BHE and the rock were,
however, restricted which reduces the risk for contaminations. It was seen that the collector
performed satisfactory and with a better thermal performance than a conventional U-tube
collector.

Closed loop BHEs can be used either with water or with an antifreeze solution as the heat
carrier. For coaxial BHEs in deeper boreholes this requires, however, significant volumes of
heat carrier fluid. In addition, the temperature in the borehole increases with borehole depth due
to the geothermal temperature gradient, and therefore, the need for antifreeze solution decreases.

In the present work, as presented in Paper 4 and in Section 0 of this thesis, the coaxial BHE is
studied using a TRCM model, the work focuses on the use of coaxial BHEs for boreholes in the
depth range (200 - 1000) m depth with the application to heat pump operation. The model which
is compared with measurement data from Acufia(2013) is used for detailed study of the transient
heat transfer in coaxial BHEs and to evaluate the thermal performance as function of primarily
the borehole depth.
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[-3.3 BOREHOLE THERMAL ENERGY STORAGE (BTES)

Kjellsson (2009) has shown that it is not viable to store thermal energy using a single borehole.
However, the thermal interaction between several closely packed boreholes (placed with only a
few meter spacing) can be used to store energy. In such configuration, heat losses from the inner
boreholes are reduced by the outer boreholes, as a consequence, the temperature level increases
for the center boreholes. In the warm season the boreholes can be used for cooling purposes,
(provided that they are cool enough) and thereby, be thermally charged. Alternatively, they can
be thermally charged with a high temperature source, e.g. solar energy from collectors or either
waste, or surplus heat from industry or from district heating. Provided that the yearly thermal
load is positively balanced (i.e. more energy is being transported to the boreholes than
extracted) the temperature level will increase.

The increase in the temperature level in these storages are in gereral rather modest, with
variation between ( 2 °C to 8 °C ) (Anderson and Bjelm (2013)). There also exists high
temperature BTES, two examples of existing BTES are the Drake landing solar community in
Canada and Anneberg in Sweden, which both provide heating to residential buildings using
solar energy as the thermal source and. A high temperature thermal energy storage is also
studied experimentally and theoretically in Nordell (1994).

In the present work (Paper 3) the use of an BTES working in a complete system with a solar
collector is described and studied. The BTES is studied using an analytical model. The model
uses the analytical FLS solution as presented in Lamarche and Beauchamp (2007). It is applied
in an iterative scheme capable of balancing the thermal load between several thermally
interacting but seperated borehole circuits with different loads, such that two circuits with
different loads, positive or negative can be simulated. While not drawing on the benefits from
using spectral solution methods to the FLS solution, as applied in Lazzarotto (2104) and in
Marcotte and Pasquier (2014), this work contributes by increasing the flexibily of BHE field
simulation. In Paper 3, the developed model is used to study a solar charged BTES at a public
school in Norway. Other possible applications for the model can be e.g. simulation of thermal
interaction between existing and new borehole fields, e.g. in urban areas.
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I-4 Numerical model for non-grouted borehole heat exchangers

[-4.1 INTRODUCTION

In the present work, a numerical model of a non-grouted U-tube BHE has been developed. The
model is implemented in Matlab and is based on a finite difference numerical scheme using a
thermal resistance and capacity model for the borehole. The model is developed specifically for
non-grouted BHEs where the heat transfer by natural convection in the borehole is essential.
The effect of natural convection is accounted for through a heat transfer correlation which is
developed and described in Paper 1: Numerical model for non-grouted borehole heat
exchanges, part 1-Development. The model is verified through comparison with experimental
data in Paper 2: Numerical model for non-grouted borehole heat exchanges, part 2-Evaluation.
The transient behavior of the non-grouted BHEs is studied in detail. It is seen that natural
convection has a large influence on the heat transfer in the BHESs, and that it affects the transient
behavior of the BHE. Additional results are presented after the papers in this subsection.

1-4.2 OBJECTIVES

The main objectives are:

- to develop a numerical model for a non-grouted U-tube borehole heat exchanger that
accounts for natural convection in the fluid surrounding the collector,

- to compare the model with experimental results,

- to study the transient heat transfer in non-grouted U-tube borehole heat exchangers, and

- to provide basis for improved collector designs.

[-4.3 METODOLOGY

1-4.3.1 NUMERICAL MODEL

There are several possible ways to model a borehole heat exchanger, both analytical and
numerical. In the present study, a simplified numerical model is used, the model can be
categorized as a thermal resistance and capacity model (TRCM). The model considers the
constituents of the BHE as one-dimensional objects while the surrounding ground is resolved
with and an axisymmetric grid. This enables transient simulation of the BHE with a high level
of accuracy. TRCM — models have been presented earlier, see for example (Al- Khoury et al.
(2005) and Bauer et al. (20117%). The present study does, however, differ from the previous
studies in that it considers non-grouted boreholes where the heat transfer in the borehole
includes natural convection.

The model is developed and implemented in Matlab, which was chosen due to the high degree
of flexibility and transparency.
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1-4.3.2 NATURAL CONVECTION

In a non-grouted U-tube BHE, the heat transfer through the water surrounding the collector is
enhanced by natural convection. This has been noted by several authors, and has a rather large
influence on the thermal performance of the BHE. The increase in heat transfer due to natural
convection is expressed by a Nusselt number (Nu) which relates the convective heat transfer to
the conductive heat transfer. In the case of enclosures, Nu is usually expressed as a function of
the Rayleigh number (Ra) and a relation for the physical dimensions of the enclosure, e.g.
aspect ratio (height / width). For annular objects, Nu is often expressed as a function of the
radius radio (K). In the case of a large K, the annulus behaves as a single pipe in an infinite
domain. For small valus of K, the annulus approaches the case for a vertical 2-dimensional slot
at K=1. In this limiting case, the average Nusselt number for the inner and outer pipes are
essentially the same. The flow regimes of natural convection in a vertical slot has been
visualized experimentally by Seki et al. (1978) for various fluids using polystyrene particles as
tracer. Streak photographs were presented in Figure I-1 for oil with a Prandtl number of 480.

The width of the vertical slot is 20 mm, and the aspect ratio
is 15. It is seen in Figure I-1 that a primary laminar flow
circulates clockwise in (a), as the Rayleigh number (Ra)
increases secondary flow patterns arise, (b), but still the
flow is laminar. When Ra is further increased, the
secondary flow pattern breaks down and turbulent flow is
established in the upper part of the figure. With water, the
convection was shown to be fully turbulent at Ra=
1.78*10°.

It is seen that as the secondary flow asrises, the flow transits
from a pattern which is 2- dimensional (depend on the
height and width of the cavity) to a flow which is essentially
1-dimensional, and only dependent on the width of the
cavity.

Figure I-1. Streak photographs from Seki et al. (1978), A = 15, a) Ra=1.33 *105, b) Ra=2.9*105, c)
Ra=1.4*108.

In the present study, the influence of natural convection is accounted for through a Nusselt
correlation which was derived in Paper 1, based on a literature review regarding natural
convection in enclosures (annulars and cavities) with high aspect ratios (height / width). The
derived correlation is based on the modified Rayleigh number (Ra") and the radius ratio (K) as
follows:

37



Nu = 0.1743Ra*(0'233_°'°09K)K°'442

There is no dependeny on the aspect ratio in the correlation; it is thus, implicit, that its validity
is limited to the range where the convective heat transfer is 1-dimensional.

In Papers 1 and 2 , the Nusselt correlation is applied to the numerical model as a correction to
the local borehole thermal resistance as determined based on conduction through water. As an
alternative the Nusselt number can be used to determine the effective thermal conductivity of
the water as follows:

kf_effective = kf * Nu,
where k¢ is the thermal conductivity of the fluid in the borehole, i.e. water.

The effective value can then be used to determine the local borehole resistance (Ry) with the
mulitipool method. Equations describing the mulitipool method can be found in Appendix A
Equation A-7 to A-10 with reference to Lamarche et al. (2010)

Ry, is then used to determine the individual thermal resistances between the water in the
borehole and the collector and between the water in the borehole and the borehole wall. In
essence, this gives the same result as the approach shown in Papers 1 and 2. This approach is
used in the additional results presented after the papers in this subsection.
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Abstract

A numerical finite difference model for a non-grouted (water filled) borehole heat exchanger (BHE) is
presented. The model uses the concept of thermal resistances and thermal capacities (TRCM), which
has proven to be an efficient method for a fast and accurate numerical BHE model.

In non-grouted BHEs the heat transfer is largely affected by the presence of natural convection in the
borehole water. In the present paper, a novel approach is presented where the numerical model is
combined with a convective heat transfer model to form the first TRCM model accounting for the
effect of natural convection. In an accompanying paper, the results from the numerical model are
compared with an extensive set of experimental data.

In the present paper, the model is used to study the transient performance of non-grouted U-tube BHEs
operated with shorter and longer operation intervals and to study the performance of these heat
exchangers for boreholes in the depth range of 200 — 800 m.

The effect of natural convection is dependent on the water temperature and the specific heat load. A
larger effect is observed with warmer water (heat injection) than for colder water (heat extraction). In
deeper BHESs, the effect during heat extraction is largest in the lower part of the borehole and in case
of the 800 m BHE, the resistance between the collector and the borehole wall is reduced by 82 %
compared to conductive heat transfer.

It is found that the performance of the BHE decreases with increasing operation interval, meaning that
a higher heat load can be sustained when operating with shorter intervals. Provided that the collector
size and the borehole diameter can be increased, the heat extraction rate for deeper boreholes can be
significantly higher than for the common 200- 300 m boreholes. It is also shown that one 800 m deep
BHE can supply more heat than eight 200 m BHEs.

1.Introduction

Ground source heat pump systems (GSHP) that utilize boreholes as a heat source and sink have proven
to have good characteristics and can be operated in such way that the bedrock keeps a near stable
temperature throughout the year. Such systems can also be made space effective and have a small or
negligible visual footprint. However, larger systems require a certain amount of space which might not
be available in densely populated urban areas, such as city centers. An attractive solution is then to
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drill the boreholes down to greater depths. In areas with thick layers of soil, this can also be
economically motivated as it reduces the number of casings. Installations based 500 m deep boreholes
are now being constructed on a commercial basis in Norway.

The borehole heat exchanger consists of a borehole in which a heat carrier fluid is circulated. This can
be in either an open loop system where the heat carrier is in direct contact with the rock, or in a closed
loop system where the heat carrier fluid is separated from the rock. The most common configuration is
the closed loop, using a polyethylene U-tube (collector) inserted into the borehole. Depending on the
diameter and depth of the borehole, different dimensions of the collector are used. While this might
be considered as a crude heat exchanger, the U-tube BHE does have an acceptable performance.

Possibly the easiest way to design a deep BHE is by extrapolation of the existing concept, i.e. using a
U-tube collector in a deeper borehole. There arises, however, some questions regarding the feasibility
of such an installation, since it is known that also for BHEs in the range of 200 to 300 m, thermal
shunting has been observed between the collector legs (Acuna 2013), which reduces the thermal
effectiveness of the BHE. With increasing borehole depth and heat extraction rate the mass flow rate
has to be increased in order to maintain a low temperature difference between the collector pipes. The
mass flow rates that can be used are, however, limited by the size of the available flow area in the
BHE, which in the case of the convectional U-tube collector is rather restricted. As a consequence, the
borehole depth that can be utilized is limited by the mass flow rate that can be allowed without causing
excessively high pressure losses. Therefore, either larger collector and borehole dimensions are
required or alternative collector geometries such as the coaxial collector, which is suitable for deeper
boreholes since it can utilize a larger fraction of the borehole as flow area, and therefore, allows for
higher mass flow rates.

To evaluate and further improve the performance of a U-tube BHE with a deeper borehole it is
important to understand the physical mechanisms acting in the borehole. In Norway and Sweden it is
common that the borehole for the BHE is non-grouted and thus filled with water. In this case the
performance of the BHE is affected by natural convection triggered by the temperature differences
during extraction or injection of heat.

In the present paper, a numerical model suitable for U-tube BHEs based on non-grouted boreholes is
developed. The model is used to study the transient behavior of BHEs and to evaluate the performance
of U-tube BHEs with depths of 200 to 800 m.

The framework used in this study is based on the finite difference method. The numerical scheme is
implemented in the commercial software package Matlab version (2012b). The paper starts with a
review of related BHE literature before presenting the new model. In order to develop a correlation
describing the influence of natural convection a survey of related literature has been carried out.



Nomenclature

Symbol Greek symbols
A Aspect ratio L/ (to— 1) [-] a Thermal diffusivity pic [m? /s]
C Specific heat capacity [J/kg K] B Coefficient of thermal expansion [1/K]
d Diameter [m] A finite increment in a variable
D, Hydraulic diameter [m] p Density [kg /m’]
f Friction factor [-] v Kinematic viscosity [m® /s]
h Heat transfer coefficient [ W/ m*K] Dimensionless numbers
GG Geothermal gradi.er‘n [K/m] Ra Rayleigh number gBL3AT o [
k Thermal conductivity [W /m K]
i i . * 4"
]ni &zil:;l;itvl:aii/[;g[/s]] Ra Modified Rayleigh number 9BL%q / avk [-]
n Index , temporal discretization Pr Prandtl number  V/g [-]
j Index , spatial discretization Gr Grashof number ~ Ra/ Pr [-]
q specific heat load [W /m] Nu Nusselt number ™ /i [
q Heat flux [W /m?] Index
I Collector inner radius [m] b borehole
I Collector outer radius [m] bw borehole wall
r Radius [m] c collector
R Thermal resistance [K m/ W ] f heat carrier
Rb Local borehole thermal resistance [K m/ W ] g ground
R}, Effective borehole thermal resistance [K m/ W] i inner
S Source term [W / m] local local value
T Temperature [K] m mean value
Tintet Inlet temperature [K] o outer
t Time [s] w water
u Internal energy [J/ kg]
\% Velocity [m/s]
H Height of vertical enclosure [m]
L Characteristic length scale [m]
Z Vertical coordinate [m]

2. BHE modeling

2.1 Introduction

Several methods, both numerical and analytical have previously been developed to calculate the
thermal performance of borehole heat exchangers. The borehole constitutes a quite simple geometry,
but is also a challenging thermal problem. Analytical methods are mostly used, and they have a long
history of being used for the dimensioning of BHE installations.

Analytical methods are in general based on either the infinite line source or the infinite cylindrical
source, as described by Ingersoll (1954) and Carslaw and Jaeger (1959). These methods can be
computationally cost effective, but they are not capable of describing all the involved phenomena, and
therefore, lack some of the accuracy, flexibility and transparency gained from numerical methods.
These analytical solutions are based on average values, reflecting the one-dimensionality of the
methods. Important research in the field can be attributed to Eskilsson (1987) and Hellstrém (1991).
Improvements in the analytical methods have been presented by Zeng et al. (2003), and Lamarche and
Beauchamp (2007), using the finite line source.



Numerical models of BHE with different levels of complexity have been published and can be used to
gain more knowledge regarding the heat transfer in the BHE. Due to the very large aspect ratio of the
BHE, fully discretized numerical models tend to become computationally demanding, and therefore,
models are often constructed for a limited part of the BHE for more detailed studies.

Numerical models can be made more efficient by applying the analogy to electric networks when
describing the thermal resistances within the borehole, thus reflecting a geometrical simplification
where the different parts in the borehole are described by single nodes. A numerical grid is then used
to describe the bedrock around the borehole in two or three dimensions, while the borehole, the
collector and the heat carrier are simulated as one-dimensional features. These simplifications have
earlier been referred to as thermal resistance and capacity models (TRCM), Bauer et al. (2011%). A
more detailed review of TRCM models is given in the following section.

2.2. Review of studies related to TRCM

Al-Khoury et al. (2005) addressed the comprehensive computational requirements involved with fully
discretized numerical models for BHE and developed a finite element model using line elements to
describe the BHE. The model was compared with experimental data and with analytical calculations
for a double U-tube configuration in Al-Khoury (2006). De Carli et al. (2010) constructed a
computational model based on discretized balance equations; however, simplifications on the heat
capacities in the model reduced the accuracy for short time steps. Zarrella et al. (2011) elaborated on
the model by De Carli et al. (2010) and improved the short time step accuracy by introducing thermal
capacities for the grout in the borehole and the heat carrier fluid. In this approach the grout in the
borehole was divided into two regions, an inner core and an outer shell with respective thermal
capacities. The model was compared to a two-dimensional numerical model using Comsol
Multiphysics (2008) and with measurements from a thermal response test (TRT).

Bauer et al. (2011%) developed new thermal resistance and capacity models (TRCM) for coaxial, single
and double U-tube BHEs, based on the models by Al-Khoury (2006). The internal grouted area of the
borehole was divided into sections corresponding to each pipe in the borehole, increasing the level of
detail as compared to previous models. The model was implemented in an axisymmetric finite
difference scheme and compared with a fully discretized finite element model using ANSYS (2005).
In Bauer et al. (2011°) the TRCM model was implemented in a three-dimensional grid. The model was
again verified with a fully discretized model (ANSYS) and also compared to measured data from a
TRT. It was noted that the evaluation time for a TRT could be reduced if accurate transient numerical
models were used instead of the analytical line source models, since the numerical models are more
accurate for shorter time intervals.

Diersch et al. (2011° and 2011°) evaluated and compared the numerical finite element method by Al-
Khoury et al. (2005) and Al-Khoury (2006) to the analytical solution of Eskilson and Claesson (1988).
These methods were also compared using a fully discretized two-dimensional axisymmetric finite
difference model of a coaxial BHE. It was found that the numerical model by Al-Khoury was a better
match to the fully discretized model than the analytical model. The numerical model was implemented
in FEFLOW (2010) and coupled with the transient system simulation code TRNSY'S (2004).

Mottaghy and Dijikshoorn (2012) coupled transport equations for the heat and mass transport in a
coaxial BHE and solved the equations using a finite difference code. Numerical simulations were
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compared to measured data from the 2302 m deep coaxial borehole heat exchanger in Weggis,
Switzerland. The coaxial heat exchanger as well as the double U-tube collector was treated, using the
thermal resistances as derived by Hellstrom (1991). The coaxial BHE in Weggis has also been
analyzed earlier by Kohl et al. (2002) using a fully numerical axisymmetric model based on the finite
element method.

Pasquier and Marcotte (2012) added further refinement to the model by Bauer et al. (20117) by adding
additional nodes (heat capacities and thermal resistances), and a strategy to determine the individual
resistances. The U-tube collector was treated, and the model was compared to a two-dimensional finite
element models in Comsol Multiphysics (2008).

The approaches presented in most of the cited literature are rather similar, i.e. the BHE geometry is
represented by a number of nodes with associated thermal capacities and resistances constituting a
local problem which is then coupled to a grid representing the surrounding rock domain. It is
important to point out that in all of the presented models for U-tube BHEs, the boreholes have been
assumed to be grouted, and the transport of heat between the collectors is treated as thermal
conduction. Thus, the discretization of the grouted domain into sections having a specific position and
an associated thermal capacity increased the transient accuracy of the models. There exists, however,
no models that are applicable to non-grouted BHEs where natural convection has a major influence on
the thermal performance.

In the present work, a numerical model has been developed exclusively for non-grouted, water filled
boreholes. This poses a different problem than grouted boreholes, as the heat transfer between the
collector and the wall of the borehole is dependent on the possible presence of buoyancy-driven flow
(natural convection), discussed in further detail in the next section. The model uses the TRCM
concept and it is based on the finite difference method. The model considers conventional U-tube
collectors, but is, equally applicable to other collector types.

3. Natural convection

During operation of the non-grouted BHE, the existence of a temperature difference in the borehole
triggers natural convection which reduces the internal thermal resistance of the BHE. The influence of
natural convection during TRT has previously been noted by several authors including Gehlin (2002)
and Kjellsson (2009) and was also studied by Gustafsson et al. (2010) for a borehole having diameter
0.1036 m equipped with a PEM40 collector. Gustafsson et al. (2010) came to the conclusion that for
the specific BHE —configuration studied, natural convection resulted in a reduction of the thermal
resistance in the water by a factor of around 3-4, which is very significant.

Thus, for a TRCM model for water filled BHEs, heat transfer by natural convection must be
considered rather than pure conductive heat transfer. Consequentially, the borehole resistance (Ry) will
not be a constant for a certain flow rate, but a function of the local temperature differences and the
local temperature of the borehole water.

From the perspective of natural convection, the BHE constitutes an enclosure with a high aspect ratio,
where the aspect ratio is defined as the length of the borehole divided by the internal characteristic
length scale. In order to establish a correlation for the specific case of a BHE to be used in the present



paper, some of the literature related to natural convection in enclosures with high aspect ratio is
reviewed and described below.

Natural convection in enclosures having high aspect ratios is usually characterized by a Rayleigh
number (Ra) based on the width of the enclosure. For small values of Ra, the heat transfer is
dominated by a conduction regime, while for larger values secondary multicellular laminar flow is
induced, which increase the heat transfer. With further increase in Ra, the secondary flow structures
become unstable and transits into turbulence. The establishment of secondary flows in a tall vertical
annulus has been studied by Choi and Korpela (1980) for different radius ratios (K) and Prandtl
numbers (Pr). Lee and Korpela (1983) determined numerically the Nusselt number for an infinitely tall
two-dimensional cavity having secondary flows using the average values for the centre part of a tall
cavity. The results were compared to cavities having aspect ratios (A) between 5 and 40 and points to
a limiting case for the influence of aspect ratio when the Rayleigh number is sufficiently high.

The transition from the conduction regime to the secondary flow regime is characterized by a critical
Rayleigh number (Ra.). Wright et al. (2006) visualized natural convection in an air-filled vertical
cavity, and for a cavity having A~ 40, the secondary flow became unstable at approximately Ra/Ra,
=1.4, and the transition to full turbulence started at 2 < Ra/Ra, < 8.

An implicit consequence of the onset of turbulent flow is the lack of applicability of existing
numerical models; these have in general been developed for laminar flow and might be valid through
the conduction regime and the laminar part of the secondary flow regime. In the turbulent regime,
however, the problem becomes significantly more complex. Several authors have reported lower heat
transfer rates from numerical studies than obtained from experimental results, see Wright et al. (2006).

Keyhani et al. (1983) presented a correlation for the dependence of the average Nu of the Rayleigh
number for a vertical annulus having A = 27.6 and K= 4.33 , for 10° < Ra < 2.3 x 10°, based on
experiments with air and helium. Through the results from a numerical study by Vahl Davis and
Thomas (1969) the correlation (Equation 1) was extended to the range 1 <K <10, 1 <A <33

Nu = 0.188Rq322A~0238 (0442 1

An alternative formulation of Equation 1 based on the modified Rayleigh number, Ra* = RaNu is
shown in Equation 2.

Nu = 0.291Ra*024* A~02380.442 2

Keyhani et al. (1985) extended the work from Keyhani et al. (1983) to vertical tube bundles in an
enclosure through experiments with 3 x 3, and 5 x 5 vertical rod bundles. Air, helium and water were
used in the experiments. Lafortune and Menely (1990) performed experiments with 7 vertical heating
rods in a water filled vertical circular enclosure, and found the results to agree well with the results
from Keyhani et al. (1985). The general Nu-correlations from Keyhani et al. (1985) were, however,
presented explicitly for air and helium and overpredict the heat transfer rate for water.

Littlefield and Desai (1986) performed a numerical study on a vertical annulus containing a fluid
having Pr=10, and derived correlations that were essentially similar to the results from Keyhani (1983)
for the range 1.5 <K < 5and 10 < A < 50, see Equation 3. Gustafsson (2010) performed numerical



simulations on an annulus with water and found the results to be consistent with the correlation of
Littlefield and Desai (1986).

Nu = 0.443Ra*(0'233_0'009K)A_0'245K°'442 3

The definition of the Nusselt and Rayleigh numbers requires a characteristic length scale (L). For a
vertical annular pipe with high aspect ratio, the width of the radial gap between the cylinders is usually
used as the length scale; this dimension is equivalent to half the hydraulic diameter and has been used
as the characteristic length scale in a BHE as follows

L=D,/2 4
Dp=2(rg—1y) 5
K= 15/(ro — Dn/2) 6

The position of the collectors in the borehole is arbitrary; however, Sparrow and Charmchi (1983)
studied the influence of eccentric and concentric positions of the inner pipe in an annulus, and found
that the position had little influence on the average Nusselt number. They used a radius ratio of K= 5;
it is likely that the position will have a larger influence for smaller radius ratios.

According to Choi and Korpela (1980) the critical Rayleigh number is Ra, = 28590 for a fluid with Pr
=15, in a tall annulus with K=2.5. Ra, increases with increasing Pr, so this can be considered as a
restrictive higher limit for boreholes since Pr for water varies between 13.4 and 9.4 in the range 0 — 10
° C. For a borehole with a diameter of 14 cm equipped with a single PEM40 collector, the hydraulic
diameter approach would yield a radius ratio of 2.14. With the presence of natural convection, the
temperature difference between the surface of the collector and the wall of the borehole would vary
somewhere between 1- 6 K at a heat transfer rate of 30 W/ m. With this heat transfer rate, it is only in
the immediate vicinity of the density maximum of water where Ra is less than Ra.. This means that for
most conditions, secondary flows will be present in the borehole. Since the Rayleigh number increases
rapidly when moving away from the density maximum, the flow is likely to be turbulent.

The aspect ratio and radius ratio dependencies from Vahl Davis and Thomas (1969) were used by both
Keyhani et al. (1983) and Keyhani et al. (1985). The aspect ratio dependency (A% was derived for
A <33 and is not suitable for tall enclosures having high Ra, as evident in comparison with the results
from Lee and Korpela (1983). Littlefield and Desai (1986) reported a similar dependency (A for
10 < A <50. Lee and Korpela (1983) presented an approximate expression for the average Nusselt
number (Nu) as a function of aspect ratio for a vertical slot, Equation 7.

10 10
Nu = 2Ny + (1-20) Nug 7

Nujo and Nu, are the average Nusselt numbers for a cavity having A=10, and the average Nusselt
number for the center part of a tall cavity. Comparing the aspect ratio dependency in Equation 3 with
Equation 7 reveals that the asymptotic value Nu, is reached already at A~45. With K =1, and A =45,
Equation 3 can be compared with the correlation from Wright (1996) for a two-dimensional enclosure
with large aspect ratio, and the average deviation between the two correlations is less than 2 % over
the range (10* < Ra < 10°). Based on the above it is reasonable to neglect the aspect ratio dependency
in Equation 1, 2 and 3 by setting A =45 as a maximum value given that Ra > Ra,

This then reduces Equation 3 to:



Nu = 0.174-3Ra*(0'233_0'0091()1(0-442 )

In a non-grouted BHE, the Nusselt number can be used to relate the reduced thermal resistance
between the collector and the wall of the borehole to the larger conductive resistance (Rbgng), which
can be determined based on the multipole method from Bennet et al. (1987) as presented in Lamarche
(2010). In Figure 1 Equation 8 is compared to experimental data from (Kjellsson and Hellstrom,
1999), as published in Gustafsson (2010), where R, has been determined from Equation 9.

_ Rbcond 9
Rb— Nu + Rbcollector
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Figure 1. Borehole thermal resistance as determined from Equation 9 as a function of mean fluid temperature in the borehole.
Experimental data from (Kjellsson and Hellstrdm, 1999) as published in Gustafsson (2010).

In Figure 1 the dotted lines correspond to the borehole resistance calculated by Equation 9 while the
experimental data is represented by the markers. The mean fluid temperature in the graph is the
arithmetic average of the inlet and outlet temperatures of the collector. The actual water temperature in
the borehole should consequently be a few Kelvin lower (Gustafsson 2010), and this has been
accounted for in the use of Equation 8. The heat transfer rates in the experiments were in the range
between 45 and 95 W/m, hence, two calculated curves are shown in the figure. As observed, the
results from Equation 9 show a similar trend and are in reasonable agreement with the experimental
data. The water properties were evaluated using NIST (2013). Rb,,,q was determined to be about 0.2
K m/ W and the internal thermal resistance in the collector was calculated assuming a heat carrier
mass flow rate of 1 kg / s and a thermal conductivity of 0.42 W/ m K for the collector material. For
turbulent flow conditions it is mainly the resistance of the collector walls that matters.

While the thermal resistance is usually determined from thermal response tests (TRT) where the
thermal response from an injection test is analyzed, Gustafsson (2011) has experimentally shown that
during heat extraction the borehole resistance differs from the values determined from heat injection
tests. The highest resistance was found when the water temperature in the borehole was around 4 °C.
This corresponds to the temperature where water has its maximum density, and therefore, induced
natural convection reverses when the water temperature passes this point.

The heat transfer can also be improved by forced circulation of the borehole fluid. This can be
achieved by a submersible pump as described by Liebel et al. (2012). Based on the results from
Gustafsson (2011) and the discussion above it would be expected that inducing forced convection is
most profitable during heat extraction, during small heat loads or when the average water temperature
is around 4 °C. Likewise, other methods to improve the heat transfer would have highest impact at
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these conditions; for example, Kumar (1997) reported on significant improvements in heat transfer
by placing longitudinal fins on the outside of the inner pipe of an annulus.

In the following section, Equation 8 is used to account for the influence of natural convection

4. Heat transfer in the BHE and in the ground surrounding the borehole

4.1 Introduction

The model of the U-tube BHE is setup as a Y-circuit, where two nodes represent the heat carrier
streams and one node represent the water in the borehole, see Figure 2. In comparison with other
TRCM — models used for grouted BHEs; this is a simpler representation of the BHE geometry which
is motivated by the presence of natural convection. The Y-circuit implies that the there is no direct
contact between the collector pipes, or between the collector and the wall of the borehole The model
does not contain any explicit information on the position of the collectors in the borehole, in each
segment of the discretized borehole the heat transfer is expressed as a resistance between the mixing
cup temperatures of the heat carrier and water in the borehole. The thermal capacity of the collector
walls is neglected. This may affect the transient behavior of the model; however, for a typical
installation the thermal capacity of the collector walls is on the order of 1-2 % of the heat capacity of
the water and heat carrier in the borehole; hence this assumption will not introduce any significant
error.

Figure 2. Y circuit employed in the numerical scheme.

Based on the Y-circuit in Figure 2. the local borehole resistance R, can be expressed as:

1
Rp =Rrpor, t+ —4——5—, 10

RTe -Tw RTg-Tw

where



1 ln(rlz/ru) 1 11
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13
dR =
an Tg—Tw 2mrohy

The influence of natural convection is represented by the heat transfer coefficients, (ho, hey; and hey,)
which are determined from the derived Nusselt correlation (Equation 8) together with Rbg,,g as
determined from the multipole method. The first two parts of Rry. 1w and Rrp. 1w represent the
internal thermal resistance of the collector, hereafter called Rb.ojector-

In the following, the set of equations describing the heat and mass transfer in the BHE are discretized
and coupled with the heat transfer in the surrounding ground. This forms the numerical model which
has been implemented and solved in Matlab (version 2012b).

The BHE creates a heat source or sink in the ground which gives the potential for heat transport by
thermal conduction through the ground. This is the main heat transfer mechanism in the ground
although heat can also be transported through advection.

Within the collector there is a heat carrier fluid, usually brine or an alcohol / water mixture. The heat
transfer between the fluid and the collector wall depends primarily on the flow conditions. If the flow
is laminar, the heat transfer coefficient is less than for turbulent conditions; therefore, it is desirable
that the flow is slightly turbulent. In any flow condition the heat transfer coefficient can be readily
determined by analytical or empirical equations.

For the turbulent case, the convective heat transfer coefficient is calculated from the second Petukhov
equation as modified by Gnielinski (1976), shown in Equation 14.

Ny = /B Re=1000) Pr 14
= 1+12.7(f/8)05(Pr2/3-1)°

where f'is the friction factor determined from Equation 15.

f =(0.790 In(Re) — 1.64)72 15

Assuming that the heat carrier is an incompressible fluid, the momentum equation can be neglected
and the heat transfer in the BHE can be accurately represented using only the energy equation.

For fluid flow in a pipe the one-dimensional energy equation can be expressed as:

2, 0u 2, 79% _ 16
nrip oot pVaZ—S,

where u is the fluid internal energy, r is the inner radius of the pipe, V is the bulk velocity and S is a
source term for the convective heat transfer.
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The equation can be rewritten as:
2,007 2 T _ ¢ _ AT 17
nr pC6t+nr pVCaZ =§=

It is thus assumed that the change in internal energy only depends on the change in temperature of the
fluid. C is the specific heat capacity of the fluid and AT represents the temperature difference between
the mixing —cup fluid temperature in the pipe and the source (i.e. the borehole water or the borehole
wall), R is the thermal resistance as calculated by Equation 11 to 13.

The ground surrounding the borehole is in the present work discretized with an axisymmetric
cylindrical grid. In order to couple the thermal conduction in the rock with the thermal processes in the
borehole, a flux boundary on the wall of the borehole is introduced. In the conduction equation this is
achieved through central finite difference and the use of a ghost node (T,) as shown in Figure 3. This
method gives a 2™ order accurate implementation of the heat flux boundary condition.

S

Figure 3. lllustration for coupling of conductive and convective model. To is a ghost node, used in the implementation of the boundary
condition.

Hence:

v g8 TamTo 18
9 k dx %AT0+AT‘1+%AT2 ’
T():Tz_q?” (%A?‘O+AT1 +%Ar2), 19

T, is then used in the discretization of the first element of the conductive domain. The heat flux
can also be expressed as:

L Tl_Twater X 20
anORTg_Tw

Where the T; is the borehole wall temperature and T, is the bulk temperature of the water in the
borehole.
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The complete equation system representing the heat transfer in the BHE is summarized as:

Convection in the borehole water:

TCl"o P CW at =+ nrO Pw V Cw az - A};FTT:_‘TT: A};F_I:Fffll_—TTV:v AI;FTT:__TT:,V 2
Convection in collector pipe I and 2:

ry Pfcf ot & arf vafl Cfanl = A]:TT;—:T‘:V 22
nrs Pfo 3t 2 4 nr2 5peVe2 CfanZ —ARTT 1:__:: 2

Equations 21 to 23 are discretized together with the conductive domain using an implicit finite
difference scheme, this is then solved through matrix division in Matlab. The parameters used for the
spatial and temporal discretization are summarized in Table 1.

Table 1. Discretization parameters

Parameters | min max
Ar[m] 0.002 1
Az [m] 1 4
At [s] 10 200

In the interpretation of the numerical results in the following section, Rb* is determined from Equation
24 using mean values of temperatures and specific heat load, while Rb is determined from Equation 25
using local values.

* Tfm ~Towm 24
b= q
m
T¢m is the heat carrier mean fluid temperature, defined as the arithmetic average of the inlet and outlet
fluid temperatures of the collector.

T =T
Rb — flocal’ bw local 25
Q1ocal

5. Results and discussion

An advantage with the presented model is that it is accurate on a timescale of minutes (as shown in the
accompanying paper) while being fast enough to allow parameter studies of the transient behavior of
the BHE. In the following, the model is used to study the transient behavior of the BHEs and the
performance as a function of borehole depth.

To illustrate the capability of the developed model, simulations in three main areas are carried out as
follows:

e Transient heat transfer in a 200 m deep BHE during upstart, heat injection and extraction.
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The influence of the length of the operation intervals on the performance of BHEs with depths

200 m and 800 m

The influence of the borehole depth (in the range 200 m to 800 m) on the thermal performance

of the BHE

The results are presented in the following subsections.

In Figure 4 the transient temperature profiles are shown for a 200 m deep BHE with a PEM40 x 2.4
mm collector. With a coolant mass flow rate (h) of 0.5 kg /s the time constant of the BHE is about 13

minutes (the time it takes for the fluid to circulate through the U-tube collector). Profiles are shown for

heat injection (Figure 4.a) and heat extraction (Figure 4.b). The initial profile represents the

undisturbed temperature in the borehole and is based on a geothermal gradient (GG) of 0.02 K /m.
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Figure 4. Transient evolution of the temperature profile in a 200 m deep borehole with a diameter of 140 mm. a) heat injection, 6 kW. b )

heat extraction, 6 kW. Collector: PEM40 x 2.4, rh=0.5 kg /s, coolant: 20 volume-% ethyl alcohol,

It is seen that after 1 hour, the initial transients have diminished and the shape of the temperature
profile is rather constant in both cases. The vertical average of Rb and Rb* are evaluated after 20
hours and are shown for both cases in the figure. As shown, the resistances are higher during heat
extraction than during heat injection.

Since GSHP systems are usually operated in an on- off manner, it is of interest to study the influence
of the initial transients on the performance of the BHE. In the following, the results from a parametric
study are presented. Heat extraction has been simulated using varying length of the operation period;
each extraction period (with a constant heat extraction rate) is followed by a thermal recovery period
of the same length during which the mass flow in the collector is zero. The simulations are over a
sufficiently long time scale that the difference in total amount of extracted energy is less than 1 %
between the simulations.

In Figure 5.a the BHE inlet temperature (Tj,e) is shown for a 200 m deep BHE which is simulated
with three different periods of 0.2 h, 0.5 h respective 5 h, and the mass flow rate is shown for the 0.5 h

period.
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The simulations are compared based on the value of Tj,.; during the last heat extraction period in each
simulation; the temperature is evaluated both as a time average and in the end of the period. The
results are shown in Figure 5.b as a function of the operation period length; the values are relative to
the respective values at a period length of 10 h.
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Figure 5. a) Tiniet determined for operation intervals: 0. 2 h, 0. 5 h and 5 h. b) influence on the average Tinet and Tiniet in the end of the
simulated period, simulation time 500 h. GG = 0.02 K /m, BHE depth 200 m, dv=140 mm, collector: PEM40 x 2.4 mm, m=0.5 kg /s. Q=6
kW, Coolant: 20 volume-% ethyl alcohol.

In the case of the 200 m BHE, T, in the end of the last heat extraction period corresponds to the
minimum value. It is observed that T, is largest for short operation cycles and that the difference
between the shortest cycle and the largest is rather small, on the order of 0.9 K for the time average
and 1.3 K for the minimum value. The differences can be explained by the transient dynamics of the
borehole; whereas energy is only extracted from the borehole in the extraction periods, the conductive
transfer of heat to the water in the borehole continues also in the heat recovery periods. For short
operation periods, the heat transfer to the borehole in the recovery period can be as large as during the
heat extraction period, while for longer periods, most of the heat transfer is during the heat extraction
period; therefore, a higher specific heat load is required which reduces the temperature. The average of
the specific heat load over the length of the borehole is shown in Figure 6.
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Figure 6. Vertical average of the specific heat load through the borehole wall during heat extraction and recovery periods, GG = 0.02 K /m,
BHE depth 200 m, d»=140 mm, collector: PEM40 x 2.4 mm, m=0.5 kg / s, coolant: 20 volume-% ethyl alcohol
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The results show that in theory there is a potential to increase the heat transfer rate using shorter
operation intervals, e.g. a comparison between 0.5 h interval and 10 h interval revels that the
extraction rate can be about 16 % larger for the shorter interval while keeping the time-average of Ty
at the level of the longer period.

The simulation presented in Figure 5 was repeated for an 800 m borehole, and the values of Tj, are
shown in Figure 7 as a function of the operation period length. The values are relative to the respective
values at a period length of 10 h.
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Figure 7. Influence on the average BHE inlet temperature of the operation period, simulation time 500 h. GG = 0.02 K /m, BHE depth 800
m, db=140 mm, collector: PEM50 x 2.4 mm, m=1.15 kg / s. Q=32 kW, coolant: 20 volume-% ethyl alcohol.

In this case, the minimum value of T, is found at the start of each heat extraction period, as the
colder fluid in the upper part of the borehole is being pumped up. It is seen that the highest
temperature level is obtained for a slightly longer operation length (around 2 times the time constant of
the BHE), while the initial transients during the startup of the circulation reduces the temperature for
shorter periods.

To study the influence of borehole depth on the overal performance of the BHEs, it is assumed that the
BHE supplies heat to a heat pump and that the total COP of the heat pump, including the circulation
pump for the collector fluid, is constant. The performance is then measured by the amount of energy
being provided by the BHE as a function of borehole depth. By assuming a constant total COP, it is
implicit that the temperature lift by the heat pump, and the return temperature from the heat pump both
are constant and invariant with borehole depth. Further, it is assumed that the ratio between the power
used by the circulation pump (W,) and the heat pump compressor (W) is constant. The parameters
used in the simulation are presented in Table 2.
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Table 2. Simulation parameters

Parameters

db [mm] 140/ 165

Collector PEM50 x 3 mm / PEM62 x 3.8 mm
NPump [%] 0.7

Wp I We [%] 5

COP [ 4

Tin[°C] 1

Intervall [h] 5

GG [K/m] 0.02

kg[W /' m K] 3

ke[W/ m K] 0.42

coolant 20 volume-% ethyl alcohol

Simulation time (h)

500

The BHE is operated with a constant on/ off intervall of 5 hours as previously described. For each
borehole depth the time-averaged extracted heat load (Q) is determined for the period at the end of the
simulation. The mass flow rate is adjusted accordingly to the heat load and the requirement of a
constant total COP. Results normalized to 200 m are presented for two collector and borehole

dimensions in Figure 8.

Figure 8. Normalized total heat extraction rate for BHEs between 200 — 800 m.

The simulation time of 500 h is sufficiently long to make the normalized results invariant with time.
As seen, the amount of energy that can be extracted increases with the borehole depth, and it can be
noted that the best performance (higher extraction rate) is obtained using the largest collector and
borehole. This is primarily due to the larger mass flow rate that can be used. The average heat
extraction rate is significantly higher for the 800 m borehole as compared to the 200 m borehole; in
fact, with the geothermal gradient of 0.02 K/m, the ratio between the extracted heat loads for the 800
m BHE and the 200 m BHE is 8.2, if GG is reduced to 0.015 K/m, the ratio decreases to 6.5.
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The 800 m BHE is further studied using the larger borehole and collector and the corresponding mass
flow rate from Figure 8. A constant heat extraction rate of 40 kW is applied for 20 hours. The
temperature profiles and the distribution of specific heat load and local borehole resistance are shown

in Figure 9.
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Figure 9. Temperature profiles and vertical distribution of specific heat load in the 800m borehole after 20 hours of continuous heat
extraction (Q=40 kW). GG =0.02 K /m, dv=165mm, collector: PEM63x 3.8, m=1.15 kg/s, coolant: 20 volume-% ethyl alcohol.

For the case presented in Figure 9 the internal resistance of the collector is 0.026 m K /W. The effect
of natural convection is, therefore, apparent in Figure 9 where the average of the local resistance varies
between 0.054 m K /W for the deepest 100 m to ca 0.1 m K /W in the upper 100 m. If natural
convection were neglected the local resistance would be about 0.185 m K /W. It is also noticeable that
with natural convection, almost half of the total borehole resistance is in the material of the U-tube
collector (since the convective resistance inside the collector is small). The reduction in resistance with
depth is caused both by the increase in temperature and the increase in specific heat load. The vertical
average of Rb is 0.068 m K /W and Rb* =0.079 m K /W.

The influence of natural convection is further illustrated using the radial temperature profile from the
case above. In Figure 10, the temperature profile in the ground is shown together with the temperature
of the borehole water and the mean fluid temperature. The profile is taken from the middle of the
borehole, i.e. at 400 m depth. Also the corresponding profile for a case where natural convection is

neglected is shown.
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Figure 10. Radial temperature profiles with and without natural convection. Simulation parameters corresponding to the case shown in
Figure 9.

The difference between the two cases clearly shows the large influence of natural convection. The
mean fluid temperature is about 6 K lower for the conductive case where also most of the temperature
change is in the borehole.

The results indicate that the U-tube borehole heat exchanger can be used successfully on a deeper
borehole (800 m), provided that a large size collector is used. While the potential for heat extraction
increases with borehole depth, the potential for cooling decreases (as well as the possibilities for
thermal recharge). It is also shown that the specific heat load is higher in the lower part of the
borehole. This might be a concern when placing several deep boreholes that can have thermal
interaction, as the larger heat load implies larger thermal interference. Therefore, the boreholes require
a larger undisturbed volume in the lower part, while less interference will be expected in the upper
part. Several boreholes can, therefore, be placed closely together on the surface and then deviate
outwards with increasing depth in order to create a sufficiently large space in between the lower parts
of the boreholes.

6. Summary and conclusions

A numerical BHE model for non-grouted borehole has been presented based on the TRCM concept.
The aim with the model is to simulate the transient performance of non-grouted BHEs based on
boreholes with larger depths than the standard 200- 300 m.

To account for the thermal effects of natural convection in the water filled boreholes, a correlation for
the influence of natural convection as a function of physical properties and the induced temperature
difference has been developed. The correlation is validated by comparison to published experimental
results. The validity of the numerical model, including the correlation for natural convection has been
verified through comparison with an extensive set of field data presented in an accompanying paper
(Holmberg et al. 2016).

To the knowledge of the authors, this is the first work which combines the TRCM approach with the
effects of natural convection in non-grouted (water filled) boreholes.
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The presented model is a strong tool for simulation of BHEs as it can simulate the performance rapidly
and with high accuracy. As the entire length of the borehole is resolved, depth dependent effects such
as thermal short circuiting are captured. The model is well suitable for simulation of early transients
during the initial operation period of the BHE, e.g. during heat pump operation and it can also be used
through parameter estimation to analyze operation data from BHE installations, and for optimization
of BHE parameters.

I the present paper, the model is used to study the performance of non-grouted U-tube BHEs with
depths in the range 200 m — 800 m. It is found that the thermal performance of non- grouted BHEs is
largely affected by natural convection, e.g. the average local resistance in the simulated 200 m BHE is
52 % larger during heat extraction than during heat injection.

The results also indicate that the specific heat load can be increased with increased borehole depth. By
using a lager collector and borehole diameter, it is possible to use a larger mass flow rate, and
therefore, increase the effectiveness of the BHE. Using the assumption of a constant inlet temperature,
and a constant total COP, it is seen that the heat extraction rate for a 800 m deep BHE can be on the
order of eight times the extraction rate for a 200 m deep BHE. It is also seen that the specific heat load
becomes unevenly distributed with most energy being extracted from the deeper parts of the borehole
where also the internal resistance in the borehole becomes lowest due to the effect of natural
convection.

Also the transient dynamics during heat pump operation are studied. It is found that the length of the
operation interval has a rather small influence on the temperature level in the BHE. In the range
studied (0.1 h — 10 h), it is seen that a slightly higher temperature can be found when using shorter
operation intervals. This indicates that it is possible to have a higher heat extraction rate for shorter
operation intervals than for longer intervals. For deep boreholes, this effect is more difficult to realize
due to the larger time constant of the BHE.
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during the startup and operation of the BHE installation. To account for the thermal effect of natural
convection that arises in non-grouted BHEs, the model is complemented with a Nusselt-correlation. The
model is presented in detail in Holmberg et al. (2014) and in the present paper it is evaluated based
on distributed temperature measurements from Acufia (2010). The measurements were obtained dur-
ing a distributed thermal response test (DTRT) and during heat pump operation, both on a 261 m deep
borehole equipped with a U-tube collector and a distributed temperature sensing system. Despite the
simplifications involved with the model, it agrees well with the measured data even on a time scale on
the order of minutes. The Nusselt number related to natural convection in the borehole was found to
be 6.4 during the DTRT and 3.68 during heat pump operation. This indicates the large differences in the
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borehole thermal resistance during heat injection and heat extraction.
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1. Introduction

A numerical model for a BHE has been developed and the
model is evaluated in the present paper by comparing the results
with distributed temperature measurements performed during a
distributed thermal response test (DTRT) and during heat pump
operation. The single U-tube collector is used in this study;
however, the model is equally applicable to other collector con-
figurations.

The model is based on the finite difference method and uses a
simplified thermal resistance and capacity model (TRCM) as pre-
sented in Bauer et al. (2011) and Diersch et al. (2011a, 2011b)
for the borehole. The ground surrounding the borehole is resolved
through an axisymetric cylindrical grid in two-dimensions, while
the borehole, the collector and the heat carrier are treated as one-
dimensional features. It is assumed that heat transfer in the ground
is by thermal conduction; ground water advection has thus been

Abbreviations: BHE, borehole heat exchanger; TRT, thermal response test; DTRT,
distributed thermal response test; DTS, distributed temperature sensing; TRCM,
thermal resistance and capacity model.
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http://dx.doi.org/10.1016/j.geothermics.2014.11.002
0375-6505/© 2014 Elsevier Ltd. All rights reserved.

neglected in this study. For non-grouted BHEs the heat transfer
within the borehole is enhanced by natural convection triggered by
the temperature difference between the collector and the borehole
wall. In the present model, this is accounted for through a Nusselt-
correlation. Furthermore, the model is setup as a modified TRCM
model based on a Y-circuit. For a detailed description, the reader is
referred to the accompanying paper (Holmberg et al., 2014).

The developed model is used in the present paper to simulate
the hydraulic and thermal response of a BHE that has been mapped
thoroughly by Acufia (2010). Through a distributed temperature
sensing system (DTS), the vertical temperature profiles in the bore-
hole were measured during a thermal response test and during heat
pump operation. These measurements are well suited for the eval-
uation of numerical models where the axial extent of the borehole
is discretized.

A thermal response test (TRT) is commonly used to evaluate the
effective thermal conductivity of the rock surrounding the bore-
hole, and the internal thermal resistance in the borehole (Ghelin,
2002). This is usually referred to as the effective borehole thermal
resistance (R;;) as defined by Hellstrom (1991).

T — T
R;;: fm /bwm (1)
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Nomenclature

Cp Specific heat capacity [J/kgK]

Dy, hydraulic diameter [m]

k thermal conductivity [W/mK]

K radius ratio ro/(rg — Dy/2)

q’ heat flux [W/m?2]

q specific heat load [W/m]

Q heat load [W]

r radius [m]

Ry local borehole thermal resistance [K-m/W]
Ry effective borehole thermal resistance [K-m/W]
T temperature [°C]

L characteristic length scale Dj/2 [m]

g gravitational acceleration [m/s?]

Greek symbols

a thermal diffusivity [m?2/s]

B coefficient of thermal expansion [1/K]

v kinematic viscosity [m?/s]

Dimensionless numbers
Ra* modified Rayleigh number gBL*q" /avk

Index

0 borehole dimensions

c collector dimensions/properties
f heat carrier fluid

in inlet

out outlet

local local value

m mean value

w water

g ground temperature/properties
bw borehole wall

In Eq. (1), Tsy, is the heat carrier mean fluid temperature, defined
as the arithmetic average of the inlet and outlet fluid temper-
atures of the collector, Ty, is the average temperature of the
borehole wall, and gy, is the average heat load per meter borehole
length. The borehole resistance is thus defined as an average of
the thermal resistance for the entire BHE which also reflects the
one-dimensionality of the analytical methods often used for BHE
modeling. These methods are typically based on either the infinite
line source (Ingersoll et al., 1954), or the infinite cylindrical source
(Carslaw and Jaeger, 1959). When discussing the borehole ther-
mal resistance in relation to numerical models, it should be noted
that there is a difference between the effective (RZ) and “local” (Rp)
resistance (Eq. (2)) as evaluated from numerical models or from
distributed measurements.
_ Tf local — wa local

Ry (2)

qlocul
For the case of only conduction heat transfer, the local borehole
resistance is primarily influenced by the positioning of the collector,
the thermal conductivity of the borehole filling material, and the
dimensions of the collector and borehole. In such cases, the conduc-
tive thermal resistance can be determined based on the multipole
method from Bennet et al. (1987) as presented in Lamarche et al.
(2010). The experimental results from Acufia (2010) are based on
a borehole with 14cm diameter equipped with a PEM40 U-tube
collector having about 2 cm spacing between the pipes. With only
conductive heat transfer and using the multipole method such a
configuration would yield a thermal resistance of approximately

0.22-0.23K-m/W, and the internal resistance of the collector is
about 0.026 K-m/W, assuming turbulent flow conditions for the
heat carrier. Thus the total borehole resistance is ca. 0.25K-m/W
assuming only conduction.

Acufia on the other hand measured R, to be 0.062 (K-m/W)
during the DTRT which is significantly lower (75%) than the pure
conductive resistance. This implies that there must be convection
present during the test. This is a common phenomenon during
TRT of water filled boreholes and has been pointed out by several
authors (Ghelin, 2002; Kjellson, 2009); the induced temperature
difference triggers natural convection in the well which enhances
the heat transfer and reduces Ry. This affects the overall perfor-
mance of GSHP systems, leading to less required borehole length
and/or more effective heat pump operation. Natural convection
in non-grouted BHE has been analyzed both experimentally and
numerically in recent years, Kjellson (2009) and Gustafsson et al.
(2010).

Gustafsson et al. (2010) performed CFD-studies of natural con-
vection in a section of a BHE during heat injection. The results
showed a decreasing borehole thermal resistance with increas-
ing thermal load. According to the study, the Nusselt number
(Nu) for natural convection was around 3-4 for the investigated
geometry (borehole diameter d = 0.1036 m, equipped with a PEM40
U-collector). In that case Nu was defined as the ratio between the
borehole resistance for pure conduction heat transfer and the bore-
hole resistance with natural convection.

In the present work the constituents of the BHE are treated
as one-dimensional features in the model, implying that only the
mixing-cup temperatures for each section of the borehole are used.
It has been assumed that the fluid in the collector exchanges heat
only with the water in the borehole, and that there is no direct
(conductive) heat exchange between the collectors or between the
collector and the wall of the borehole.

The influence of natural convection is accounted for by a Nusselt
correlation (Eq. (3)) based on the modified Rayleigh number and the
radius ratio (K). Eq. (3) is derived in Holmberg et al. (2014). Given
the Nusselt number, the local borehole resistance is determined
from Eq. (4).

Nu = 0_'1743Ra*(023370.009’()1{0442 (3)
R
Ry = % + Reottector» (4)

where R jiector Fepresents the internal thermal resistance of the col-
lector (fluid to pipe and pipe wall resistances). Ry conq is the thermal
resistance based on conductive heat transfer through the water in
the borehole as determined from the multipole method.

2. Experimental setup and measurement data
2.1. Introduction

Measurement data from two experimental setups (DTRT and
heat pump operation) are used in this paper. The experiments were
performed on a 261 m deep borehole with a single polyethylene
U-tube collector, the borehole was equipped with a (DTS) system,
to obtain measurements of the vertical temperature profiles. The
experimental setup and the measurement data will be further pre-
sented hereunder.

2.2. Experimental setup

The borehole was filled with groundwater, which is common
practice in Nordic countries. The total U-tube length was 257 m and
the groundwater level was about 5.5m below the surface. Thus,
the active U-tube length was 251.5 m. Parameters for the tested
borehole are listed in Table 1.
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Table 1
BHE parameters.
Borehole diameter 140mm (5.5")
Active depth 251.5m
Collector U-pipe (PE40 x 2.4 mm)
Thermal conductivity, collector (k.) 0.42W/mK

Heat carrier
Rock thermal conductivity (kg)

20vol.% ethyl alcohol
3.08 W/mK (average
from Acufia, 2010)

Rock specific heat (Cp) 830]/Kkg

Through a fiber optic cable installed along the depth of the bore-
hole, DTS provided the temperature profile without the need of
many individual temperature sensors. The cable was installed as
a loop inside both legs of the U-tube to measure the vertical fluid
temperature profile of the circulating fluid. The same cable also
provided the undisturbed ground temperature profile, measured
before the test was carried out. Fig. 1 gives an overview of the
borehole with installed sensor cables as seen from the top.

Short light pulses from a laser were directed through the optic
cable. A nonlinear part of the back-scattered light had a different
frequency from the input light and traveled back from the tem-
perature measurement location to the input location. The light
scattering process that produced the frequency shift is called
Raman scattering. The temperature and the position of any mea-
sured section were determined by analyzing the ratio between the
intensities of the up-shifted and down-shifted light over a time
window corresponding to the delay time for the light to travel to
the measured section and back.

2.3. DTRT measurements

The measurements during the DTRT were taken using an instru-
ment of the type HALO from Sensornet, which, according to the
manufacturer specifications, has a spatial resolution of 2m and
temperature accuracy depending on the averaging time and dis-
tance from the instrument. The instrument data sheet presents
temperature uncertainties within the range 0.05-0.45K corre-
sponding to measurement times from 60 min to 15 s. Itis important
to keep in mind that this type of measurement depends on the inte-
gration time, the measuring length interval, the laser features, the
distance between the measured section and the instrument (cable
length) and the calibration procedure, among others. For the spe-
cific test, the optic cables provided temperature measurements at

Themocouple 9 ¢
cabiles £

Fiber optic cable

Pipe o send the
cables lo the
control room

Borehole

Insulated pipes for
secondary fluld

Fig. 1. Overview of the borehole components.
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Fig. 2. Borehole sectioning.

52 segments (each 10 m long) that were later reduced to 26 loca-
tions, as can be seen in Fig. 2.

Temperature measurements were averaged over a segment of
the cable for each numbered temperature location. The measure-
ments are averaged over a time window of 5 min and the standard
deviation during a 3 day period of measurements under undis-
turbed ground conditions was 0.03K (the instrument data sheet
gives a maximum deviation of 0.1K for a 5min integration time).
Regarding systematic errors, the cable was carefully calibrated
using an ice bath and the signal offset was corrected, allowing to
adjust for accurate absolute temperature values along the entire
cable length (+0.1 K). Since most calculations were based on tem-
perature differences, no significant errors were expected. Also, the
influence of the unknown lateral position of the fiber optic cable
inside the U-pipe was considered in the analysis of systematic
errors. The flow pattern in the U-pipe was turbulent during the
test (Reynolds number between 6500 and 8900), considering a
two-layer model for the turbulent flow, the viscous boundary layer
thickness is between 0.3 and 0.4 mm (where heat conduction is
the only heat transfer mechanism). The temperature difference
between the collector pipe wall and the fluid bulk temperature
was calculated to be about 0.15K for the conditions of this test,
and the temperature drop in the viscous boundary layer was about
0.14K, meaning it occurred mainly in this thin layer while the rest
of the temperature profile was virtually flat. Given the diameter of
the fiber optic cable of 3.8 mm, it can be concluded that the system-
atic error due to the cable position inside of the pipe was negligible.
Details of these measurements have been reported earlier in Acufia
(2010).

Additional equipment for the DTRT consisted of a circulation
pump, an inductive flow and energy meter, a flow regulation valve
and an electric heater with an adjustable power between 3 and
12 kW.
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Fig. 3. Measured initial temperature profile and local time-averaged temperatures during Phase three of the DTRT.

The DTRT lasted approximately 160h and consisted of four
phases. Phase one of the DTRT focused on measuring the undis-
turbed ground temperature with no fluid circulation in the U-tube.
This period lasted 65 h. During the Phase two, the fluid was cir-
culated through the U-tube for 24h without any heating. The
temperatures along the entire borehole length became nearly uni-
form due to the circulation, with the mean value of (9.19 °C) which
is slightly higher than the mean temperature of the undisturbed
ground temperature profile (9.1 °C) this increase is caused by fric-
tional heating inside the collector. During Phase three of 48h, a
nearly constant heat input rate of 9 kW to the circulating fluid was
maintained. The rising temperature response of this period was
used to estimate the borehole resistance. Finally, during the fourth
phase, temperature measurements continued without any heat-
ing or circulation in order to observe the temperature recovery,
and to determine the ground thermal conductivity, while taking
advantage of the small temperature gradients inside the borehole
during this period. The resulting average ground thermal conduc-
tivity value along the borehole depth was 3.08 W/m K. The present
paper focuses on the heating phase (Phase three) of the DTRT for
which the measurements will be presented and compared with the
simulated results from the model. The time-averaged temperatures
during the Phase three including the undisturbed temperature pro-
file can be seen in Fig. 3.

2.4. Heat pump operation

The measurements during heat pump operation were obtained
using an instrument of the type Sentinel-DTS from Sensornet with
a spatial resolution of 1 m. The equipment was configured to mea-
sure every 1m and therefore, approximately 257 measurement
points were taken in each collector pipe. Temperatures were also
measured at several depths with thermocouples, but these mea-
surements have not been used in this study. The fiber optic cable
was not fixed in the collector, therefore, the cable might be in con-
tact with the wall of the collector at some parts. In order to measure
and adjust the fluid mass flow rate, the borehole loop was also
instrumented with an inductive flow meter of the type Brunata
HGS9-R6 and a STA-D regulation valve, both located in the return
line. In addition, closing and/or opening neighboring boreholes and
a frequency controlled circulation pump were used for flow regu-
lation purposes. The measurements were taken every 2 min for a
period of 2 h during the 3rd operation day of the system. Measure-
ments were taken at three different flow rates of approximately
0.341/s,0.41/s and 0.51/s. In the current study, measurements from
the lowest flow rate (~0.341/s) have been used. The heat pump
extracts approximately 6 kW during operation, and there is no
fluid circulation in the collector when the heat pump is switched
off.
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Fig. 4. Measured Inlet and outlet temperatures from the BHE during heat pump operation, i = 0.34 1/s.
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Fig. 5. Measured vertical temperature profiles at different times, rh = 0.34 1/s.

The inlet and outlet temperature from the BHE (measured in the
upper part of the borehole) can be seen in Fig. 4, the inlet temper-
ature drops rapidly when the heat pump starts (at 94.5min) and
recovers when the heat pump is switched off.

Measured vertical fluid temperature profiles at different times
during the startup of the heat pump can be seen in Fig. 5.

3. Simulations

The simulations are performed in Matlab version R2012b on a
standard PC having a 2.53 GHz dual core processor. The numerical
model is based on finite difference and it uses a two-dimensional
axisymmetric grid for the ground surrounding the borehole and
TRCM-simplifications for the borehole and it constituents. The
borehole is axially discretized using 0.5 m segments and the finest
resolution of the radial grid is around 2.7 mm.

The DTRT is simulated using both an explicit model with a con-
stant time step of 1s and with an implicit model where the time
step is varied between 2.5 s and 100 s. The aim of the explicit model
is to give a detailed insight into the BHE operation during the first
10 h of Phase three. The implicit model is used to simulate the entire
duration of the DTRT. With implicit time stepping, the entire simu-
lation time is short, in the order of a few minutes, but the method is
less accurate than the explicit method. The results show, however,
that the implicit method is qualitatively accurate. The measured
data had a time resolution of 5 min and were used to determine the
heat load applied during Phase three of the DTRT, which has then
been used in the simulation.

The heat pump operation is simulated using an explicit model
having a constant time step of 1s. The experimental data had a
time-resolution of 2 min. The inlet and outlet temperatures are used
to determine the amount of heat extracted when the heat pump is
in operation. The total simulation time for the heat pump operation
is approximately 6 min.

The simulation parameters are summarized in Table 2.

During the simulations the physical properties of the heat car-
rier and of the water in the borehole, such as thermal conductivity,
specific heat capacity, viscosity etc. are evaluated based on the local

temperature using data of Melinder (2007) and NIST (2012), while
the density is assumed constant. The thermal conductivity for the
rock is set according to Table 1. The influence of natural convection
is included via the Nusselt correlation (Eq. (3)).

4. Results and discussion
4.1. DTRT

The temperature measurements from Acufia (2010)areused asa
reference to evaluate the model. The temperatures were measured
along 10 m sections. The first measurements, which are at 10 m
depth, are used together with the mass flow rate and the specific
heat capacity of the heat carrier to determine the supplied heat
load to the BHE. The undisturbed temperature profile is used as the
starting value for the simulation.

The simulated temperatures in the collector at different depths
throughout the DTRT are presented in Fig. 6.

The wiggles in the simulated profiles are caused by variations in
the applied thermal load, these are also seen in Fig. 7 which shows
the calculated axial arithmetic average of the R, and Ry during Phase
three.

It is seen that the local resistance decreases rapidly in the begin-
ning (95-98 h), this is due to the definition in Eq. (2), where the
local specific heat load to the borehole wall is used. Initially this
heat load is low as the applied heat load to the BHE also is absorbed
by the water in the borehole. As the heat uptake in the borehole
water decreases, the local resistance still decreases slowly; this is
then due to the increase in the temperature of the borehole water
which increases the effect of natural convection. This decrease is,
however, not seen in the effective resistance which keeps at arather
constant value for the entire Phase three.

Simulated and experimental mean fluid temperatures (T, ) for
Phase three are shown together in Fig. 8 and show excellent agree-
ment.

In Figs. 9 and 10 the vertical temperature profiles are shown
at 40 min, respective 5h into Phase three (the position for these
figures are marked in Fig. 8).

Table 2
Simulation parameters.
Data set Duration Mass flow Heat load Measurement resolution Time discretization Time-step
DTRT (160h) ~0.521/s Heat injection 5min Explicit 1s
Implicit 2.5-100s
Heat pump operation (284 min) ~0.341/s Heat extraction 2min Explicit 1s
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Fig. 7. Calculated local and effective borehole resistance (RZ) during simulation of

heat injection TRT. The local value represents an axial arithmetic average.

the measurements after 5h than after 40 min, which indicates

The simulated temperature profiles in the collector (T, — Tout)
are in good agreement with the measured values. The simulated

water temperatures are in general lower than the measured val-

a discrepancy in the starting conditions for the numerical sim-

ulation. With a measurement resolution of 5min, this is to be

expected.

ues. It is seen however, that the results correspond better to

fm
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-=--=---- Simulated T,
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Fig. 8. Average fluid temperature (Ty) as calculated based on the simulated results and the experimental results.



140

° ' ' ' ' [ [ ' ' f‘ ' '
@ A R S B I
N 7 A
I I I A I I [T A I I
' ' ' o ! ' ' ) ' ' !

S A i B H i A A +i”w””T’”’F””,ﬁ'”’w’””f’”T””
' ' ' b ' ' ' e ' ' '

' ' ' N ' ' ' ;\ ' ' '
| | Y AR I S | LA | | |
i i i [ i [ i i i
| | | F 3o | [ AR | | |
B L e e ) et e it Rt 0 e e e e
E I I g I ; I I I I
£ A R A
= I I [ w0 A I A I I I I
= i i | B i et i i i i
8 I ' | A A s s L L
[ S e ‘:::“ -r-| + T, -T, Measured |
1 1 1 1 L [ 1 mn out
I I | T % L
! J
: : o 1 : ;;, : + T_. Measured
i i o / i T, -T_ Simulated
200 - - - A= - - -k - —oiq- 1 S in out .
S ‘ Simulated
A S O water
A U R O | ——T, Simulated
' ' ' [ [ A ' W
-250 t t e t f f f f
8 9 10 1 12 13 14 15 16 17 18 19 20

Temperature (°C)

Fig. 10. Temperature profiles 5 h into Phase three of the DTRT.

The local time averaged temperatures in the collector along the
borehole for Phase three of the DTRT are shown in Fig. 11; in addi-
tion, the initial temperature profile and the temperatures in the
collector 3.2 h into Phase four are shown.

The initial profile in Fig. 11 represents the undisturbed verti-
cal temperature profile in the borehole and it is used as the initial
value in the simulation. The simulated profile is based on the time-
averaged temperatures of the downward and upward fluid streams
in the collector during Phase three. It is to be compared to the
experimental profile that represents the measured temperatures
for Phase three (also time averaged). As can be observed from
Figs. 8-11 the model predictions agree well with the measure-
ments, except for the initial startup, where the starting conditions
are unknown.

In Fig. 12 calculations of the time-history of the mean collector
fluid temperature using the analytical infinite cylindrical source
solution of Carslaw and Jaeger (1959), the analytical finite line
source solution (Lamarche and Beauchamp, 2007), the numerical
calculations of the present work and the experimental data are
shown. The analytical solutions are evaluated with a time step
of 10 min. As can be seen, the numerical model approaches the
measured data sooner than the analytical solutions. The analyti-

cal solutions uses the effective borehole resistance (R;), while in
case of the cylindrical source solution the thermal capacity of the
borehole fluid is neglected, and in the finite line source solution it is

H. Holmberg et al. / Geothermics 59 (2016) 134-144

equal to the rock thermal capacity, this affects the transient behav-
ior of the model. For further information on the implementation
of the infinite cylindrical source solution and the finite line source
solution for BHE simulation the reader is referred to Bernier et al.
(2004) and Lamarche and Beauchamp (2007).

The results in Fig. 12 indicates that the test period for TRTs in
non-grouted BHEs can be reduced using the developed model as
compared to using conventional analytical solutions.

The local and effective borehole resistances are found to be
slightly higher than the values determined by Acufia (2010)
(Rp=0.062 K-m/W) and from a standard TRT (R = 0.079K - m/W).
In the end of the simulation of Phase three, the axial average of
the local resistance was determined to be Rj,=0.064 K-m/W and
the effective resistance as R; = 0.083 K- m/W. It was found that
the best fit to the experimental data was for a ground thermal
conductivity of 3.05W/mK which is in good agreement with the
in situ measurements. The average Nusselt number related to nat-
ural convection in the borehole was calculated to be 6.4 based on
the simulation.

It is useful to distinguish between the effective borehole resis-
tance R; as determined by standard TRT and the local R, which can
be determined either through the result from distributed temper-
ature measurements or, as in this study, by using the numerical
results on a local scale. The latter gives, in general, a lower ther-
mal resistance than R;. In the case of the TRT performed by Acufia
(2010) the difference is approximately 30%. However, since existing
dimensioning tools are defined based on the effective value as eval-
uated from standard TRTs, using an averaged local value would lead
to an under-dimensioning of the GSHP installation. The difference
between the effective and local resistance increase with borehole
depthand decrease with increased flow rate (Lamarche et al.,2010).

In the simulated case, an increase of the flow rate from 0.5 kg/s to
1kg/s reduces the difference between the local and effective resis-
tance to about 10%. This is connected to the vertical temperature
profile of the heat carrier, which becomes straighter for a higher
mass flow rate, thus bringing the two definitions (Egs. (1) and (2))
of the resistances closer together.

Fig. 13 shows the temperature profiles from a thermal extrac-
tion TRT which is numerically simulated by simply extracting heat
instead of injecting during Phase three, using the same parame-
ters as in the described DTRT. It can be observed that the shape
of the temperature curves has a wiggle at 117 h. This is the point
where the average temperature in the borehole water corresponds

with the density maximum at 4°C. The simulations are based on
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Fig. 11. Local temperatures in the collector during Phase one, Phase three (time averaged) and Phase four.
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Fig. 13. Simulated temperatures in the collector at different depths during an extraction TRT.

the same conditions as the injection DTRT discussed above; how-
ever, in this case the effective borehole resistance varies between
Ry =0.09K-m/W and R; = 0.131K- m/W as shown in Fig. 14.

It can be noted that when the local resistance increases the dif-
ference between the local and the effective values decreases, this
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Fig. 14. Calculated local and effective borehole resistance (R;) during simulation
of heat extraction TRT. The maximum value is found when the average water tem-
perature in the borehole passes 4 °C. The local value represents an axial arithmetic
average.

is because the heat transfer between the collector pipes (thermal
shunting) is less pronounced for a higher local resistance.

4.2. Heat pump operation

The undisturbed vertical temperature profile measured prior to
the DTRT is used as the starting point for the simulation. Since the
measurements of the DTRT and heat pump operation were taken at
different seasons, the top 20 m of the borehole is neglected in the
simulation to avoid possible errors induced by the seasonal temper-
ature difference in the ground. The measurements were performed
on the 3rd day of heat pump operation. To account for the induced
thermal transients prior to the measurements, the simulation is
started with a constant heat extraction period during which the
temperature of the borehole is decreased to the level of the mea-
surements, i.e. the simulated recovery profile is a good fit to the
measurement. Since the measurements were done on a 2 min basis
the matching of startup and stop of the fluid flow did involve some
initial assumptions. Further, the collector was equipped with a fiber
optic cable that occupies some of the flow area in the collector. This
is taken into account when calculating the internal cross sectional
area of the collector pipe. Simulated mean fluid temperatures (Tfy,)
are shown in Fig. 15.

The heat pump is in operation between 94.5 and 172 min, and
this period has been chosen for further study. In the start of the
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Fig. 16. Evolving temperature profiles at different times, simulated with rh = 0.341/s.

operation period, there is a peak caused by resident fluid in the
connection between the borehole and the heat pump. As the fluid
circulation starts, this fluid travels down in the collector. This is
seen in Fig. 16 where the evolving vertical temperature profile in
the BHE is shown.

The solid lines in Fig. 16 correspond to the simulated temper-
ature profile while the measurements are shown by markers. The
simulation begins a 20 borehole depth. The flow starts at 94.5 min;
therefore, the first profile in the figure is the recovered profile from
previous operation.

The simulated values are a close match to the measured profiles,
which shows that the present model can be used as an accurate tool
to simulate the performance of a BHE even on a time scale on the
order of minutes.

Earlier works have reported transient accuracy after 15-20 min
of operation for TRCM-models (Bauer et al., 2011) which then is
related to grouted boreholes where the heat is transferred by ther-
mal conduction. In the present case, the heat is transferred by
natural convection which increases the heat transfer rate, and thus
the transient error is less. This enables the study of the transient
performance of water filled BHEs during startup and short opera-
tion intervals.

In Fig. 17 the model is used to study the transfer of heat (Q) in
the BHE during the heat pump operation. The figure shows the heat
recovery period (20-94 min) in which the mass flow in the collector
is zero, and the heat extraction period (94-170 min).

In the heat recovery period the heat transferred at the bore-
hole wall (Qp,,) decreases steadily through the period, the heat is
used to heat up the water in the borehole and the fluid in the col-
lector. The heat stored in the borehole water (Q, ) increases first
rapidly, increasing the water temperature. As the borehole water
temperature increases, some heat is transferred to the heat carrier
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Fig. 17. Simulated energy flow, Qy is the total amount of energy transferred from
the BHE. Q,, is the change in energy of the water. Qy,, is the energy transferred from
the surrounding rock.



H. Holmberg et al. / Geothermics 59 (2016) 134-144 143

8000

6000
4000
3 . v
o %1
2000 I T d
0 ‘ .
! W ! : :
-2000 t t t t t + + + +
50 100 150 200 250 300 350 400 450 500

Time (min)

Fig. 18. Simulated energy flow, Qy, is the total amount of energy transferred from
the BHE. Q,, is the change in energy of the water. Q,, is the energy transferred from
the surrounding rock.

in the collector, increasing its temperature as well. The net heat
transferred to the collector is shown as Qp,, — Qw in Fig. 17.

During the heat extraction period, the heat is initially taken from
the stored energy within the collector, thereafter the heat is taken
from both the stored energy in the water and from the rock sur-
rounding the borehole. Q,, becomes negative in this period which
means that the water is being cooled down. The sum of Q,, and
Qpyw is here the total amount of heat extracted from the water and
the surrounding rock, after the initial part of the period this corre-
sponds to the total amount of heat being extracted from the BHE.
Asymptotically Q,, will then approach zero as the heat extraction
process becomes semi-steady state, all energy is then taken from
the rock. In the end of the heat extraction process, roughly 80% of
the heat is taken from the surrounding rock while the rest comes
from the water in the borehole. The average Nusselt number related
to natural convection was determined to be 3.68 during the heat
extraction period.

The change in internal energy of the water in the borehole rep-
resents 20% of the total energy transferred to the heat carrier in the
heat extraction period. It should, however, be said that the combi-
nation of a large diameter borehole, 14 cm and a low collector flow
rate of ~0.34 I/s does enhance the influence of both the fluid in the
collector and the water in the borehole.

To further explore the heat transfer in the BHE, the heat pump
operation was simulated again, now with a heat extraction period
of more than 6 h. The results are visualized in Fig. 18. The heat load
Qpy goes asymptotically to the value of Qg

It is seen in Fig. 18 that the net heat to the borehole water
approaches zero while the amount of heat extracted from the rock
increases and approaches the total amount of heat extracted from
the BHE, thus, a steady state operation is reached in the end of the
figure.

As seen in Figs. 17 and 18 there are transient effects during the
initial part of the heat pump cycles. The main reason for this tran-
sient behavior is the heat capacitance of the borehole system; the
effect is due to the water in the borehole (about 3.3 m3) and the
heat carrier in the collector (about 0.5 m3).

During these transients Ry will vary, this is because the extracted
energy is not directly related to the temperature difference
between the heat carrier and the wall of the borehole. The over-
all influence of these transients depends on the duration of the
heat pump cycle and the physical dimensions and properties of
the borehole heat exchanger, also, the transient time is somewhat
reduced by the presence of natural convection. The resulting R} can
be calculated from Eq. (1), as shown in Fig. 19.
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Fig. 19. Calculated effective borehole resistance (R;) during simulation of heat
pump operation.

It is seen that R; increases during the initial startup period of
the heat pump and approaches a semi-constant value, after 2 h the
resistance deviates less than 5% of the value at the end of the simu-
lation. This behavior means also that the resistance as determined
from an extraction TRT would over predict the value for shorter
operation intervals, such as for the heat pump operation shown in
Fig. 17.

The main effect of the natural convection is that it reduces the
borehole thermal resistance significantly.

The Nu-correlation has been used on a local scale in the pre-
sented results. It can as well be used on a global scale to determine
an effective thermal conductivity of the water, thus accounting for
natural convection. This can then be used practically together with
the multipole method to determine R; for non-grouted BHEs in
quasi-steady state.

It is shown that for heat pump applications with relatively short
cycle times one cannot predict the system performance accurately
by assuming constant borehole resistance values. Variations in Rj
of 30% are shown for the BHE system studied in this paper.

5. Summary and conclusions

A numerical model for non-grouted (water filled) borehole heat
exchangers (BHEs) based on the thermal resistance and thermal
capacity model (TRCM) approach has been evaluated in compari-
son with detailed measurements both from a distributed thermal
response test (DTRT) and from heat pump operation. The evalua-
tions were performed using different collector mass flow rates, time
scales and for both heat extraction and heat injection scenarios.
The numerical model includes a Nusselt correlation representing
the effect of natural convection in the borehole. To the knowledge
of the authors, this is the first work in which this type of model
has been demonstrated and compared with data from distributed
temperature measurements.

The Nusselt correlation can as well be used separately on a global
scale using average values rather than local. It can, therefore, be
used to account for natural convection also in other numerical or
analytical models.

Local and time-averaged collector fluid temperatures in sections
of the collector pipes have been used as a reference. The model
replicates the results from the measurements both from the DTRT
and the heat pump operation borehole. This shows that the numer-
ical model is able to accurately capture the transient behavior of
a non-grouted BHE even on time scales on the order of minutes.
There is a significant difference in the thermal resistance in the
borehole between thermal extraction and thermal injection. This
is then directly related to natural convection, being the dominant
heat transfer mechanism in the borehole.

The results presented have also shed light on the transient
heat transfer processes that take place in a BHE during heat pump
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operation and to the validity of the borehole resistance and the sig-
nificance of water in the borehole during startup and short heat
pump cycles.
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[-4.6 ADDITIONAL RESULTS AND DISCUSSION

Results from simulation with the numerical model are presented in Paper 2 where the model is
compared with detailed experimental measurements from Acuna (2013). The measurements
were taken during a distributed thermal response test (DTRT) and during heat pump operation.

In this subsection, complementary results are presented from simulation of the DTRT and the
heat pump operation. The aim is to further explore the measurement data by use of the
developed numerical model. The parameters for the BHE are summarized in Table I-1 and are
applied both to the DTRT and the heat pump operation.

Table I-1 BHE parameters

Borehole diameter 140 mm (5.5”)

Active depth 2515 m

Collector: U-pipe (PE 40x2.4mm)

Thermal conductivity, collector (k) 0.42 W/ mK

Heat carrier: 20 volume % ethyl alcohol

Rock thermal conductivity (kg) 3.08 W/ m K (average from Acufia (2010))
Rock specific heat capacity (C) 830J/ Kkg

Mass flow rate 0.5kg/s

1-4.6.1 DISTRIBUTED THERMAL RESPONSE TEST

The applied heat load during the DTRT (about 9 kW) is shown in Figure I-2. During the first 24
hours, the fluid in the collector is circulated without applying a heat load. A higher resolution
of the measurement data was used during the first part of the simulation to study the transient
behavior in more detail.
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Figure I-2. Heat load applied during DTRT ( the measured data is from the same test).

The simulated evolution of the vertical temperature distribution in the collector fluid during
startup of the heating period of the response test is shown in Figure I-3. It is observed that the
simulated temperature profiles are in close agreement with the measured temperatures.
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Figure 1-3. Temperature profiles during DTRT, measured values from the experimental setup are denoted
with markers, calculated values from simulation are shown as solid lines.
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In Figure I-4 the water temperature profiles are shown. As seen the simulated water temperature
is slightly lower than the measured temperature. This is due to frictional heat generation in the
collector and heat losses in the circulation pump during the circulation phase (24 h) prior to the
applied heat load. When the heat load is applied, the water temperature increases further in the
borehole; it is seen that after some time, the simulated water temperature is in better agreement
with the measured values.
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Figure I-4. Water temperature in the borehole during DTRT, profiles correspond to the times shown in
Figure 1-3. Measured values from the experimental setup are denoted with markers, calculated values
from simulation are shown as solid lines.

The heat load through the borehole wall is shown in Figure I-5. The heat load is determined
using Fourier’s equation for heat conduction on the first numerical element in the model. It is
seen that it takes some time for the heat load profile to develop. The first profile is taken before
heat is being injected; at this point, the mass flow is already circulating in the collector and
energy is being transported from the warmer parts (top and bottom) to the colder sections
(middle) of the borehole. As the heat injection starts the profiles becomes negative, indicating
that energy is being transported to the borehole. A rather constant profile is not established until
about 6-7 hours after the beginning of the heat injection.
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Figure I-5. Distribution of specific heat load in the borehole during the simulated DTRT. Profiles
correspond to the times shown in Figure I-3. Only calculated values from simulation are shown.

The shape of the temperature curves in Figure 1-4 as well as the distribution of the heat load in
Figure I-5 reflects the undisturbed temperature profile in the borehole. It is seen that most of the
heat load is taking place in the upper part of the borehole.

1-4.6.2 HEAT PUMP OPERATION

The generated thermal load during the heat pump operation is seen in Figure I-6. The mass flow
is stopped in the intervals between the heat loads (shown as zero heat load). The following
results focus on the time period 94- 172 minutes during which the heat pump is in operation,
and on the time period 172- 210 minutes during which the heat pump is switched off and the
borehole is recovering.
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Figure I-6. Heat load generated during heat pump operation

The transient evolution of the vertical temperature profile in the collector fluid is shown in
Figure I-7. This figure replicates the results show in Paper 2, the implementation used for the
Nu-correlation which is described in Section 1-4.3.2 is, however, somewhat different than the
implementation used in Papers 1 and 2.
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Figure I-7. Temperature profiles, experimental and simulated values, measured values from the
experimental setup are denoted with markers, calculated values from simulation are shown as solid lines.
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Note the wiggle on the second profile (98 min), this is caused by resident fluid in the top side
piping which has a higher temperature than the fluid in the borehole.

The distribution of the specific heat load is determined for the profiles shown in Figure I-7, and
the results are presented in Figure I-8 a. It should be noted that the generated average heat load
of about 30 W/ m is rather constant in the heat extraction period. The water temperature
distributions in the borehole are shown in Figure 1-8 b.
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Figure 1-8. a) Calculated distribution of the specific heat load in the borehole, b) Calculated water
temperature distributions in the borehole, the first four profiles correspond to the times shown in Figure
I-7.

Initially, most of the energy is extracted from the water, as the water temperature decreases the
heat load throught the borehole wall increases. The vertical average of the water temperature
distributions in the borehole are shown in Figure I-9 together with the vertical average
distributions of the specific heat load throught the borehole wall.
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Figure I-9. Variation with time of the vertical average of the water temperature and the specific heat load
in the borehole.

As the temperature of the borehole water decreases, the Rayleigh number also decreases. This
would cause a reduction in the Nusselt number for natural convection; however, the increase in
transfer has the counter effect and therefore, the Nusselt number increases during the entire heat
extraction period. This is shown in Figure I-10.

Nusselt number

42 fs
4.1- /

397

L

T T

T T 7

Nu

T T T

3.8

T T

: \/,

94 104 114 124 134 144 154 164 174
Time (min)

T T 7

3.6

Figure I-10. Variation with time of the vertical average of the Nusselt number for natural convection.
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The local and effective borehole resistances are calculated based on the simulation. The time
variation of the vertical average is presented in Figure I-11 together with the effective value.
The local resistance is determined based on the local heat load, the local borehole wall
temperature and the local collector fluid temperatures as shown in Equation I-3:

T =T
Rb - flocall bw local (mK/W)

9 1ocal

The effective resistance is determined based on the outlet and inlet temperatures from the
collector, the applied heat load, and the vertical average of the borehole wall temperature as
shown in Equation I-4:

R = mTowm ;,wam (mK/W)

m

Borehole thermal resistance
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Figure 1-11. Variation with time of the vertical average of the local resistance and the effective
resistiance.

The effective borehole resistance is in general higher than the local resistance as it reflects the
sum of the local resistance and the interaction (heat transfer) between the collector pipes in the
borehole. Figure I-11 has to be interpretated with Figure I-8 and Figure I-9 in mind; while
energy is being extracted from the borehole, the temperature of the water in the borehole, and
the heat carrier decreases. Therefore, there is initially not a direct connection between the
energy extracted and the heat transfer in the borehole wall. This further elaborated on in Paper
2.

Once the heat pump is swiched off, the temperature in the borehole recovers, this can be
visualized in terms of the heat transfer to the borehole, i.e. the specific heat load. In Figure I-12,
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the distribution of the specific heat load in the borehole is shown for the recovery period (172 —
210 minutes). The heat extraction with the heat pump stops at 172 minutes and the first profile
is taken just as the mass flow stops.
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Figure I-12. Calculated distribution of the specific heat load in the borehole during thermal recovery. The
mass flow in the U-tube collector is zero.

It is seen in the figure that the heat load is positive during the entire recovery period, that is, heat
is being transferred from the surrounding rock to the fluid in the borehole.

I-4.7 CONCLUSIONS

The thermal performance of non-grouted BHEs has been studied using the developed transient
numerical TRCM- model. The model uses a correlation to account for natural convection in a
water filled BHE. The model is found to quite accurately predict the detailed experimental
measurements even on a short time scale (order of minutes).

Transient effects during heat pump cycles and response test are analyzed. The importance of
natural convection is studied, and it is seen that it dramatically reduces the internal resistance of
the BHE.

The thermal capacitance of the water in the borehole is important primarily for the transient
behavior of the BHE during shorter operation cycles as studied in Paper 1. As shown in Paper 2,
the presense of natural convection enhances the heat transfer, and thus reduces the transient time
period.
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For longer operation periods (when a stable heat transfer is established between the collector
and the borehole wall), it is primarily the rate of heat extraction or injection and the water
temperature in the borehole that influences the internal resistance in the borehole.

Large differences related to natural convection are seen between heat injection (as in thermal
response test) and heat extraction (heat pump operation).

The results presented in Paper 1 indicates that the specific heat load can be increased with
increased borehole depth, it is also seen that the specific heat load becomes unevenly distributed
with most of the energy being extracted from the deeper parts of the borehole where also the
internal resistance in the borehole becomes lowest due to the effect of natural convection.

I-5 Solar assisted borehole thermal energy storage

[-5.1 INTRODUCTION

An analytical model for simulation of a solar assisted borehole thermal energy storage with
separated and parallel borehole circuits is presented. The model is used to simulate and evaluate
the performance of an installation at a public school in southern Norway. 24 boreholes 200 m
deep are used together with a solar collector which is integrated in the school yard. The
boreholes provide thermal energy to a heat pump in the cold season and are thermally recharged
by heat from the solar collector in the warm season. The details of this study is presented in
Paper 3 which is placed in the last part of this subsection.

I-5.2 OBJECTIVES

The main objectives for this study are:

- to study the performance of a solar assisted borehole thermal energy storage,

- to establish an analytical model that is able to simulate the thermal performance of a
borehole thermal energy storage with separated and parallel borehole circuits, and

- to perform simulations to evaluate the performance of the studied system over time,
including variations in operation strategies and magnitude of thermal recharge.

I-5.3 BACKGROUND

In this subsection, a system where a matrix of borehole heat exchangers is used together with a
heat pump and a solar collector is studied. The focus of the study is on the local heat transfer
processes in the borehole heat exchangers and on the interaction between the individual
borehole heat exchangers.

An illustration of the system is shown in Figure 1-13.
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Figure I-13 System layout (Asplan viak (2014))

The system has been in operation since 2012, and the operational data (mass flow rates,
temperatures, etc.) is continuously logged for every hour in a computer system.

The boreholes are closely spaced and are, thereby, able to provide a high thermal load relative to
the size of the construction site. Since they are closely spaced, the performance of the
individual BHEs is affected by thermal interaction with neighboring BHEs. The boreholes are
connected in two parallel circuits and the layout of the boreholes is shown in Figure I-14. Both
circuits are used for heat extraction in the cold season, while only the center circuit receives heat
from the solar collector in the warm season.

During the first year of operation the boreholes supplied about 160 MWh of thermal energy to
the heat pump and the boreholes in the center received a thermal load of about 124 MWh in the
warm season.

o O O O

Figure I-14 Layout of the borehole installation. The boreholes are placed in equilateral triangles with 7
meter sides. The dashed boreholes represents the inner circuit.
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The balance between the amount of thermal energy that is being extracted and recharged
directly affects the temperature level in the boreholes. Often thermal recharge can be provided
through the use of free cooling; that is, using the relatively cold heat carrier for cooling purposes
without the use of the heat pump. This is an effective and economical method to thermally
recharge the boreholes. Alternatively, other heat sources can be used. By injecting more heat
than is being extracted, it is possible to increase the temperature level, and thereby improve the
performance of the heat pump system. The temperature level can be further increased by placing
the boreholes closely together with a short separation distance. The borehole system can then be
categorized as a borehole thermal energy storage (BTES)

In the present study, the system delivers heat to a school building which is closed during the
warm season and has, therefore, little or no need for cooling, which could have been used to
thermally recharge the boreholes. To avoid a temperature decline in the system, the boreholes
are instead thermally recharged with heat from the solar collector. The system layout including
the solar collector is shown in Figure I-15. The figure shows the two borehole circuits in
connection with the ground solar collector and the heat pump. Also the positions for
temperature measurements are indicated.
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Figure I-15 System layout, the outlet temperatures from the BHEs are measured separately for each BHE,
and the inlet temperature is measured before the heat carrier is distributed.

The solar collector covers about 1400 m*and consists of parallel coupled pipes that are covered
by asphalt. Figure I-16 shows the installation during the construction phase.
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Figure I-16 Construction of solar collector (Asplan viak (2014))

The solar collector also provides heat to the heat pump in the intermediate season, while there
still is a heating demand and the temperature from the solar collector is higher than the
temperature from the BHEs.

In Figure I-17, the connections for the 10 BHEs in the inner circuit are shown. The return
temperature is measured individually for each BHE.

Figure I-17. Connections for inner circuit boreholes, temperature is being measured and logged on the
return from the boreholes.

The logged data from the first year of operation is used as the input for this study. During the
second year of operation the thermal recharge failed as the solar collector was disconnected
from the system; therefore, the system was operated for 4 months without adding or extracting

89



thermal energy. Inlet and outlet temperatures from the BTES are shown in Figure 1-18. The
figure shows temperatures from January 2012 to September 2013.
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Figure I-18 BTES inlet and outlet temperatures for 2012 and 2013.

In the circulation part, the temperature of the heat carrier increases. This is mostly related to the
thermal recovery of the boreholes, but also frictional losses due to fluid circulation increase the
temperature. In the intermediate season, between the extraction period and the recharge period,
the solar collector provides energy to the heat pump while the boreholes are disconnected.
Between December 2012 and January 2013, there is a one month gap in the data where the data-
logging system has failed. Several shorter gaps can as well be found in the data. This is
unfortunate as it reduces the possibilities to use the data directly as a reference for modeling
results.

In this study, it was decided to focus on the operational data for the first year while the data
from the circulation part during the second year were not analysed.

1-5.4METHODOLOGY

The specific system studied is constructed and operated in such a way that it cannot be
accurately described by methods that are conventionally used to design and calculate the
performance of BHEs, i.e. the BTES consists of two independent circuits that can be operated
separately.

The boreholes are 200 m deep, and they are non-grouted in the lower part (46- 200 m) and
therefore, water-filled. In water filled boreholes the heat transfer between the borehole wall and
the collector occurs by thermal conduction and by natural convection; this was studied in detail
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in Section I-4 and in Papers 1 and 2, where a Nusselt correlation for the convective heat
transport was derived and implemented in a numerical model of a BHE. The correlation has
been applied as well in the present system to determine an effective thermal conductivity for the
water in the non-grouted part of the boreholes.

Regardless of the simple geometric features of a BHE, a numerical model of a BHE requires a
large grid due the high aspect ratio. Transient simulation with several interacting boreholes
does, therefore, require a considerable computational load. Alternatively, analytical or
numerical solutions can be used to describe the performance of a BHE on a local scale and
spatial superposition can then be used to account for the thermal interaction between several
BHEs.

The finite line source solution, as presented in Section 2.1.1.2 is considered to be the most
appropriate analytical solution for a BHE, and it is applied in this study. The assumption of a
line source limits the accuracy of the solution for short time steps; therefore, the short time
response from the analytical solution used in the present study is modified in accordance with a
numerical model representing a more accurate description of a BHE. Temporal and spatial
superposition is applied to handle the transient and changing heat load and the interaction
between the boreholes.

A common assumption when simulating interacting BHEs is to assume that the heat load is
equal for each BHE (Fossa et al. 2011). With this assumption, the thermal response from any
evenly distributed heat load can be given instantaneously using pre-calculated response factors
from analytical solutions such as applied e.g. in Javed (2012).

In the system studied, the heat load is clearly different between the inner and outer circuit since
they are operated separately. As the BHEs are operated in parallel, it is logical to assume that
the inlet temperature is equal to all the BHEs in operation. With this assumption (which has
been applied in this study) the distribution of the thermal load between the BHEs can be
determined based on an iterative scheme for each time step.

[-5.5 DISCUSSION

The developed model assumes that the inlet fluid temperature is equal for all the BHEs, i.e. the
BHEs are connected in parallel. The heat load is then allowed to vary in-between the BHEs. As
an alternative, it can be assumed that the heat load is uniformly distributed, which is the
commonly used assumption. For most cases, these two assumptions will give the same answers.
The presented model is, however, flexible in the sense that it is possible to simulate the thermal
interaction between BHESs with distinctly different thermal loads. This is difficult to do with the
assumption of a uniform thermal load.

Other scenarios that can be simulated with this approach are e.g. systems where there is an
interaction between previously installed BHEs and new installations. This can be feasible when
extending an existing BHE installation or when there is interaction between neighbouring BHE
systems with distinctly different operation conditions.
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Abstract

In this paper, a solar assisted borehole thermal energy storage (BTES) is presented. The operational
data from the first 2 years of operation is analyzed and discussed. The BTES is constructed with two
individual circuits consisting of each 10 respective 14 boreholes that are placed in a star configuration.
The solar panel consists of a school yard area in which a heat carrier is being circulated through tubes
approximately 10 cm below the surface. The heat is injected in the center of the BTES through the
inner circuit during the summer, and extracted from both circuits in the winter. The thermal
performance of the BTES is simulated with an analytical model which is presented in this paper. The
results of the simulations are compared to measured data from the installation and are found to agree
well. The model is used to analyze and determine the long term performance of the BTES. It is found
that the thermal recharge strategy deployed at the studied installation increases the borehole fluid
temperature mostly during the thermal recharge period. The potential for thermal recharge can,
thereby, be increased by altering the strategy to recharge both circuits.
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Nomenclature

Symbol

C Specific heat capacity [J/kg K]
Dn Hydraulic diameter [m]

f Analytical function

g Gravitational acceleration [m/ s?]
H Borehole depth [m]

k Thermal conductivity [W / m-K]
L Characteristic length scale [m]
m Mass flow rate [kg /s]

q Specific heat load [W /m]

qQ” Heat flux [W /m?]

Q Thermal load [W]

r Radius [m]

R} Effective borehole thermal resistance [K-m/ W ]
T Temperature [K]

t Time [s]

Greek symbols

a Thermal diffusivity, k/pC [m? /s]
AT Temperature difference [K]

P Density [kg /m’]

v Kinematic viscosity [m?/s]

5} Coefficient of thermal expansion [1/K]
Index

g Ground

w Water

f Heat carrier

b Borehole

i Inner

Dimensionless numbers

Fo Fourier number, f—: [-]

K Radius ratiorp / i [-]

Ra* 4 1

Modified Rayleigh number 9BL"q / avk (-]



1. Introduction

Ground source heat pump systems have received a lot of attention during recent years and they
constitute a way of reducing the high value energy usage for heating and cooling of buildings. The
installations range from small scale systems for domestic heating to larger installations the size of
smaller district heating networks. The heat pump in these systems might use the ground, the
groundwater or the bedrock as a source and sink for heat. Also larger water-domains and rivers can be
used with advantage.

In this paper, the novel borehole thermal energy storage (BTES) at Ljan elementary school in Norway
is described and simulated. The BTES is a result of an idea competition for heating systems arranged
by Undervisningsbygg, the school owner in Oslo municipality. As a part of the phasing out of fuel oil
from the schools in Oslo, the main goal for Undervisningsbygg was to stimulate for innovative and
green heating systems for the future.

Since Norwegian school buildings have no cooling demands, and since the accessible area for the
schools in Oslo often are limited, the borehole pattern must be compact and therefore must be
recharged during the summer. At Ljan school, the recharge is achieved by thermal energy from a solar
collector imbedded in the schoolyard.

The performance of the BTES is simulated and analyzed using an analytical model which is presented
in the paper. The studied BTES is constructed with two separate BHE circuits (one outer and one
inner) which are operated independently of each other. In the summer, only the inner circuit is used for
thermal recharge, it is, therefore, crucial that the simulation model is able to handle decoupled
boreholes with individual heat loads and temperatures. In addition, the BHEs are non-grouted (water
filled) and are therefore affected by natural convection, which reduces the internal resistance of the
BHEs.

Several models exists (numerical, analytical and hybrid) that can be used to simulate borehole heat
exchangers (BHEs) and the interaction between individual BHEs with different level of accuracy.

In general, detailed numerical models of BHE fields become computationally heavy and are therefore,
unpractical, and as a consequence, numerical models are usually used, either to study a specific
phenomenon, or as a preprocessor to generate heat transfer response factors, so called g- functions that
can be used in more rapid calculation schemes.

The superposition borehole model (SBM) of Eskilson [1] uses an intricate superposition of numerical
solutions to account for the thermal influence between BHEs. The model is implemented in TRNSY'S
[2], and can be used to simulate the interaction between groups of boreholes with different thermal
loads [3]. Due to the long computational time required for the model it is used mostly indirectly,
through g-functions that have been precalculated and implemented in the more rapid and easier to
access software such as, EED [4] and GLHEPro [5].

These g-functions are precalculated for specific layouts of BHEs and, when used, it is not possible to
determine the distribution of the thermal load between the BHEs in the layout.

In the design of a BTES such as the one described in the present paper, with both a specific (and non-
standard) borehole layout and a specific thermal load distribution, the user is forced to make qualified
guesses regarding the performance of the system.



There are several publications on the topic of BHEs which strive to find accurate and fast methods to
generate dimensionless BHE thermal response functions (g- functions) for arbitrary configurations of
interacting boreholes. In general, models for interacting BHEs assume either a constant BHE wall
temperature (for all BHEs), or a constant thermal load (for all BHEs) An extensive discussion on the
common boundary conditions used in BHE models can be found in Cimmino and Bernier [6].

In addition to the SBM model, some well known models are the duct storage (DST) model [7] and the
EWS model [8], both implemented in TRNSYS. Although these models are suitable for simulation of
parallel coupled BHEs, neither of them can be used to simulate the interaction between decoupled
boreholes, as needed in the present study.

There are only few analytical models available that can be used to simulate the interaction between
decoupled boreholes. The authors are only aware of two publications, Lazzarotto [9] and Marcotte and
Pasquier [10], in which analytical models are presented that might have the flexibility needed for
simulation of the studied BTES. In these models, spectral methods (Laplace transformation and FFT
transformation) are used to provide a fast evaluation of the convoluting analytical solution for
temporal superposition. It is, however, noted that neither of these works provide verification with
experimental data and only in [10] is a comparison with an additional model provided.

In the present paper, operational data is presented from a novel BTES which uses two separated, but
thermally interacting BHE circuits. Due to the lack of appropriate models for this type of system, an
analytical model has been developed and is presented. The model is suitable for simulation of the
thermal interaction between several boreholes with individual thermal loads and borehole wall
temperatures. The analytical model is also supplemented with a Nusselt —correlation to account for the
effect of natural convection on the internal borehole resistance. The model is used to simulate the
thermal performance of the studied BTES, and its performance is verified through comparison with
experimental data. In addition, the effect of different ways to thermally recharge the BTES is studied.

2. Description of the BTES installation and the operation data

The three main parts of the heating system at Ljan school are the 24 boreholes, the solar collector in
the 1400 m?-large asphalt paved schoolyard, and the heat pump. The purpose of the solar collector is
to charge the boreholes during the summer season. The BTES consists of two separate circuits with 10
inner, respective 14 outer boreholes connected in parallel. The boreholes are placed in a pattern based
on equilateral triangles where the sides are 7 meters long (Figure 1.a). The 10 inner boreholes are
charged during summer, while all 24 boreholes are used for energy extraction during the heating
season. The system layout is shown in Figure 1.b.

The bedrock at Ljan is Precambrian gneiss. The pre-investigations consisted of the drilling of a test
borehole, temperature measurements prior to and after the thermal response test and a thermal
response test. Due to a steeping terrain, the groundwater level was low, about 46 meters below the
terrain surface. To utilize the length from the groundwater level to the surface, all boreholes were
filled with a thermally conducting material (grout) from the groundwater level and to the top of the
borehole. Beyond that, the boreholes have traditional Norwegian design with a single-U tube collector
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[11] surrounded by groundwater and crystalline bedrock. The main properties of the BTES are
summarized in Table 1.

5
g E
g 8
O (\_) O Ground solar collector
O O X
Rk %
okt
O @ O
7 m
O ® S O
7m
Outer circuit  Inner circuit
a) b)

Figure 1. BTES borehole pattern and b) system layout. Boreholes in the inner circuit are dashed. The system is constructed in such way
that the heat pump can take energy from either the boreholes or from the solar collector, the solar collector can also be used to recharge
the boreholes.

Table 1. System parameters

Number of boreholes 24, (10+14)
H [m] 200

Water level below surface [m] -46

o [mm] 59.5
U-Collector [mm] PEM 40 x 2.4
kg [W/(m-K)] 36

R, [(m-K)/W] 0.08
Borehole initial average temperature [°C] 7.95

Thermal grout, k [W/(m-K)] 2

The BTES at Ljan was put into operation in December 2011. Figure 2 and Figure 3 show examples of
operational data from the system. The data represent typical periods for heating load during the winter,
and charging load in the spring/summer.

The operation period shown in Figure 2 represents a quite cold climate period from the 15" of January
to the 31" of January 2013. The corresponding response between the specific heat load per meter
borehole and the hourly variation in the collector fluid temperature from and into the boreholes is
clearly observed. The daily minimum air temperature also corresponds to days where the heating load
is highest, up to 35 W/m. Note that the two periods, 19th -20th, and 26th- 27th are weekends, during
these periods, the school building require less heating which is clearly seen in the figure. The collector
fluid temperature from the boreholes (BTES T-in) is approximately 1.5 °C at its minimum.
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Figure 2. Example of typical operational data in heating mode for the BTES-plant at Ljan school in Oslo, Norway. The
operation period represents a quite cold climate period from the 15™ of January to the 31" of January 2013.

The operation period shown in Figure 3 represents a warm climate period from the 15" of May to the
31" of May 2013. The corresponding response between the specific heat charging per meter borehole
and the hourly variation in the collector fluid temperature from and into the boreholes is clearly seen.
The daily maximum air temperature also corresponds to days where the charging load is highest, up to
75 W/m as peak value. The collector fluid temperature from the boreholes (BTES T-out) is

approximately 17 °C at its maximum.
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Figure 3. Example of typical operational data in charging mode for the BTES-plant at Ljan school in Oslo, Norway. The
operation period represents a warm climate period from the 15" of May to the 31" of May 2013.

Note that the charging in this installation is limited to the 10 inner boreholes, while, if all the 24
boreholes were utilized, the potential for thermal recharge would be significantly larger.

3. BHE system model



The performance of the BTES is simulated using an analytical model, presented in the following. The
model simulates the characteristics of the system and its long term performance. The model consists of
an algebraic framework in which the response from an analytical solution is used to simulate the
behavior of a single or multiple BHEs that may interact. The thermal load is allowed to vary in-
between the boreholes, that is, a thermal load distribution is determined based on the individual
borehole temperatures as determined based on previous and present loads and the interaction with
surrounding boreholes, which is accounted for through spatial superposition. The complete model is
implemented in Matlab® [12].

3.1. BHE thermal response model

With reference to Figure 4, the mean fluid temperature (Tr) between the inlet and outlet temperatures
from the BHE can be calculated as:

1

z * !

Ty | T , Ty =T, —q'Ry + q'(Of (t,70) »
t ] where
Tp = Tin* Tout , and 2
2

-------- » — Ir=Twau 3
------ Rb q’

Figure 4. BHE configuration with single U-tube.

q’ is the heat extraction rate (W/m borehole) and R} is the effective borehole thermal resistance as
defined by Hellstrém [13], and the function f represents the temperature change due to the thermal
history of the borehole which can be evaluated by several means such as numerical methods or using
analytical solutions (e.g. Infinite Line Source (ILS) [14], Infinite Cylindrical Source (ICS) [15] or the
Finite Line Source (FLS) [16],[17]. The differences, and applicability between these analytical
solutions has been discussed in several publications [18],[19],[20].

The FLS-solution uses mirroring technique to account for the temperature at the ground’s surface, and
this is considered as the most appropriate analytical solution as discussed by Lamarche and
Beauchamp [20].

The FLS method has been applied in the present work. While the FLS-solution is an accurate
representation of the BHE on a longer time scale, it is inaccurate on a shorter time scale due to the line
source assumption, which implicitly means that the interior of the borehole is assumed to have the
physical properties of the surrounding ground, while the thermal load is placed in the center of the
borehole. Ingersoll and Plass [14] recommended using the FLS-solution only for cases having Fourier
numbers (Fo) larger than 20, which translates to 12 hours using the thermal properties and dimensions
for the BHE under consideration. In spite of this, the FLS solution is applied to shorter time spans in
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the present work. This is justified by the low frequency of the load variations, which are captured by
the model. In addition, a method for improving the prediction accuracy for short time periods of the
analytical model is presented in paragraph 3.2.5.

Following Lamarche and Beauchamp [20], AT = q'(t)f(t*, ), where t* = t/(H?/9a) , § =1,/H,
andy = 3/2vt* the FLS -solution can be expressed as:

f(t*,B) = A— B, where

JBE+1 erfc(yz)
A= fﬁ _2 == fﬁ erfc(yz) dz

JB%+a erfc(yz) B2+1 VBZ+4
fm Vo= dz += (fﬁ erfc(yz)dz + [ g erfer?) dz)
The integrals in equation 5 and 6 are evaluated numerically using global adaptive quadrature through
the Integral function available in the Matlab® environment.

3.2. Analytical model

A common assumption when modeling multiple BHEs with analytical solutions (as based on e.g. the
FLS solution) is that of a constant heat rate to all BHEs [21]. This assumption simplifies the solution,
and reduces the required simulation time, while a reasonable accuracy is retained for most cases. The
assumption does, however, result in inaccurate results for larger borehole fields and longer simulation
times as pointed out by Malayappan and Spitler [22].

In the present case, the BHEs are relatively closely spaced, and the different BHEs will experience
different temperature histories, resulting in different heat loads for each unique BHE. Moreover, the
boreholes in the center of the BTES will experience a larger heat load after thermal recharge as they
are warmer than the peripheral BHEs. In this case, the load variation between the BHEs is an
important thermal characteristic of the system.

It is, therefore, important that the applied model can handle decoupled boreholes with individual heat
loads and temperatures. In the proposed model for the BHE system it is assumed that the inlet
temperature to all active BHESs is equal (which is logical since the BHEs are supplied in parallel from
the same coolant circuit), the distribution of the thermal load is determined using an iterative scheme
based on the individual temperatures of the boreholes.

The symmetry of the BTES arrangement is utilized to determine the number of individual BHEs
having individual temperature and heat rate histories. For the specific case considered, the described
BTES is represented by eight individual BHESs, of which four represent the inner circuit and four the
outer circuit.

To account for the changes in thermal load and thermal interaction between the boreholes, the model
relies highly on both temporal and spatial superposition, which is outlined in the following sections.

3.2.1. Temporal superposition.



To account for time-varying loads, temporal superposition is used. This is possible due to the temporal
linearity of the heat conduction equation describing the temperature development in the ground
surrounding the BHEs. Thereby, the temperature response from a series of piecewise constant heat
loads can be determined by a summation of the individual responses. This is illustrated in Figure 5
where the responses from three loads are superimposed. The figure shows the incremental and total
increase in borehole wall temperature due to a stepwise increase in thermal load.

Using superposition, it is possible to discretize the thermal
q (W/m) qs load into short time intervals, for example hourly values,
--------- and calculate the thermal response of a BHE. It requires,
q however, a summation of the response for each discrete

load. For a long time series of hourly load variations, this
becomes a significant computational problem. To reduce
the size of the problem, an aggregation scheme can be used
to lump previous loads into larger periods [23], [19].This
reduces the number of individual loads to be handled and
thereby the size of the computational problem. The
aggregated solution is an approximation to the analytical
solution and the accuracy of the aggregated solution is
ts)  controlled by comparison with the non-aggregated solution.

AT

Figure 5. Illustration of temporal superposition of three discrete loads

With reference to Figure 5 the thermal response (change in borehole wall temperature) can be
determined from Equation 7 in which f'is the analytical solution (Equation 4) and # is the total number
of discrete loads, in this example n=3.

n 7
AT = Z qli[f(t*tn—ti_i;ﬂ) _f(t*tn—ti'ﬁ)]

i=1

The aggregation principle is illustrated in Figure 6, where the discrete loads (q; — g3 ) are replaced by
a uniform load. As seen, with time the thermal response from the aggregated loads (dotted line)
approaches that of the discrete loads (solid lines). Hence, historical load histories may be replaced by
an aggregated load, reducing the computational complexity without losing accuracy.
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Figure 6. Thermal response from aggregated loads (dotted line) as compared to discrete loads (solid line).

The purpose of the aggregation scheme is to limit the number of individual loads that need be
accounted for in the computation of the thermal response. In the present work, the scheme has been
constructed so that the size of the aggregated time periods follow an exponential growth, starting with
an aggregation time span of 6 hours and a minimum of 6 non-aggregated loads. This is found to be
computational effective with no significant loss of accuracy.

The temporal superposition can as well be solved by spectral methods, as demonstrated e.g. in [6], [9]
and [10]. This provides a faster way to evaluate the convoluting equation (Equation 7).

3.2.2. Spatial superposition

In addition to temporal linearity, the spatial linearity of the heat conduction equation also allows for
superposition of the thermal response from spatially distributed heat sources. The underlying
assumption is that the domain surrounding the borehole is isotropic in the radial direction.

According to Bernier [23] the mean fluid temperature for a BHE can be calculated from Equation 8:
Tr=Ty—qRy—qf()+T, 8

T, represents the temperature influence from neighboring boreholes, and in the case of uniformly
distributed loads it can be evaluated as a mean value for the entire BTES (also referred to as the
temperature penalty). In this work, however, T, represents the sum of all thermal influences that are
superimposed on the individual BHE being evaluated. In order to determine T, the analytical solution
has to be evaluated for each unique distance in the borehole field, in this case, there are 24 individual
distances, as illustrated in Figure 7 for some distances. There are 8 individual boreholes (4 each from
the inner respective outer circuit) for which the thermal interaction and load will be unique, these
boreholes are shown inside the dashed line in Figure 7.
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Figure 7. Spatial superposition, the symmetry of the borehole field is used to minimize the number of boreholes that has to be
calculated. Boreholes with unique thermal load are shown within the dashed line. Distances to the other boreholes are

denoted x, there are in total 24 unique distances of which 4 are shown in the figure.

If the individual boreholes are denoted A, and the total number of boreholes is N, the mean fluid
temperature for each individual borehole can be determined as:
Tf(M,t) = Tg - q’(M‘t)RZ - q,(M’t)f(t*, B) + Tp(M,t)

The first three parts of Equation 9 represents the local temperature change due to past (q'(M't)) and
present (q'(M t)) thermal loads. The last part (T,u,)) represents the thermal influence from the other

BHEs and is determined by Equation 10.

N ’
Ton = Zi:l 9 0f (£ B)
B = x(;)/H, x is the distance to neighboring boreholes, the thermal load history for each borehole in
the system is used to determine the total thermal influence (Tp). It is, however, only necessary to

determine T, for each individual group of BHEs, i.e. each corner BHE that have the unique thermal
load history q: (filled circles in Figure 7) experiences the same thermal influence from the neighboring

10

BHEs.

When solving for the mean fluid temperature in Equation 9, it is required both that the total thermal
load is consistent with the input to the BTES, and that the inlet fluid temperature is equal for all BHEs.

This is expressed through Equations 11 and 12:

Q) = Hz” : 11

® o Tao

T, . ZN T, 12
LN Ty L, il

The inlet fluid temperature is determined as:

Tinm,e) = Teme) = ', ¢)/ (210C) 13
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The mean fluid temperature for each individual group is solved through an iterative procedure in

which the residuals of successive calculations of Equations 11 and 12 are minimized. The average

mean fluid temperature for the BTES is then determined from Equation 14:

1 N
Ty = ﬁzilef(i)

It should be mentioned that the iterative procedure does not have any larger influence on the
computational load which is essentially governed by the temporal superposition.
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It is most illustrative to show the
results from Equations 9- 14 for a
case where the thermal load is
negatively balanced, i.e. more energy
is being extracted from the boreholes
than recharged. Figure 8 show the
total thermal influence experienced
by each individual group of BHEs as
determined by Equation 10. For
single borehole placed far away from

each other, T,=0.

o 2 4 6 8 10
Time (year)

1 2 3 4 5 6 7 8[

Figure 8. Thermal influence experienced by each group of BHEs in Figure 7

The curves are numbered according to Figure 7, as observed; BHEs nr 5, in the center of the system
experiences the largest thermal influence. The distribution of the thermal load in-between the BHEs is
shown in Figure 9, where the maximum load for each year is shown as normalized by the initial load
(year 1). It is seen that rather large difference in thermal load between the BHEs in the center of the
BTES (e.g. group 5) and in the periphery, (e.g. group 7).
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Figure 9. Thermal load experienced by each group of BHEs in Figure 7, the figure is based on the maximum thermal load for
each BHE group each year.

The load distribution is proportional to the thermal influence and is reflected by the local temperature
change as shown in Figure 10.a. Note that BHEs nr 5 experiences the least temperature drop. Figure
10.b show the mean fluid temperatures as determined by Equation 9, this is then the sum of the local
temperature changes (Figure 10.a) and the thermal influence (Figure 8).
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Figure 10. a) Mean fluid temperatures from the BHEs without considering Tp. b) Mean fluid temperatures from the BHEs.

While energy is being extracted the mean fluid temperature is almost uniform in-between the BHEs.
The average mean fluid temperature Tras determined by Equation 14 is as well seen in Figure 10.b.

3.2.3. Superposition of peak load

The mean fluid temperature can be determined either on a rather short time scale, in the order of hours,
or it can be determined with larger time scales, such as monthly values. The large time scales provide
results for average temperature variations; peak values can be determined on a shorter time scale and
then superpositioned onto the average values, as shown in Equation 15 and 16 with reference to Figure
11. Such superposition is used e.g. in the commercial software EED [4].

Tf = Tf + ATpeak 15
Where,

(4 ' * ' X 16
ATpeak - (q pmp) — 4 mean(M,t)) Rp—q p (M,t)f(tp ’ ﬁ)

tp is the duration of the peak load.
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Figure 11. Superposition of thermal response from peak load and from mean load values

3.2.4. Borehole thermal resistance.

The effective borehole thermal resistance R}, as defined in Equation 3, can be determined in a number
of ways. For grouted boreholes, the heat transfer between the collector pipe and the ground is primary
by thermal conduction, and in such cases the appropriate method is well documented by e.g. Lamarche
et al. [24]. For non-grouted (water filled) BHESs, the heat transfer is enhanced by natural convection
caused by temperature differences in the borehole during BHE operation. This has been noticed by
several authors during thermal response tests, e.g. Kjellsson [25] and Gehlin [26]. The phenomenon
has been studied in more detail by Gustafsson [27] and by Holmberg et al. [28]. For such situations,
R}, is a function of the water temperature in the borehole and the wall-to-fluid temperature difference.

For the BTES considered in this paper, the evaluation of R;; is further complicated by the upper 46 m
section of the boreholes being filled with grout. In this section the thermal resistance can be
considered constant (for constant mass flow rates), while the thermal resistance varies according to the
operating conditions of the system in the water filled part.

A thermal response test was performed prior to the grouting of the upper part of the borehole. The
effective borehole thermal resistance R;,, was determined to 0.08 (m-K)/W. The applicability of this
result is, however, limited since the measurement was disturbed by ground water inflow in the upper
part of the borehole.

Holmberg et al. [28] derived a correlation to describe the influence of natural convection on the heat
transfer in water filled boreholes, Equation 17. The correlation was applied in a numerical model to
determine the heat transfer on a local scale. The results from the model were found to agree well with
experimental data [29].

Nu = 0-1743Ra*(0'233_0'0091()1(0-442, .

In Equation 17, Ra* is the modified Rayleigh number and K is the radius ratio. The characteristic
length scale used in the Rayleigh number and the radius ratio are based on the hydraulic diameter of
the BHE.

L =Dy/2 18

K= 1,/ — Dn/2) 19
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In the present work, Equation 17 is used to account for the influence of natural convection on a global
scale, that is, the average heat flux and water temperatures in the BHEs are used. The physical
properties of water are evaluated from NIST [30]. Equation 17 is used to determine an effective
thermal conductivity of the water in the boreholes by Equation 20.

= kyNy. 20

kWeffective

The multipole method of Bennet et al. [31], as described in Lamarche et al. [24] is used to determine
the effective borehole thermal resistance. Since the upper part of the borehole is grouted, the effective
borehole resistance is also determined assuming a thermal conductivity of 2 W / m K for the thermal
grout [32]. The total effective borehole resistance for the BHEs is then determined by weighting the
effective resistances with their respective share of the borehole length.

For the monthly simulations, R}, has been varied between two fixed average values depending on
whether energy is being injected or extracted.

3.2.5. Improving the short-term accuracy

Improvements on the short term accuracy of the solution can be achieved by using a more accurate
representation of the BHE for the short time intervals. Javed [19] proposed to use a more accurate
analytical solution for time spans less than 100 hours. Here, a similar approach has been adopted,
where the thermal response solution from a numerical model is applied for the first hours. The
numerical model is a simple axisymmetric representation of the BHE (Figure 12), which serves the
purpose of preserving the thermal characteristics to an acceptable degree. The numerical model is
implemented in the commercial finite element software Comsol Multiphysics [33].

Water ground

r.
— r Collector
L9

1
1
Figure 12. Layout of numerical model used to evaluate the thermal characteristics of the BHE.

In the numerical model the thermal load is applied as an internal heat source to the fluid in the center
pipe, which has the same internal cross-sectional area as the U-tube collector. The thermal response
from the numerical model is evaluated for a time period until it approaches the FLS- solution, which
for the specific configuration simulated here occurs at about 140 hours.

As the distribution of the thermal load is determined successively for each time step in the model, it is
not directly possible to skip forward to the last time step, and thereby limit the computational time
required. The model is used on a standard laptop (dual core 2.53 GHz with 8 GB RAM), the
simulation time (CPU — time) required to solve 240 time steps (20 years x 12 months) for different
configurations, is shown in Table 2
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Table 2. CPU time for 240 time steps

Configuration Total time (s) Precalculation of
g-function (s)

3x4 30 8

6x4 65 15

6x6 78 17

8x8 243 30

10x 10 836 44

4. Results from modeling

Selected results from the modeling part are shown hereunder. The BTES is simulated using measured
input data both on an hourly time scale and using averaged monthly values. The measured data is
missing for some time periods, making the comparison between measured data and simulation results
difficult. These ‘blind spots’ where data are missing have been accounted for as operation stops in the
simulations (i.e. no heat extraction or charging). No attempts have been made to assume load profiles
for these ‘blind spots’ for the hourly simulations, but for the simulations using averaged monthly
values assumptions have been made regarding the load in the largest data gaps.

4.1. Simulation results using hourly variations

Simulations using input data having one-hour resolution are performed using the presented model.
Measured BHE inlet and outlet temperature and mass flow rate are used to determine the thermal load
to the BTES. This is then used on an hourly basis together with the mass flow rate in the simulation.
The initial temperature of the ground and the thermal properties are in accordance with the performed
thermal response test. The effective borehole thermal resistance varies with the temperature of the
water in the boreholes and the applied thermal load. Selected parts of the results from the hourly
simulation are shown hereunder. The results were selected to demonstrate the simulation during
thermal extraction and thermal recharge. The results are also compared with simulations based on
averaged monthly values in the next section.

In Figure 13 the mean BHES fluid temperature, as determined from the simulations and from the
measurements is shown for the first 14 months of operation.
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Figure 13. Measured and calculated mean fluid temperatures based on hourly input data.

In general, the predictions are observed to agree well with the measurements. It is, however, observed
that minor discrepancies occur after periods where measurement data are missing, as is to be expected.
In Figure 14.a the mean BHES fluid temperature for a 450 hr thermal extraction period is shown,
corresponding to the end of March period in Figure 13. Also, the effective borehole thermal resistance
is shown for the equivalent period.
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Figure 14. a) Measured and calculated mean fluid temperature during thermal extraction. b) Effective borehole thermal
resistance.

The figure illustrates the mean fluid temperature variation during thermal extraction, and the heat
pump operates in the periods seen as downward peaks, while the smooth curves correspond to the
periods where no thermal energy is being extracted and where the temperature in the BTES recovers.
The simulations are seen to correspond well with the measurements. R} varies between 0.085
(m-K)/W and 0.126 (m-K)/W.

Figure 15 shows the mean fluid temperature during a 400 hr long thermal recharge period,
corresponding to the startup of the thermal recharge in the middle of May Figure 13. Also, the
effective borehole thermal resistance is shown for the equivalent period.
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Figure 15.a) Measured and calculated mean fluid temperature during thermal recharge. b) Effective borehole thermal
resistance.

The fluid temperature from the solar collector is sufficiently high to provide thermal recharge also
during nighttime. For the two periods where logging data is missing (starting at around 3040 hrs and
3170 hrs) thermal extraction is assumed halted in the simulations, this influences the results, and it is
observed that after the second period, the simulated temperature underpredicts the measured values
slightly. This is expected, as the system in reality also receives energy during these periods. R}, varies
between 0.078 (m-K)/W and 0.13 (m-K)/W.

Lower values of R}, in Figure 14.b and Figure 15.b correspond to periods where the thermal load is
high. The temperature differences in the boreholes then triggers natural convection which reduces the
heat transfer. The changes in R}, due to the influence of natural convection is somewhat lower than
expected in a non-grouted BHE, this is because the upper part of the boreholes are grouted.

4.2.Conclusions from hourly simulations.

Simulation of the BTES on an hourly scale can be used to accurately determine the temperatures and
operation conditions of the system. Despite the gaps in the input data, the model is able to replicate
most of the variations in fluid temperatures accurately. The implementation of a Nusselt correlation to
account for the effects of natural convection proved to be successful. In the present case it is, however,
seen that the hourly simulations are susceptible to noise in the measured temperatures and mass flow.
These fluctuations can be reduced by time-averaging the measurements. In the following section,
results from simulations with monthly values are presented.

4.3. Simulation results using monthly values

While the hourly simulations provide detailed insight of the variations in mean fluid temperature on a
time scale relevant for the operation of the system, the simulations based on monthly averaged input
values can be used to study the long-term performance of the system. In this section, it is primarily
the long term influence of different recharge strategies that is analyzed. For the considered BTES the
thermal recharge is only applied to the center boreholes, and the influence of this strategy is compared
to a recharge strategy where all boreholes are recharged. Also, the changes in mean fluid temperature
with different magnitudes of thermal recharge are compared. To illustrate the connection between
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simulations based on hourly and monthly values, the mean BTES fluid temperature for the first 14
months is shown based on hourly simulations, measurements, and on monthly simulations in Figure
16. The monthly simulation is based on the values shown in Table 3.

Table 3. Monthly load values

Base load Peak load | Ry

MWh Wim (m-Kyw
Jan | 40.12 30 0.11
Feb | 31.35 30 0.11
Mar | 31.46 30 0.11
Apr | 049 -- 0.085
May | -26.71 -60 0.085
Jun | -30.05 -60 0.085
Jul -30.41 -60 0.085
Aug | -29.59 -60 0.085
Sep | -6.84 -- 0.085
Oct |0 -- -
Nov | 15.16 30 0.11
Dec | 40.80 30 0.11
Sum | 34.7

The thermal response from a peak load of 30 W /m (thermal extraction) respective 60 W/m (thermal
recharge) with duration of 12 hours has been superpositioned to the mean fluid values. The effective
borehole thermal resistance is kept at constant values determined from the hourly-based simulations.
Qualified assumptions have been made to correct for the parts where data is missing.
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Figure 16. Measured and calculated mean fluid temperatures on hourly basis together with temperatures calculated on a
monthly average. (Peak load values have been calculated by superposition of the mean value and peak values of 30 W/m
(thermal extraction) respective 60 W/m (thermal recharge) for 12 hours.)

It is seen from Figure 16 that the results from the simulation using monthly averaged values
correspond well with both the hourly simulations and the measurements. The peak load values were
chosen based on the measured data, most of the measurements are within the range of the peak loads,
although the thermal extraction period does have some load peaks in the range of 40 W/m, and the
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recharge period in the range of 70 - 75 W/m, these are also observed to exceed the simulated peak
load.

4.4. Recharge strategy

The objective of the thermal recharge is to replenish the thermal energy that has been extracted from
the BTES during the cold period. Thereby the temperature of the BTES can be kept at a near constant
temperature for many years.

To illustrate the effect of different thermal recharge loads, the three cases in Table 4 are simulated.
Case 1 is equivalent to the case that is shown in Table 3 and Figure 16. Case 2 is with half the thermal
recharge of Case 1 and Case 3 is with double the thermal recharge of Case 1.

Table 4. Cases with different recharge load, case 1 is equivalent to the case in table 1.

Case 1 ‘CaseZ ‘Case(i ‘Rb'(m-K)/W
Baseload MWh

Jan 40.12 40.12 40.12 0.11

Feb 31.35 31.35 31.35 0.11

Mar 31.46 31.46 31.46 0.11

Apr -0.49 -0.245 | -0.98 0.085

May | -26.71 -13.35 | -53.42 0.085

Jun -30.05 -15.02 -60.1 0.085

Jul -30.41 -15.2 -60.82 0.085

Aug 2959 | -14.79 | -50.18 0.085

Sep -6.84 -3.42 13.68 0.085

Oct 0 0 0 -

Nov 15.16 15.16 15.16 0.11

Dec | 40.80 40.80 40.80 0.11

Sum: | 34.7 96.8 -89.4

Peak load, 30 W/m for 12 hours.

The resulting calculated minimum temperatures during thermal extraction are shown based on
monthly averaged values in Figure 17 and with a super-positioned peak load of 30 W/m for 12 hours
in Figure 18 The peak load is constant for all three cases and it shifts the curves downwards.

It is seen that for Case 1, the temperature decreases with less than one degree during 20 years, and this
is because the system is nearly balanced in this case. In Case 2, the temperature decreases further and
is approximately 1.7 K lower than for Case 1 after 20 years. In Case 3, the thermal recharge is higher,
and as a result the temperature increases.

The COP of the heat pump is directly related to the evaporator temperature, and a change of 1 K can
affect the COP with 2- 3 % [34]. For Case 3 the minimum temperature after 20 years is 3. 5 degrees,
this can therefore be translated into a increase of coefficient of performance (COP) for the heat pump
on the order of 9 % relative to Case 1, and 13 % relative to Case 2.
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Figure 18. Minimum mean fluid temperature based on monthly average, with superposition of a peak load of 30 w/ m with
duration of 12 h

It is apparent that thermal recharge is needed for the BTES to keep a stable temperature. Increasing
the thermal recharge has a positive effect on the performance of the heat pump. It is, however, the
overall system performance that has to be evaluated as increased thermal recharge might come at the
price of increased use of high value energy.

In the following, two thermal recharge strategies are compared. Firstly, the strategy applied in the
presented BTES (recharge to center boreholes) and secondly, recharge to all boreholes. In Figure 19
the mean fluid temperatures during year 24 and 25 are shown for the two strategies.
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Figure 19. Thermal recharge in center BHEs and in all BHEs

The load profile is equal for both cases and the peak load has been neglected. It is seen that there is a
small difference in the temperature during heat extraction, indicating that the BTES is able to reach a
higher temperature when the energy is being injected in the center boreholes. It is, however, also clear
that the temperature needed for thermal recharge is higher when recharging only the center boreholes.

The potential for thermal recharge depends on the temperature and nature of the energy source as well
as the temperature and size of the BTES. With thermal recharge in all boreholes it is possible to either
increase the thermal recharge or reduce the temperature level during recharge. This would then require
an increased use of high value energy for circulation of the heat carrier. The optimal solution is
therefore a function of the type of energy source used for thermal recharge, the requirements for high
value energy, and in the end, the influence on the heat pump performance. In the cases compared in
Figure 19, the difference in mean fluid temperature during thermal recharge is less than 4 K, with an
increase in thermal recharge load this difference increases, and with an assumed double thermal
recharge load the difference is more than 8 K.

5. Conclusions

Operational data from the first year of operation of a novel solar assisted BTES have been presented.
The BTES consists of two independent but thermally interacting BHE circuits and it is operated in
such a way that the performance of the system cannot be accurately determined using conventional
dimensioning software’s, e.g. EED.

There is a lot of knowledge and understanding that can be gained just from analyzing the operational
data; unfortunately there are some gaps in the measurements which introduces uncertainties in the
interpretation.

To analyze and predict the long term behavior of the BTES an analytical model has been constructed.
The model is based on the finite line source solution and it is constructed and presented in such a way
that it can be used to simulate and evaluate the performance of arbitrary configurations of BHEs with
arbitrary heat load distributions. Since the BHEs in the specific case are non-grouted, the model has
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been complemented with a Nusselt- correlation to account for the influence of natural convection on
the effective thermal resistance of the BHEs.

Results from simulations made on an hourly and a monthly basis are presented; this can be seen as an
upper and lower limit to what might be practical with the model.

The model is found to agree well with measurements for the first year of operation, further evaluation
will have to be made to measurements for longer time periods once available.

The flexibility gained from the modeling approach is worth commenting on since it makes it possible
not only to simulate arbitrary layouts of BHEs on a short time-scale, it also makes it possible to
control the behavior by varying the thermal load distribution in the system, as shown in the presented
results. This is feasible e.g. in the case of expanding an existing BTES.
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I-6 Deep coaxial borehole heat exchangers

[-6.1 INTRODUCTION

In places where there is a scarcity of available construction area, the number of required
boreholes for a given application for a ground source heat pump systems can be reduced by
increasing the borehole depth. The temperature of the ground generally increases with depth and
creates the potential to increase the amount of energy that can be extracted; therefore, a deep
borehole heat exchanger can provide a larger heat source and thereby require a smaller
construction area.

Drilling is cost intensive; therefore, it is desired that the borehole heat exchangers are as
effective as possible. This can be achived by using a larger mass flow rate as compared to
conventional borehole heat exchangers where U-tube collectors are used. A coaxial BHE can
operate with a higher mass flow rates than a convectional U-tube without causing excessively
high pressure drops, and are, therefore, better suited for deeper boreholes.

In this study, a numerical model for a coaxial pipe-in-pipe borehole heat exchanger is presented.
The model is compared against experimental data and is found to accurately predict the
experimental results. The model is, thereafter, used to study the performance of coaxial BHEs.
Especially the influence of borehole depth on the performance of the BHE is studied.

The essence of the study is presented in Paper 4: Thermal evaluation of deep borehole heat
exchangers, and at the end of this section some additional results are discussed (0).

1-6.2 OBJECTIVES

The main objectives of the present study are:

- Develop and verify a transient model for the coaxial pipe-in-pipe BHE.
- Study the performance of the coaxial BHE as a function of borehole depth.
- Provide improvements for the design of deep coaxial BHE systems

[-6.3 BACKGROUND

Borehole heat exchangers are often used as both a source and sink for thermal energy, and if the
positive and negative thermal loads are balanced the temperature level in the boreholes can be
kept at a near constant level. However, in this section, the focus is on larger systems where the
thermal loads are negatively unbalanced, i.e. more energy is being extracted than are recharged.
This can be energy systems that are used only in the winter e.g. heating systems for school
buildings that are closed in the summer season, or heating systems for deicing of pavements.

A ground source heat pump system can still provide thermal energy for such an installation. The
unbalanced load does, however, require that the boreholes are separated by a relatively large
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distance (=15 -30 m). For larger installations with multiple boreholes this can require a large
construction area which might not be available. An alternative solution is then to increase the
depth of the boreholes.

With increasing borehole depth, also the average temperature in the borehole increases.
Therefore, the deep BHE can either provide a higher mean fluid temperature, or it can provide a
higher thermal load at the temperature level of a conventional BHE. If the BHE is operated as
an open system, i.e. with water as the heat carrier, the freezing point of water is a further
constraint which limits the amount of energy that can be extracted.

Increased borehole depth also makes it more beneficial to use a coaxial BHE. Different types of
coaxial BHEs are studied experimentally by Acuifia (2013). Acufia shows that a pipe-in-pipe
coaxial collector has a better thermal performance and allows for a larger flow area than the U-
tube BHE and can give a smaller pressure drop or a higher mass flow.

In this subsection the thermal performance of the coaxial BHE is studied. The coaxial BHE has
been simulated as a pipe-in-pipe configuration where the outer pipe is a thin and flexible pipe
which fits close to the borehole wall. The layout for a section of the coaxial BHE is shown in
Figure I-19.

center pipe

outer pipe

Figure I-19. Cross sectional layout of the coaxial BHE. The labels center pipe and outer pipe refers to the
walls of the respective pipes.

Heat extraction that is the primary focus for this study, but heat injection is also considered.
Heat injection is more beneficial for boreholes with depths of less than about 500 m (depending
on the temperature in the borehole and the type of heat injection). For heat injection, the heat
carrier enters the BHE through the center pipe, and for heat extraction the fluid enters through
the annular space.

The fluids in the center pipe and in the annular space are separated by the wall of the center
pipe. In general the fluid flow is turbulent, such that most of the thermal resistance between the
fluid streams is in the material of the center pipe. Heat transfer between the fluid in the center
pipe and in the annular space directly affect the thermal performance of the coaxial BHE and
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should be minimized. The heat transfer can be reduced either by increasing the thermal
resistance of the center pipe or by reducing the temperature difference between the fluid streams
by increasing the mass flow rate.

Coaxial BHEs constructed in areas with higher temperature gradients might benefit from more
complex center pipes, e.g vacuum insulated pipes, as demonstrated in Kohl et al. (2002). With
the moderate temperature levels considered in this study, it is more beneficial to consider the
second option as it allows for a higher heat load while the center pipe can be made simple and
less expensive.
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Thermal Evaluation of Coaxial Deep Borehole Heat Exchangers
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Abstract

This paper presents a performance study of deep borehole heat exchangers. The coaxial borehole heat
exchanger (BHE) has been selected because for the present conditions it has a better performance than
the conventional U-tube BHE. A numerical model has been developed to study the coaxial BHE. The
model predictions are compared to detailed distributed temperature measurements obtained during a
thermal response test. The model is found to accurately predict the behavior of a coaxial BHE. The
influence of the flow direction of the mass flow is studied for BHEs in the range 200 m to 500 m. A
parametric performance study is then carried out for the coaxial case with different borehole depths,
flow rates and collector properties. The results clearly show a significant increase in the system
performance with depth. In addition, it is shown that with increasing borehole depth, the heat load that
can be sustained by the BHE is significantly increased. An overall performance chart for coaxial BHEs
for the depths of 300 to 1000 m is presented. The chart can be used as a guide when sizing deep BHE
installations.
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Nomenclature

Symbol Greek letters

C Specific heat capacity [J/kg-K] o Thermal diffusivity, p% [m? /5]

D, Hydraulic diameter [m] A Finite increment in a variable

f Friction factor [-] p Density [kg /m’]

h Heat transfer coefficient [ W/ m*K] v Kinematic viscosity [m?/s]

k Thermal conductivity [W / m'K] n Pump Efficiency [%)]

m Mass flow [kg / s] Dimensionless numbers

AP Pressure drop [Pa] Pr Prandtl number, /¢ [-]

Q Heat load [W] Nu Nusselt number, "L/ i [

Tfinean Mean fluid temperature, (Tintet + Touttet) / 5 [K] cop Coefficient of performance, Q+—:’:’” [
q Specific heat load [W /m] COPygyy Total COP, LWro 5

q Heat flux [W /m?] Index WhptWp

1 Collector inner radius [m] a Annular

I, Collector outer radius [m] c Center pipe

r Radius [m] g Ground

r* Radius ratio [-] w Water

R Thermal resistance [K-m/ W ] f Heat carrier fluid

S Source term [W / m] 0 Outer

s Wall thickness [mm)] b Borehole

T Temperature [K] n Index , temporal discretization

t Time [s] i Index , spatial discretization (radial)
u Internal energy [J/ kg] j Index , spatial discretization (vertical)
v Velocity [m/s] p Pump

L Borehole depth [m] hp Heat pump

\ Electric effect [W] inlet BHE inlet properties

GG Geothermal gradient [K/km] outlet BHE outlet properties



1. Introduction

Ground source heat pump systems usually utilize borehole heat exchangers (BHEs) 100 to 300 m deep
as a source and sink for thermal energy. For smaller systems, this type of installations can be made
space effective and have a small or negligible visual footprint. Still, larger systems require a certain
amount of space (drilling area) which might be hard to find in densely populated urban areas, such as
city centers.

As discussed in Rybach et al. 1992, there are two ways of upscaling BHE installations, either by
increasing the number of boreholes or by increasing the depths of the boreholes. Although, the first
alternative stands for the majority of the installations today, installations with BHEs based on 400-500
m boreholes are now being constructed on a commercial basis in Norway. The increased depth is in
these cases largely motivated by scarcity of space.

In Scandinavia, the temperature in the undisturbed ground increases with about 1.0- 3 K/ 100 m, thus
the thermal potential for heat extraction increases with increasing depth while the potential for cooling
purposes decreases. Therefore, the prospects of using BHE based on deep boreholes are most feasible
(but not limited too) for buildings with large heating loads and either small or negligible cooling loads.

With increasing depth, the flow rate of the heat carrier has to be increased for the BHE to be effective
(i.e. decrease the thermal contact between down and up-going fluid, thermal shunt). Therefore, also the
flow area of the collector has to be increased in order to avoid excessively high pressure drops. In
comparison with the conventional U-tube collector, the coaxial BHE utilizes a larger fraction of the
borehole cross sectional area as flow area. It is, therefore, more appropriate for deeper boreholes since
a larger mass flow rate can be used.

The coaxial BHE has also been shown to have a better thermal performance than the conventional U-
tube collector (Acuna 2013). In addition, changes in the physical dimensions and properties of the
center pipe can be applied to reduce the thermal shunt between down and up-going fluid. The present
paper focuses on the coaxial BHE and its performance in boreholes in the depth range 200 m — 1000
m.

The boreholes are cost intensive, and it is, therefore, important to have a sound knowledge of the heat
extraction rates that can be expected. The thermal performance of the coaxial BHE can be determined
using either analytical or numerical simulation models. The analytical models can be made
computationally cost effective, but they are in general not capable of describing all the involved
phenomena, and therefore, lack some of the accuracy, flexibility and transparency gained from
numerical methods.

Efficient numerical models can be implemented by applying the analogy to electric networks when
describing the thermal resistances within the borehole; thus representing a geometrical simplification
where the different parts of the borehole are described by single nodes. A numerical grid is then used
to describe the bedrock around the borehole in two or three dimensions, while the borehole, the
collector and the heat carrier are simulated as one-dimensional features. Numerical models based on
this methodology have earlier been referred to as thermal resistance and capacity models (TRCM),
Bauer et al. (2011%). TRCM models for coaxial BHEs have been published by De Carli et al. (2010),
Bauer et al. (2011° and 2011°), Diersch et al. (2011* and 2011°), Mottaghy and Dijikshoorn (2012).

Although, comparisons were made with experimental measurements of outlet and inlet fluid
temperatures in De Carli et al. (2010), Bauer et al. 2011° and in Mottaghy and Dijikshoorn (2012),
neither of these models were compared with detailed experimental data from distributed temperature
measurements during operation of the BHE.



In the present paper, the coaxial BHE is analyzed using a new numerical model. The model is
validated through comparison with detailed distributed temperature measurements performed by
Acuiia (2013).

The model is then used to study the performance of coaxial BHEs as a function of the total borehole
depth, the mass flow rates and the collector properties.

It is shown that with increasing borehole depth, the heat load that can be sustained by the BHE is
significantly increased as compared with conventional 200- 300 m BHEs. With increasing borehole
depth, the required circulation pump effect increases; it is, however, clearly shown, that the increase is
manageable and small comparative with the gain in thermal effect. In addition, it is possible to
compensate for an increased pressure drop using a larger borehole diameter.

2. Objectives and Methodology

2.1 Introduction

The objective of the paper is to analyze and establish the performance of coaxial BHEs for boreholes
deeper than the conventional 200 m to 300 m.

It is assumed that the BHE is constructed as a coaxial pipe-in-pipe BHE which uses water as the heat
carrier. The water in the annular space is separated from the borehole wall by a thin membrane. This
type of installation has been demonstrated by Acufia (2013), and it can be categorized as a closed or
near closed system

The benefits of having a closed, or a near closed system is that the water or heat carrier fluid is kept
clean from contaminants that can deposit in, for example, the heat exchangers. Using water as the heat
carrier also reflects the intention of using a slightly higher operation temperature, as compared to
conventional BHE installations which often operate with fluid temperatures below 0°C during peak
load.

A new numerical model for the coaxial BHE is developed and implemented in Matlab® and is
validated against measurement data from a distributed thermal response test (DTRT). The model is
used to further analyze the test and to study the performance of the coaxial BHE for different operating
conditions.

Furthermore, the influence of flow direction during heat injection and heat extraction are studied using
a 490 m deep coaxial BHE which is simulated based on the undisturbed temperature profile that were
measured during the construction of a BHE installation.

The performance of coaxial BHEs is then further analyzed based on the results from an extensive
parametric study in which the geothermal gradient, the borehole depth, the borehole diameter, the
center pipe diameter and the heat carrier mass flow rate have been varied.

To study the overall performance of deep coaxial BHEs it has been assumed that the extracted energy
will be upgraded to a constant output temperature using a heat pump. The heat pump then forms the
coupling between the thermal performance of the BHE and the required use of high grade energy (i.e.
electricity). The layout is shown in Figure 1. The flow direction indicated in Figure 1 can be changed
as convenient.



60°C

Circulation Pump

Evaporator
Cpndenser

Coaxial BHE

800 m —

Figure 1. Layout for parametric study.

The overall performance is determined based on the amount of energy delivered from the heat pump
and the total use of high value energy. Since it is assumed that the BHE operates with water as the
heat carrier, the inlet temperature (Ty) of the fluid sets a limitation to the amount of energy that can be
extracted from the BHE, for a given ground temperature.

2.2 Center pipe material

Conventional U-tube collectors are made of polyethylene (PE), with a thermal conductivity of around
0.42 W / m-K. These collectors have a relatively low thermal resistance and are, therefore, not optimal
as center pipe in the Coaxial BHE. To increase the thermal resistance (i.e. reduce the thermal shunt),
either the thermal conductivity has to be reduced, or the wall thickness of the center pipe has to be
increased. In Kohl et al. 2002, the performance of a coaxial BHE based on a 2302 m deep borehole is
investigated. The BHE uses a double walled vacuum insulated steel pipe for the upper 1780 meters of
the center pipe. According to Kohl the equivalent thermal conductivity for the pipe is 0.09 W/ m-K
and the total wall thickness of the pipe is 1.6 cm. Zanchini et al. (2010) proposed to use center pipes
made of the polypropylene (PP) with k= 0.24 W/ m-K. Another material having lower thermal
conductivity than PE can be PVC (k=0.14 to 0.28 W/ m-K). The choice of material for the center pipe
has to be made based on thermal properties, structural strength, buoyancy forces, economical aspects,
and not least the practical aspects related to transport and installation. PP and PE are lighter than water
and require weights to balance the buoyancy forces while PVC is heavier and has to be lifted. In this
paper, the center pipe has been assumed to have the properties of PP.

3. Experimental setup and measurements

The developed numerical model has been used to simulate the thermal response data from a heat
injection distributed thermal response test (DTRT) performed in a 190 m deep borehole. The
groundwater table was 3 m below the surface and the center pipe of the BHE ends at 182 meters;
therefore, the total active length of the BHE is 179 meter. The first temperature measurements start at
17 m depth, and has been used as the inlet and outlet temperatures of the BHE. Therefore, the total
simulated active length is 165 m.

Water is used as the heat carrier fluid and is being circulated down through the center pipe and up
through the annular space (opposite the direction indicated in Figure 1). The BHE uses a PE
(polyethylene) 40 x 2.4 mm collector that is inserted into a thin walled polyethylene membrane which
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is pressed close to the wall of the borehole. The membrane is 0.4 mm thick and has a diameter of 114
mm. This coaxial BHE was found to have a significantly better performance than the conventional U-
tube BHE, having a borehole resistance of about 0.02 Km/W.

When carrying out the DTRT, a fiber optic cable was placed inside the central pipe as well as in the
annulus. Temperatures of the circulating fluid along the flow paths of the BHE were measured using
this cable by sending laser light pulses which travel through the optic fiber. As part of the light is
backscattered, the temperature and the position of any measured borehole segment are identified by
analyzing the signal intensities over a time span corresponding to the delay time for the light to travel
to the measured section and back. The instrument used for these measurements is of type HALO
produced by Sensornet. The heat carrier temperatures (measured at 17 m depth) in the BHE are
presented in Figure 2.
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Figure 2. Inlet and outlet fluid temperatures during DTRT.

The DTRT was performed with two heat injection periods during which on average 6.4 kW of heat is
injected to the BHE, the first heat injection period lasted for 78 hours during which the average
volumetric flow rate was 0.58 1/s. Prior to the heat injection periods, the heat carrier fluid was
circulated, but with no heat injection. This is common practice during conventional TRTs, and it is
used to predict the average undisturbed temperature in the BHE. The first heating period is followed
by a recovery period during which there is no fluid flow. The temperature changes during the recovery
period were used to determine the thermal conductivity of the ground (k).

Local measurements where made every 10 meters along the flow path. These were carried out by
integrating and averaging the temperature along the 10 meter segments over 2.5 minute intervals. The
estimated accuracy of the measured temperatures is £0.1 K. The experimental setup and the data
reduction are described in detail in Acuna (2013). Parameters for the experimental setup are listed in
Table 1. Further data are shown and compared with numerical simulations in Section 5.

Table 1. Parameters for experimental setup.

Parameter Value
koW /m K] 3.53
Active length BHE [m] 165
Borehole diameter [mm] 115
Collector (center pipe)[mm] 40x2.4




Collector (outer membrane) [mm] 114x 0.4

ke [W/ m K] 0.42

Heat carrier Water

Mass flow rate [kg/ s] 0.44-0.7
Heating effect [kW] 6.2 -6.5kW

4. Simulation method

4.1 Introduction

The developed numerical model uses a geometrical simplification where the analogy to electric
networks is used to describe the thermal resistances within the borehole. A two-dimensional numerical
grid is used to resolve the bedrock around the borehole, while the borehole, the collector and the heat
carrier fluid are simulated as one-dimensional features. In the model, the heat capacity of the collector
pipes has been neglected. This affects primary the accuracy of the model for short time steps (< 60 s).

With the current material properties ( k. =0.42 W/ m-K to k. = 0.24 W/ m-K)) it takes between 20 s to
40 s for a near constant temperature profile do develop through a pipe with a 4 mm wall thickness and
between 2 min and 3 min for a pipe with a 10 mm wall thickness. The introduced error is, however,
negligible for most cases since the total thermal mass of the collector is small relative to the thermal
mass of the water in the borehole.

The model of the coaxial BHE has been setup based on the thermal network shown in Figure 3.
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Figure 3. Thermal resistance network describing the coaxial BHE.

With reference to Figure 3 the thermal resistance between the fluid in the center pipe and the fluid in
the annular space can be expressed as:

R =1 In("?/r,) 1 1
1= 2nrihe 2nKke 2nr,hy ”

where h, and h, are the convective heat transfer coefficients on the inner and outer surface of the
center pipe. k. is the thermal conductivity of the central pipe material. With turbulent flow R; is
primary influenced by the wall-thickness and the thermal conductivity of this pipe.



The thermal resistance between the water in the annular space and the borehole surface can be
expressed as:

R, = 1 + ln(m/’b) + ln(rb/r«t) 2

 2mrshy 21k, 2tk ywater

where hy, is the convective heat transfer coefficient on the inside of the outer membrane, and k., is the
thermal conductivity of the membrane. The space between the membrane and the borehole surface is
treated as a thermal resistance where heat is transported through water by thermal conduction. This
can also be thought of as a contact resistance between the outer surface of the membrane and the
borehole wall surface.

For the thermal performance of the coaxial BHE it is desired that the thermal resistance R, is as high
as possible while R, is as low as possible.

4.2 Description of the Numerical model

The coaxial BHE creates a heat source or sink in the ground which gives the potential for heat
transport. Thermal conduction is the main heat transfer mechanism in the ground although heat can
also be transported through advection (transport through movement of groundwater). Heat is also
generated in the ground due to nuclear fission; this contribution is, however, negligible on the
timescale of interest. In the present study, only conductive heat transport has been accounted for in the
ground.

Assuming that the heat transfer is symmetric around the circumference of the borehole, the thermal
conduction in the rock surrounding the borehole can be expressed by Fourier’s law using cylindrical
coordinates as follows:

2 (ke S) + 22 (k5) = pC o+ 5y, 3

Tor or. z 0z 0z

where S, is a heat source term.

Equation 3 can be discretized based on appropriate numerical schemes using, for example, finite
element or finite difference methods. The ground surrounding the borehole is, in the present work,
discretized using an axisymmetric cylindrical grid.

The convective heat transfer in the borehole depends primarily on the heat carrier fluid flow conditions
and can readily be determined by analytical or empirical correlations. For the performance of the
pipe-in-pipe coaxial BHE, it is desirable that the flow in the annular part is turbulent while the flow in
the center pipe could be laminar (as it reduces the heat transfer coefficient). This is, however, difficult
to achieve due to geometrical constraints.

Results for laminar and turbulent heat transfer coefficients in annular pipes were presented by Kays et
al. (2005) for different radius ratios (r*), Prandtl numbers and Reynolds numbers. With Pr =10, Re
=10* and r*= 0. 35 (equivalent to a borehole of 115 mm, with a PEM40 collector as the center pipe)
the difference is less than 5 % between the heat transfer coefficient on the inner and the outer surfaces
of the annular space. This difference decreases with increasing radius ratio and is negligible when
considering the total thermal resistances R; and R,. Therefore, for simplification it has been chosen to
determine the heat transfer coefficient on both the inside and the outside surface of the annular space
based on the hydraulic diameter. The convective heat transfer coefficient for turbulent flow is
determined from the Petukhov Equation as modified by Gnielinski (1976), which is valid also in the
transitional range between laminar and turbulent flow, as follows:
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where /' is the Darcy friction factor.

Equation 4 is used to determine the heat transfer coefficient both in the center pipe and in the annular
space.

The Darcy friction factor is given by

£ = (0.790 In(Rep, ) — 1.64) ", 5

Rep, is the Reynolds number based on the hydraulic diameter defined as:

4A 6
Dh=%>

where A is the flow area and P is the wetted perimeter.

The energy equation for fluid flowing in a pipe, e.g. the center pipe, can be expressed as:
2, 0u 2y ou _

r pat+1'[r pVaZ =S,.

S, is a source term that is used to couple the convective heat transfer in the pipe to an external source

or sink, (see Equation 12). Assuming that the heat carrier fluid is incompressible, the energy equation

can be solved independent of the momentum equation.
4.3 Numerical discretization of the equations
Starting with the energy equation for axisymmetric conduction in the ground in two dimensions, as

derived from Equation 3, the equation is discretized using an implicit finite difference scheme as
follows:

aT _ 1[0 8
sl (@) regi+s:
T n+1 n+1 n+1 9
A —t=- Ar, ——[G1 * T — (G1 + G2) » T — G2+ T}
T]Il—iil 2T1’1+1 + Tn+1] + Sl
G1 and G2 are expressed as:
G1 (ri+%Ari)(ui+1 Arjyq+a;j Ary) 10
- (Ar;+Ari4q)? ’
G2 (ri_%Ari)(ai Arj+0j—y Arj_q) 1

(Ari+Ari_1)2 ’
where o is the thermal diffusivity of the rock.

The heat transfer and flow in a pipe are represented by the one-dimensional energy equation (Equation
7). Assuming that the change in internal energy only depends on the change in temperature of the
fluid, the energy equation can be rewritten as:
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nrzpCZ—I + mr2pV CZ—Z =S, = 2mrhAT. 12

The source term, S,, represents convective heat transfer between an external source and the fluid in the
pipe. AT represents the temperature difference between the mixing-cup fluid temperature in the pipe
and the temperature of the source, while h is the convective heat transfer coefficient between the fluid
and the heat source / heat sink. Equation 12 is further rearranged and discretized as follows:

n+1_mn _Th+1 n+1_o-n+1 13
T 2h(Ts-T/*) _y T
At rpC Az

T, is the temperature of the heat source (e.g. the pipe wall), r is the inner radius of the pipe, V and C
are the bulk velocity and the specific heat capacity of the fluid, respectively.

In Figure 4 the nodes used in the discretization scheme are illustrated. In order to couple the thermal
processes in the borehole with the thermal conduction in the rock, a flux boundary on the wall of the
borehole is introduced. In the conduction equation this is done through central finite differencing and
the use of a fictitious node (T,) in the pipe center as shown in Figure 4.

Figure 4. lllustration for coupling of conductive and convective model. T is a fictitious node in the pipe center, used in the implementation
of the boundary condition.

Using the fictive node, the flux boundary is implemented using central difference as follows:

= kT o g Te=To 14
dr g %Ar0+Ar1 +%Ar2 ’

TO—TZ——( Arg + Ary + 2 Arz) 15

Equation 15 is then used to represent the fictive node when applying Equation 9 to the boundary node
in Figure 4. The equation can then be written as:

TR+l = p 4 28 [(Gl +G2) * I — (G1 +G2) » T — G2+ & ( Arg + Ary + 2 Arz)] 16
AZZ ['T]lliil 2Tjn+1 + T]Il-fil . g

Further, with B = 2 (lArO + Ary + lArz) , it is possible to write: 17

T = TP 4 2t [(Gl +G2) * TR — (G1+ G2) * TP —Bxq” ] 18
Azz [T]Il-iil 2Tn+1 + Tn+1 ,

With reference to Figure 3 and Figure 4 the heat flux (q”") in Equation 18 is expressed as:
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q"=——(Ty — Tr1), 19

" Ry2mry
where T; = Tyan-

The discretized conduction equation in the rock is, thereby, coupled to the heat transfer in the
borehole. The complete equation system describing the coaxial BHE is summarized below. Notice that
the fluid with temperature Ty, in the annular space exchanges heat through two surface areas which has
been accounted for in the source term.

The thermal conduction in the ground around the borehole can be expressed as:

24t
T =TP +
riArq

a n+1 n+1 n+1
5z T — 2T + T,

n+1 _ n+1 _ 1 n+1 _ pn+1 20
[(G1+G2) « T9+ - (61 +G2) + T} B e (TR = T, )|+

The thermal convection in the annular fluid can be expresses as:

(TP =T | (T -Tu ™™ Tﬂ;’:f—Tfl;’“) 21

T !’1+1 — n —
f1j Ty + At Ron(r2—12)pCs | Ryn(rZ—12)p.Cs f1 Az
3 2)Ff 3 2)Ff

The thermal convection in center pipe can be expresses as:

(Te P I-Tg, P+ TN, 0+ 22
Te, M = To" + At( -y, it )

j J Rymry 2peCe Az
Equations 20 to 22 describe an implicit scheme which is implemented and solved simultaneously in
Matlab using matrix division.

4.5 Heat pump COP - Pressure drop and pumping power.

The pressure drop in the BHE is an important factor in the parametric performance study of this paper
as the electricity used by the circulation pump is added to the electricity usage of the heat pump
compressor when determining the total performance (COP,y,) of the system.

Acuiia (2010) has shown that the pressure drop in a U-tube collector can be accurately determined
based on the assumption of a smooth pipe, i.e. using the friction factor of Equation 6 in the Darcy-
Weisbach equation. The equation used here is based on the hydraulic diameter, as applied to both the
center pipe and the annular space of a coaxial BHE. The pressure drop can be written as:

— LV 23
AP = o2
The effect required by the circulation pump can be determined based on the mass flow rate and
pressure drop as:

_ AP+ 24
Weump = o0
where 1 is the pump efficiency.

The influence of the circulation pump effect on the total performance of the coaxial BHE (COP)
can then be determined.

_ QpuEtWyp 25
COPtotal - Wip+Wpump 5
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where Wyp = C%BPH_El , 26

5. Results

The developed numerical model is first used to simulate and replicate the measurements from the
experimental DTRT. In addition, the influence of flow direction is studied for both heat injection and
heat extraction using the parameters from the experimental setup. After verifying the model, the same
parameter variations are then applied to a deeper BHE, which is simulated based on the undisturbed
temperature profile (down to 490 m) measured from an installation in southern Norway.

Thereafter, simulation results are presented from a parametric study where the borehole depth is varied
between 300 m and 1000 m. The thermal performance of the BHE is studied for each borehole depth
using fixed surface conditions, i.e. BHE fluid temperatures. The size of the borehole and the center
pipe are adjusted to compensate for an increase in mass flow rates with borehole depth.

5.1 Validation of numerical model

As described in Section 3, the numerical model is compared with the DTRT-measurements. The
model uses implicit temporal discretization with a maximum time step of 100 seconds. The parameters
used for the simulations are according to the description of the field installation in Section 3, as
summarized in Table 1.

In Figure 5, the measured mean fluid temperature Tf,.,, are presented together with the arithmetic
mean of the temperature in the annular space and the wall temperature. These temperature
measurements are compared with the calculated values based on the numerical simulations.
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Figure 5. Comparison between results from the numerical model and from measurements.

It is established that the simulated values from the numerical model agree well with the measured
temperatures. The temperatures in the borehole increase when heat is being injected. As both the fluid
circulation and the heat injection is stopped at 100 hours, the fluid temperatures recover to their natural
level. Fluid circulation starts somewhat before heat again is being injected in the second period after
about 285 hours.
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The vertical temperature profiles in the borehole are shown in Figure 6 both from the measurements
and from the numerical simulations. The profiles are from both the early stage and from the late stage
of the first DTRT period. It is seen that the temperatures increase with time and that the change is
faster in the early period.
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Figure 6. Vertical fluid temperature profiles in the early period of the DTRT (a.) and in the late period of the DTRT (b). The figures show
measured temperatures (markers) and simulated temperatures (solid lines)

The simulated values agree well with the measurements also for the vertical temperature profiles. It
can be concluded that the numerical model accurately predict the behavior of the coaxial BHE.

5.2 Influence of flow direction (case of a 190 m BHE)

In this section, the influence of flow direction is studied for both heat injection and heat extraction,
using the same model parameters as discussed in Sections 3 and 5.1.

Heat injection

The temperature profile for 91.1 h shown in Figure 6 has been compared with a hypothetical case
using the opposite flow direction (also heat injection). As shown in Figure 7 the temperature profiles
and the distribution of the specific heat load in the borehole are substantially different for the two
cases. It is also seen that for this configuration, changing the flow direction of the heat carrier fluid
would not influence the overall thermal performance of the BHE during a DTRT. In the experimental
setup, the lower part of the borehole is heated up as the warmer water is injected through the center
pipe. If the flow direction is reversed so that the hot water enters the annular space, the upper part of
the borehole will be heated up as shown in the figure.
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Figure 7. Vertical temperature profiles in the coaxial BHE with heat injection: a) fluid inlet through the center pipe and b) fluid inlet through
the annular space. Operating parameters according to Table 1.

Heat extraction

The influence of flow direction on the temperature profiles and the distribution of the local specific
heat load during heat extraction are visualized in Figure 8. The simulations are performed using the
same parameters as for the DTRT shown in Figure 5, but instead of injecting heat, an equivalent
thermal load is extracted from the borehole.
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Figure 8. Vertical temperature profiles in the coaxial BHE during heat extraction: a) fluid inlet through the center pipe and b) fluid inlet
through the annular space. Model parameters according to Table 1.

It is seen from the inlet and outlet temperatures that also for heat extraction, the thermal performance
of the coaxial BHE is not affected by the flow direction. The temperature profiles in the borehole are
different, though. Noticeable is also the difference in borehole wall temperature between the cases and
the resulting distribution of the thermal load which is substantially different for the two cases. It is
observed that with fluid inlet through the center pipe, the thermal load is largest at the bottom of the
borehole while with inlet in the annular space, the load is largest in the upper part.

Although the flow direction does not directly affect the performance of the coaxial BHE in this setup,
larger differences are expected for larger depths. With increasing depth, the coaxial BHE with inlet
through the annular space is superior for heat extraction for two distinct reasons. Firstly, it mimics the
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behavior of a counter-current heat exchanger (which has the highest theoretical thermal efficiency),
and secondly, it can easily be improved through improving the insulation of the center pipe.

5.3 Flow direction (case of a 490 m deep BHE)

To further demonstrate the influence of flow direction the type of simulations performed in the
previous section are repeated for a 490 m deep BHE. The initial temperature profile in the rock used in
the simulation is based on measurements obtained during the construction of a U-tube BHE
installation in southern Norway. The simulation parameters are summarized in Table 2. A higher mass
flow rate is used as compared to the previous cases, and therefore, also larger collector and borehole
dimensions. The coaxial BHE is assumed to use an outer membrane which has been up-scaled
according to the borehole diameter (140 mm instead of 115 mm used in the previous case) while still
having a membrane wall thickness of 0.4 mm.

Table 2. Parameters for 490 m deep BHE

Parameter Value
kg[W /m-K] 3.53
Active length BHE [m] 490
Borehole diameter [mm] 140
Collector (center pipe) [mm] 50 x4.6
Collector (outer membrane) [mm] 139x 0.4
ke [W/m K] 0.42
Heat carrier Water
Mass flow rate [kg / s] 1
Thermal load [W /m] 40

Results from both heat injection and heat extraction are presented, the results from the simulations are
shown as temperature profiles taken after 50 hours of continuous operation in the following sub -
sections. The mass flow rate, the applied thermal load and the undisturbed temperature profile are
constant for all cases; the performance can, therefore, be compared based on the outlet temperature of
the heat carrier.

Heat injection

The influence of the flow direction on the temperature profiles and the distribution of the specific heat
load during heat injection are visualized in Figure 9. It is seen that for heat injection it is more feasible
to inject the heat carrier through the center pipe since it results in lower outlet and inlet temperatures.
In both cases, the highest heat load is in the upper part of the borehole where the undisturbed
temperature is lowest. In case (b) where the inlet is through the annular space, the lower part of the
borehole is poorly utilized, in fact, from 375 m and below, the heat transfer is positive, meaning that
heat is being extracted from the borehole in this part instead of injected.
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Figure 9.Temperature profiles for continuous heat injection 40 W/m for 50 hours, from a 490 m deep borehole: a) Coaxial BHE, inlet
through center pipe and b) Coaxial BHE, inlet through annular space.

Heat extraction

The influence of the flow direction on the temperature profiles and the distribution of the specific heat
load during heat extraction are visualized in Figure 10. As shown the best performance is in case b),
where the fluid inlet is in the annular space. In this case the outlet fluid temperature is 1.2 K higher
than in case (a). For both cases, the heat load is largest in the bottom of the borehole, thus, reflecting
the undisturbed temperature profile. As shown, the heat load is more unevenly distributed in case a),
where the fluid inlet is through the center pipe. In case b) it can be seen that the temperature of the
fluid in the center pipe decreases upwards. This indicates that there is a potential for further
improvements. The temperature losses can be reduced by increasing the thermal resistance, R,
between fluid in the center pipe and the annular space, this can be achieved either by using a pipe with
a lower thermal conductivity or by increasing the center pipe wall thickness. Alternatively, the mass
flow rate can be increased; this would then also increase the pressure drop in the BHE.
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Figure 10. Temperature profiles for continuous heat extraction 40 W/m for 50 hours, from a 490 m deep borehole. a) Coaxial BHE, inlet
through center pipe. b) Coaxial BHE, inlet through annular space.

In summary, while there clearly is a potential to use boreholes in the range of 500 m for cooling, for
deeper boreholes, the lower part of the borehole becomes poorly utilized for cooling. Deeper boreholes
are, therefore, most suitable for heat extraction. In the following section the results from a parametric
study is presented. The borehole depth is varied in the range 300 — 1000 m.
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5.4 Parametric study of the Coaxial BHE, borehole depth down to 1000 m

The performance of a deep coaxial BHE can be improved either by increasing the thermal resistance
through the center pipe using e.g. thermal insulation, or by increasing the mass flow rate.

Since the main motivation to increase the borehole depth is to increase the heat extraction rate, it is
most beneficial to use a higher mass flow rate while keeping the circulation fluid in the temperature
range of a conventional BHE. This favors high heat extraction rates and reduces the importance of the
thermal resistance between the annular space and the center pipe. The center pipe can, therefore, be
dimensioned based on hydraulic and economical criteria rather than thermal. Also with a higher mass
flow rate, the temperature change in the surface process is less, in the case of the pipe-in-pipe coaxial
BHE this means that more energy can be extracted without risking freezing of the water.

In this section the simulated results from a parametric study are presented. The main parameters
studied are:

- borehole depth

- mass flow rate

- borehole and center pipe dimensions
- geothermal gradient

The thermal conductivity of the center pipe has been set to 0.24 W/m-K which is equivalent to the
material polypropylene, this gives a higher heat load (in the range of 4 %) compared with polyethylene
pipes with a thermal conductivity of 0.42 W/m-K.

In order to make the results comparative between each configuration in the study, the mass flow rate
has been adjusted so that a constant AT is kept between the inlet fluid temperature and the time
average outlet fluid temperature of the BHE.

The performance of the BHEs is evaluated after 5000 hours of simulation. The BHEs are operated
with an on/off interval representing the operating cycles of the heat pump, a constant inlet temperature
of 1°C is used, and the mass flow is adjusted so that the average outlet temperature in the end of the
simulation is 4 °C. This is illustrated in Figure 11 for a 800 m deep BHE. A rather long operation cycle
of 24 hour is used since it reduces the computational time required in the parametric study. The mass
flow rate used in this specific case is 4 kg/s and the average heat load after 5000 h is 50 kW.
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Figure 11. lllustration of cyclic operation scheme used in the simulations, simulation time 5000 h, GG=20 K /km, 800 m depth.
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As shown, a constant mass flow rate and inlet fluid temperature is used when the BHE is in operation;
the outlet temperature has a peak in the beginning of each operation cycle representing the warmer
fluid in the lower part of the BHE which is transported up. When the mass flow is turned off, the fluid
temperatures in the top of the borehole increases with about 1 K being heated up by the surrounding
rock.

The parameters used in the study are summarized in Table 3. The dimensions of the center pipe are
chosen using commercially available pipe dimensions while minimizing the total pressure drop in the
BHE.

Table 3. Parameters for parametric study

Parameter Value

Depth [m] 300- 1000

Do [mm] 140, 165, 185
GG [K/km] 15, 20, 25

ke [W/ m-K] 0.24

Center pipe dimensions [mm] 90 x 5.1, 110 x6.3, 125 x7.1
Inlet temperature [°C] 1

Average outlet temperature [°C] 4

kg [W/ m-K] 3

Operation interval [hours] 24

Simulation time [hours] 5000

Figure 12 shows the heat load as a function of the borehole depth and the geothermal gradient (GQG)
while the borehole diameter is fixed at 140 mm. It is seen that doubling the borehole depth from 300
m to 600 m results in an increase in thermal effect of about 3.5 times, a further increase to 900 m
borehole depth results in an increase of almost 8 times.
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Figure 12 Heat load as function of depth and geothermal gradient, simulation time 5000 h, d0= 140 mm.

The geothermal gradient has a rather large influence on the heating load i.e. with a gradient of 25 K/
km the heating load is 55 % larger than for a gradient of 15 K / km at 1000 m depth.
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A larger thermal effect is equivalent to a larger mass flow rate; therefore, a larger borehole diameter is
required for large geothermal gradients and/ or large borehole depths. While the main gain with a
larger borehole and center pipe diameter is a reduced pressure drop, there is also a somewhat larger
increase in thermal heat load for larger borehole diameters.

The pressure drops corresponding to the case with a geothermal gradient of 20 K / km are shown in
Figure 13.a together with the results for a lager borehole diameter and center pipe. In comparison, the
pressure drop in a single 40 x 2.4 mm U-tube collector in a 300m borehole is about 1.2 bar.

The influence of the pressure drop on the total performance can be determined by assuming that the
energy supplied by the coaxial BHE is upgraded to a higher temperature level with a heat pump,
having a constant average COP at the specified temperature levels. The power requirements for the
circulation pump can then be determined and added to the compressor work of the heat pump. The
results from this are shown in Figure 13.b where a constant COP of 4 and a circulation pump
efficiency of 75 % have been assumed.
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Figure 13. a) Pressure drop (bar) as function of borehole depth and diameter, simulation time 5000 h, GG=20 K /km b) COPta, as
function of borehole depth and diameter, simulation time 5000 h, GG=20 K /km

As seen, COPy, decreases with increasing borehole depth when the power requirements for fluid
circulation are included. It is seen that for larger borehole diameters the pressure drop and the decrease
in COP,, is significantly reduced.

The power requirements for fluid circulation are for most cases less than 5 % relative to the heat pump
compressor. This is acceptable and comparable with a conventional GSHP system using 200 — 300 m
boreholes.

It is important to point out that the decrease in COP,, with depth presupposes the criteria of a
constant temperature level. Reducing both mass flow rate and the heat extraction rate increases the
fluid temperature and reduces the pressure drop; as a result the COP,, increases. This does, however,
reduce the total heat output somewhat.

The simulated time period of 5000 h is an approximation to the cold season (October to April) when
heating is needed in Scandinavia. While in general, BHEs only operate at peak load for a shorter part
of the operation time, the simulated deep BHEs are operated with a high heat load and a long
operation cycle; this makes the results conservative and representative also for longer operation times.
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As shown, there is a clear potential to extract significant amounts of energy from deep BHEs. These
deep BHEs can be used as an option to shallow BHESs, for example to cover large heating loads in
areas where there is scarcity of space. As an example, an 800 m deep coaxial BHE can provide the
equivalent heat load of more than 6 conventional 300 m U-tube BHESs, thus dramatically reducing the
total borehole length and the required surface area, thereby, making GSHP systems an option also in
e.g. urban areas. The benefits of having a system that is space efficient, and that can sustain a higher
specific heat load has to be weighted to the possible additional costs associated with drilling at larger
borehole depths.

6. Discussion / Conclusion

The aim of this paper was to perform a study on the performance of deep coaxial borehole heat
exchangers. This has been done through the means of a new numerical model representing a coaxial
BHE, which has been presented and validated against measurements from an experimental setup. The
coaxial BHE was chosen as it can have a better thermal performance than a conventional U-tube BHE
and is more suitable for deeper boreholes.

While for boreholes in the range of (= 200 m) it is seen that there is little or none obvious effects
related to the flow direction of the heat carrier, larger effects are seen for deeper boreholes. In general
the coaxial BHE is best utilized if the fluid inlet is through the annular space during heat extraction
and through the center pipe during heat injection. The thermal performance can be increased by
reducing the heat transfer between the fluids in the center pipe and the annular space. For a given heat
load, this can be achieved either by increasing the thermal resistance through the center pipe, and/or by
increasing the mass flow rate.

The freezing temperature of water is an obvious limit for an open loop system, it is, however,
demonstrated that even with this limitation, the deep coaxial BHE can support a significantly higher
heat load than conventional U-tube BHEs.

The mass flow rate has a large influence on the thermal and hydraulic performance of the coaxial
BHE, a large mass flow rate give a high thermal extraction rate while reducing the need for a
thermally insulated center pipe. This comes at the cost of increased pressure losses; these can,
however, be reduced by increasing the size of the borehole and the center pipe. The results from the
parametric performance study show that the increase in system performance with increasing borehole
depth outweighs the increase in pressure losses and pumping power.
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[-6.5 ADDITIONAL RESULTS AND DISCUSSION

In the following subsections, additional results are presented. These results are valuable
complements to the results presented in Paper 4 and are ment to give further information, which
could not be presented within the scope of the paper. Results are presented regaring the use of
coaxial BHEs for both shallow and deep boreholes.

The results are divided into three parts of which the first (subsection 1-6.5.1) is a direct
extension of the results presented in Paper 4 for a 190 m deep borehole with a coaxial collector.
In this part the transient heat transfer during heat extraction and heat injection is studied in detail
using the numerical model. The results (from heat injection) are also further compared with the
measurement data from Acuifia (2013).

In the second part (subsection 1-6.5.2) results are presented from simulations of heat extraction
and heat injection in a 800 m deep coaxial BHE. The results focuses on the transient heat
transfer and the distribution of the specific heat load in the borehole. The results further show
the suitability of the deeper boreholes as a heat source and sink.

In the third part (subsection 1-6.5.3) the results from a parametric study are presented. This is
also an extention to the results presented in Paper 4, although a slightly different approach is
used. In Paper 4, the changes in thermal performance (heat extraction rate) with depth are
evaluated using a constant heat carrier inlet temperature to the BHE and a constant time average
of the heat carrier outlet temperature from the BHE. In this part the performance is instead
evaluated using the total COP (COP,,,) for a system where the heat extracted from the BHE is
assumed upgraded to a higher and constant temperature level using a heat pump. The
performance of the system is then evaluated based on the use of high value energy (electricity)
for the circulation of the heat carrier and for the compressor in the heat pump. Since the COP of
the heat pump increases with the temperature level of the extracted heat carrier, the value of
having a higher heat carrier temperature level using a deeper BHE is assessed. The result from
this study is important as it is shown that the increase in heat pump performance with depth
outweights the associated increase in pump work for circulation of the heat carrier.
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[-6.5.1 SIMULATION OF 190 M COAXIAL BHE

In the following, the numerical model is used to study the influence of mass flow and flow
direction for heat extraction and recharge using the BHE configuration presented in Paper 4.
The parameters for the BHE are summarized in Table I-2.

Table I-2. Parameters for experimental setup.

Parameter Value
_k[W /mK] 3.53

Active length BHE [m] 165

Borehole diameter [mm] 115

Collector (center pipe)[mm] 40x2.4

Collector (outer membrane) [mm] 114x 0.4

k. [W/ m-K] 0.42

Heat carrier Water

Mass flow rate [kg/ s] 0.44-0.7

Heat load [kW] 6.2 - 6.5 kW

The numerical model is used to simulate the measured data obtained in the DTRT performed by
Acuna (2013). The distributed temperature measurements are used to calculate the applied
thermal load during the DTRT. The specific heat capacity of water is evaluated from
NIST(2013) based on the arithmetic mean value of the inlet and outlet temperatures. Note that
the temperature measurements and the simulated results presented start at 17 m depth in the
borehole. heat transfer in the upper part of the borehole as well as in the surface equipment
(piping and circulation pump) is not accounted for. The applied heat load during the DTRT is
shown in Figure 1-20. This section focuses on the first heating period and the first part of the
recovery period.
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Figure 1-20. Calculated heat load during DTRT.

[-6.5.1.1 HEAT INJECTION TO 190 M COAXIAL BHE

In this subsection results from simulation of heat injection to a 190 m deep coaxial BHE is
presented.

Temperature profiles during the start of the first heat load period (19.76 h to 20.92 h) are shown
in Figure I-21. The left (colder) part of each profile corresponds to the annular space and the
right (warmer) part to the center pipe. The first profile (19.76 h) is taken before the heat load is
applied.

The mass flow rate is about 0.58 kg / s during the test. The flow velocities in the annular space
and in the center pipe are approximately 0.065 m/ s and 0.6 m/s, respectively. Therefore, it takes
the fluid about 4.6 minutes to travel down through the simulated center pipe and 42.5 minutes to
return up through annular space of the BHE. This difference in flow velocity is the reason why
the curve representing the annular space in the second profile has barely changed from the first
profile while the curve corresponding to the center pipe has moved to the right in the figure.
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Figure [-21. Fluid temperature profiles, temperature in coaxial BHE, heat injection with inlet through

center pipe

In Figure 1-22 the borehole wall temperature is shown for the times corresponding to the
profiles in Figure [-21. Note that the second profile (19.93 h) is nearly identical to the first. This
is because the warm water is circulated down through the center pipe, and it is separated from
direct contact with the borehole since it has not yet reached the annular space. The third, fourth
and fifth profiles clearly show that the lower part of the borehole is heated up first as the fluid

travels slowly up the annular space.
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Figure 1-22. Borehole wall temperature in coaxial BHE, corresponding to Figure 1-21.
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In Figure 1-23, the specific heat load in the borehole is seen. The heat load is determined based
on the conductive heat transfer in the rock. As expected the later profiles show a heat load that
is largest in the lower part of the borehole; moreover, it is clearly shown on the lower part of the
second profile that the fluid has just entered the annular space. On the third profile (20.1 h) the
fluid in the annular space has moved slightly less than 40 meters which is in accordance with

the flow velocity.
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Figure 1-23. Specific heat load in coaxial BHE, corresponding to Figure 1-21.

Although the mass flow is stopped at 97.9 hours after the first heating period, the fluid in the
annular space is initially not stagnant. While energy is still being transferred from the borehole,
natural convection is initiated in the annular space. In the numerical model, this has been
accounted for through a Nusselt- correlation derived in Paper 1. As seen in Figure [-24 this
gives a better fit to the experimental data than assuming stagnant water.

149



a)

Depth (m)

T-annulus mean temperature

G B bR bbb bbbl oo R
] : : * Measured :
14 7 Simulated with Nu -correlation :
b Simulated assuming stagnant water
~— 137
._.U q
S
o
= 12
=
=
St
>
o 11
=
o
=
77 :
8 t t t : |
0 40 8o 120 160 200

Time(h)

Figure 1-24. Comparision between arithmetic mean values of the temperature in the annular space as

determined with and without the influence of natural convection.

As shown, there is clearly a difference which remains for about 40 hours (between 97 and 137
hours). In the case of the studied DTRT experiment, this difference does not significantly affect
the calculated results during the second heating period. During simulation of normal and
continous heat pump operation (shorther time periods), it is, however, likely that it will have

som influence on the results.

In Figure 1-25 a) the vertical distribution of the local thermal resistance is shown for the
different times during the heat injection phase of the DTRT. The vertical averages of the local
thermal resistance and the effective resistance are shown in Figure I-25 b).
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Figure 1-25. a) vertical distribution of local borehole thermal resistance. b) Variation over time of the

vertical mean value of the local resistance and effective resistance.
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The thermal resistances are low in comparison with the corresponding values for a U-tube
collector as shown in Figure I-11. The values are also nearly constant in time as they are
independent on the changes in water temperature. As seen in Figure 1-25 a) the local thermal
resistance is higher in the upper part of borehole, indicating that the overall heat transfer in this
section of the borehole is less effective.

[-6.5.1.2 HEAT EXTRACTION FROM 190 M COAXIAL BHE

In the following figures, both the flow direction and the heat load is reversed as compared to the
previously presented case (I-6.5.1.1). The left (colder) part of each profile corresponds to the
annular space and the right (warmer) part to the center pipe. As seen in Figure I-26 the resulting
temperature profiles are distinctly different from that of Figure I-21.

The first profile (19.76 h) still show the profile before the extracted heat load is applied. In the
second profile, the cold water travels down in the annular space. Note that the top of the part of
the second profile that corresponds to the center pipe is as well cooled down, this is more
obvious in the third and fourth profiles. As the injected cold fluid has not yet reached the bottom
of annular space, and therefore, not entered the center pipe, this is clearly due to heat transfer
between the fluid in the center pipe and the annular space. This heat transfer can be thought of
as a thermal short circuit, and it is undesired as it reduces the thermal performance of the BHE.
In the last profile (20.92 h), this gives a negative curvature of the profile for the center pipe. By
either reducing the temperature difference between the fluid in the annular space and the center
pipe, or by increasing the thermal resistance in the center pipe, the short-circuit can be reduced.
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Figure 1-26. Fluid temperature profiles, temperature in coaxial BHE, heat extraction with inlet through
annular pipe.

In Figure 1-27 the borehole wall temperature is shown. The decrease in wall temperature starts
in the upper part of the borehole and spreads downward with the velocity of the flow in the
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annual space. The temperature change is largest in the upper part of the borehole and
consequently also the specific heat load as seen in Figure I-28.
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Figure 1-27. Borehole wall temperature in coaxial BHE during heat extraction, corresponding to Figure
1-26

The specific heat load is largest in the upper part of the borehole. And the heat transfer spreads
downward with the rate of the temperature profiles in Figure I-27.
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Figure 1-28. Specific heat load in coaxial BHE during heat extraction, corresponding to Figure [-26.
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In Figure 1-29 a) the vertical distribution of the local thermal resistance is shown for the
different times during the heat extraction phase. The vertical averages of the local thermal
resistance and the effective resistance are shown in Figure 1-29 b).

Figure 1-29. a) Vertical distribution of local borehole thermal resistance during heat extraction. b)
Variation over time of the vertical mean value of the local resistance and effective resistance during heat
extraction.

In Figure 1-29 it is seen that the local thermal resistance is slightly higher than during heat
injection (Figure 1-25), and that there is also a small (negligible) difference in the effective
thermal resistance between heat extraction and heat injection.

[-6.5.1.3 SUMMARY
The heat transfer during heat injection and heat extraction from a 190 m deep coaxial BHE

(active depth 165 m) has been studied. It is seen that the coaxial BHE perform equally well for
both heat extraction and heat injection and that it has a better thermal performance than a
conventional U-tube BHE (shown by the low thermal resistance). The temperature drop shown
for the return fluid in Figure [-26 indicates that the collector would gain from having a
thermally insulated center pipe. Alternatively, the mass flow rate could be increased, this would
then require an upscaling of the center pipe.

1-6.5.2 SIMULATION OF 800 M COAXIAL BHE

In the following subsection, the numerical model is applied to cases where the borehole depth is
increased. Results from a 800 m borehole is presented. The configuration studied is based on
the parametric performance study in Paper 4. The borehole diameter is 140 mm, the center pipe
has a wall thickness of 5.1 mm and an outer diameter of 90 mm, this is standard dimension for
PE(polyethylene) pipes with 10 bars pressure rating. A relatively high mass flow rate (4 kg / s)
is used to reduce the need for thermal insulation between the fluid in the center pipe and the
fluid in the annular space.
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While the potential for heat extraction increases with borehole depth, the potential for thermal
recharge decreases. To illustrate this, temperature profiles for both heat injection and extraction

are presented. In the case with heat extraction the fluid inlet is in the annular space and in the
case with heat injection the fluid inlet is in the center pipe.

A linear fluid temperature profile is assumed as the starting condition for the simulations and

the applied thermal load is specified as constant.

[-6.5.2.1 HEAT EXTRACTION FROM 800 M COAXIAL BHE

The fluid temperature profiles for a case with heat extraction versus time and the initial
temperature profile of the ground is shown in Figure I-30.
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Figure 1-30. Temperatur profiles. Specific heat load, 50 W/ m

The first profile is taken after 1 hour of fluid circulation without heat extraction. Thereafter, a
constant and average specific heat load of 50 W / m is extracted from the BHE. The mass flow
rate is 4 kg / s and the flow velocities in the annular space and in the center pipe are 0.44 m/ s
and 0.8 m/s, respectively. It takes the fluid 1800 s to travel down on the annular side and 1000 s
to return through the center pipe. The first profile is taken just before the heat load is applied.
The circulation transports energy between the lower part and the upper part of the borehole, as
is evident in Figure [-32. It is first in the fourth profile (4.38 h) in Figure I-30 that the fluid has
circulated through the entire BHE and a temperature profile is established. In the fifth profile
(32.83 h) the temperature has decreased while the shape of the profile is almost constant.

154



In Figure I-31 the borehole wall temperature is shown for the instances corresponding to the
profiles in Figure I-30. It is seen that the borehole wall temperature for the first profile (0.99 h)
reflects the fluid temperature in the annular space. In the following two profiles (1.16 h and 1.33

h) it is seen that the borehole wall is cooled down as the colder fluid travels down in the annular
space.
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Figure I-31. Borehole wall temperature, profiles corresponding to Figure 1-30

In Figure I-32 the specific heat load is shown for the times corresponding to the profiles in
Figure 1-30. Note that it is only for the last profile (32.8 h) that the heat load is positive also in
the upper part of the borehole; that is, heat in being extracted from the entire borehole. As the
fluid enters through the annular space, this can as well be seen from Figure 1-30 where the
temperature of the inlet fluid is close to the initial ground temperature in the last profile.

Instead of applying a constant thermal load, a constant inlet temperature can be used. Given that
this temperature is less than the ground temperature, the heat load will be positive all along the
borehole. It is primarily the transient behavior as reflected by the first profiles (1.16 h to 4.83 h)
that differs between a constant thermal load and a constant inlet temperature. The results from a
simulation of heat extraction with a constant inlet temperature and with the same model
parameters as used in this section are described in Appendix B.
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The distribution of the specific thermal load in the BHE (Figure I-32) becomes nearly constant
after only a few hours of operation (fifth profile (32.83 h)) and clearly reflects the initial
temperature gradient in the ground. It is not possible to sustain a constant and high thermal load
from the BHE over longer times as the temperature decline becomes too large. This is evident
when comparing the relative large load in the lower part of the borehole with Figure 2-7 in
Section 2.1.4 where the temperature decline of the borehole wall is seen as a function of time
and specific heat load.

Therefore, simulations over time have been made with an operation strategy where the BHE
operates for a distict period, followed by a recovery period. This is similar to the operation of
conventional BHE installations. In Figure 1-33 the distribution of the specific thermal load is
shown for a case where an 800 m deep coaxial BHE has been simulated for 20 years. The
simulation is based on the same parameters as the simulation presented in Figure I-30 - Figure
1-32.

The BHE has been operated with a period of 24 hours. In addition, a seasonal recovery period of
4 months is applied. The choice of a relatively large operation period of 24 hours is arbitrary
and has little influence on the results (see Figure 2-7 in Section 0). A longer period does,
however, reduce the amount of transient changes in the simulation and is, therefore, faster to
calculate.
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Distribution of specific thermal load after 20 years of operation

100 m: 4%
200 m: 6%

800 m: 21%

300 m: 9%

400 m: 11%|

700 m: 19%

500 m: 14%

600 m: 16%

Figure 1-33 Distribution of the thermal load in a 800 m deep coaxial BHE after 20 years of operation, the
fluid inlet is in the annular space.

It is seen that most of the energy is extracted from the lower part of the borehole, e.g. 40 % of
the extracted energy comes from the lowest 200 m while only 10 % comes from the upper 200
m of the borehole.

The distribution of the specific heat load is important as it directly affects the way a deep BHE
should be designed and constructed. Since only a small share of the energy is extracted from the
top of the borehole, the sensitivity to thermal influence between several deep BHEs is small in
the upper part. If the borehole for the BHEs can be drilled with a small deviation, this means
that deep BHEs can be placed closely together on the suface and then deviate from each other to
create sufficiently large distances between the boreholes near the bottom. The spatial
temperature influence from a deep BHE can be determined using Figure 2-5 - Figure 2-6. An
illustration of how a number of deep boreholes can be placed together is shown in Figure 1-34.

Figure 1-34. Illustration of how a number of deep boreholes can be placed together.
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[-6.5.2.2 HEAT INJECTION TO 800 M COAXIAL BHE

Conventional borehole heat exchangers can be used for cooling purposes. The potential for
cooling decreases with depth as the temperature of the ground increases. In this subsection, the
simulation presented in Figure I-30 to Figure I-32 is repeted, but with a reversed flow direction.
In this case the warm fluid enters the center pipe and is cooled down as it returns through the
annular section.

The temperature profiles are shown in Figure I-35. As seen from the second profile (4.8 h) and
last (32.8 h) profiles, it is primary the upper part of the borehole that is used while less energy is
being recharged to the lower part. Results from a simulation with the fluid inlet through the
annular space can be found in Appendix B, but this is not advisable for thermal recharge as it
gives a lower thermal performance (higher mean fluid temperature).
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Figure I-35. Temperature profiles during thermal recharge.

When the fluid has reached the bottom of the BHE and entered the annular space, the borehole
wall starts to heat up. This can be seen from the third (1.33 h) profile in Figure 1-36 (showing
the borehole wall temperature) and Figure 1-37 (showing the distribution of the specific heat
load along the borehole). The later temperature profiles (4.83 h and 32.83 h) show that there is
little temperature decrease of the fluid in the lower part of the borehole (from about 500 -600 m
depth).
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Figure 1-36. Borehole wall temperature during thermal recharge, profiles corresponding to Figure I-35

In the lower part of the borehole, the borehole wall is initially warmer than the entering warm
fluid; therefore, energy is first being extracted in the lower part, this is most clearly seen in
Figure 1-37. In the last profile (32.8 h) the temperature of the fluid has increased so that energy
is being transferred to the wall in most of the borehole (Figure 1-37).
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Figure 1-37. Distribution of specific heat load during thermal recharge, profiles corresponding to Figure
1-35
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[-6.5.2.3 SUMMARY

Heat extraction and heat injection is simulated in a 800 m deep coaxial BHE. It is seen that for
heat extraction the majority of the heat transfer is located to the lower part of the borehole. This
indicates that the separation distance between several deep BHEs should be increased as
compared to the distances used for conventional 200 to 300 m BHEs.

The figures show that the presented 800 m deep coaxial BHE can be used also for cooling. It is,
however, seen that not the entire borehole is utilized. A shallower borehole could, therefore,
have a similar performance for cooling. Also, most of the energy is being recharged to the upper
part of the borehole while the lower part, which is most affected during heat extraction is
relatively unaffected.

The figures presented have focused on the transient behavior of the deep coaxial BHE, since it
takes the heat carrier about 45 minutes to circulate throught the entire BHE and at least a few
hours before a stable temperature profile is established in the borehole, a relatively large part of
the BHEs operation time in connection with a heat pump can be transient.

1-6.5.3 PARAMETRIC STUDY OF COAXIAL BHE

In this subsection, a parametric study of the coaxial BHE is presented. In the study, the
performance of the coaxial BHE, as measured by the the optimized COP;y, for each borehole
depth as function of the mass flow rate and the physical dimensions of the collector pipe is
investigated

1-6.5.3.1 HEAT PUMP AND SYSTEM PERFORMANCE

The thermal performance of the coaxial BHE during heat extraction was presented in Paper 4
and is further explored through a parametric study in this subsection. In the parametric study the
thermal performance of the coaxial BHE is studied as a function of primarily the borehole
depth.

For deep BHEs there is the option to either extract a high amount of thermal energy at a lower
temperature level, or to extract less energy but at a higher temperature level. In Paper 4, the
study focuses on the first option. In this subsection the focus is on the total performance of the
system; that is, the total COP of the system (including the pump work required for circulation of
the heat carrier) is used to evaluate the performance.

The maximum total COP is determined as a function of the center pipe wall thickness for
different mass flow rates, borehole depths and thermal loads.

The heat pump has not been explicitly modeled; instead it is represented by a correlation as a
function of the source temperature. This is then used together with the pump effect of the
circulation pump for the heat carrier to determine the overall coefficient of performance
(COP;ya)) of the heat pump and the BHE.
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For a water to water heat pump, it can be shown that for a constant condenser temperature, there
is usually a linear relationship between the heating capacity of the heat pump and the required
compressor power as a function of the source temperature. In Figure 1-38, a linear regression is
fitted (Equation I-5) to data from a range of heat pumps from the producer Carrier (2014). The
equation describes COP as a function of the source temperature. The heat pumps use the
refrigerant R-410, and the condenser temperature is kept constant at 60 °C. The data has been
scaled so that the inlet temperature to the borehole can be used to represent the source
temperature.

4 4 4 4 4
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4 Linear regression ,J‘i
/ig COP = 2.82 + 0.0714 * Tiyjet, I-5
/ig/ where Tiye is the inlet fluid temperature
3.5 COP=2.82 +0.0714°T,
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Figure 1-38. COP as a function of the BHE inlet fluid temperature. Linear regression based on data sheet
for Carrier heat pumps.

Increasing or reducing the condenser temperature shifts the trend vertically in the figure while
the slope of the linear regression remains constant. It was chosen to keep the condenser
temperature constant at 60 °C as it is sufficient for hot water production, the COP values would,
however, be higher if lower (between 30 and 45°C) condenser temperatures are used (as those
used in modern distribution systems such as floor heating and compact radiators). The overall
system performance is then determined as:

QeHE+Whp I-6
P =—
co total Whp+W,, 5
where Wy, = C%BPH_El, -7

and W, is the pump effect of the circulation pump.

1-6.5.3.2 RESULTS FROM PARAMETRIC STUDY

The performance of the coaxial BHE can be improved either by increasing the thermal
resistance through the center pipe or by reducing the thermal potential through an increase in
mass flow rate. Hereunder, the results from a parametric study are presented in which primarily
the influence of wall thickness of the center pipe and the influence of the mass flow rate are
studied. The thermal conductivity of the center pipe has been set to 0.24 W/m K which is
equivalent to the material polypropylene.
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The borehole depth has been varied between 600 m and 1000 m; for each depth, the optimum
combination of mass flow rate and physical dimension of the center pipe has been determined.
The performance of the BHEs is evaluated after 1000 hours of simulation. The BHEs are
operated with an on/off interval representing the operating cycles of the heat pump and
assuming that a constant heat load is extracted when the BHE is in operation. This is illustrated
in Figure 1-39 for an 800 m deep BHE with a constant heat extraction rate of 40 kW; the first
two cycles after startup are shown. A rather long operation cycle (of 24 hours) has been used
since it reduces the computational time required in the parametric study.
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Figure 1-39. Illustration of cyclic operation scheme for coaxial BHEs.

The figure shows the inlet and the outlet fluid temperatures from the deep coaxial BHE, for each
operation cycle, the mass flow rate is keept at a constant value.

The parameters used in the study are summarized in Table I-3. The flow area of the annular
space and the center pipe are chosen so that the pressure drop is kept equal in both parts while
the wall thickness of the center pipe is varied. As an alternative, the two flow areas could be
kept equal; this will, however, result in a somewhat higher overall pressure drop.

Table I-3. Parameters for parametric study

Parameter Value
Depth [m] 600- 1000
d, [mm] 140
Thermal gradient [K / m] 0.02

k. [W/ m'K] 0.24
Center pipe wall thickness (s) [mm] 1-20
Heat duty (q) [W /m] 40

Mass flow rate [kg/ s] 15-5

k, [W/ m-K] 3
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Operation interval [hours] 24

Simulation time [hours] 1000

Pump efficiency, n [%] 75

The correlation for the heat pump (Equation I-5) is used to relate the thermal performance of the
BHE to the use of high value energy (electricity) through the COP. The overall performance
(COPyyra1) is determined for different flow rates as a function of the center pipe wall thickness
(s). To illustrate this, the performance (COP;y,) of a 800 m deep BHE is presented in Figure
1-40. The values in the figure have been normalized to the highest COP .
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Figure 1-40. 800 m coaxial BHE with 40 W/m heat extraction,DO =140 mm. The figure shows
normalized overall performance for different mass flow rates and center pipe wall thickness. Simulated
time 1000 hours.

The maximum value for each mass flow rate is shown in the figure. It is seen that while the
maximum performance in this case is found for a mass flow rates of 2.5 and 3 kg/s and a
corresponding center pipe wall thickness of 8 and 12 mm, respectively. Other combinations
yield a similar maximum performance. As expected, with increasing mass flow rate, the
importance of the thermal resistance between the annular space and the center pipe decreases.
The figure is based on a borehole with a fixed diameter of 140 mm; however, with a larger
diameter, the optimum values would move further to the right in the figure.

The results shown in Figure I-40 are taken after 1000 hours of operation, which is a rather short
time period, considering the expected life time of a BHE. The figure is, however, representative,
since the changes in optimum wall thickness with time is small, and the rate of change will
decrease with longer operating time. The increase in optimum center pipe wall thickness is
shown in Figure [-41.

163



3.75

3.74 p—

3-7j ] =
i e
iy

3.69 4

3.68 ] /

3.67 /
3.66 /

3.65 I

Center pipe wall thickness (mm)

3.64
o 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time (h)
Figure [-41. Change in optimum wall thickness of the center pipe as function of operation time.

E.g. increasing the operation time from 1000 hours to 5000 hours increases the optimum wall
thickness with 0.1 mm (= 1.7 % of the value for a mass flow rate of 4 kg / s) and has almost no
effect on the performance of the BHE. Figure I-40 is, therefore, a robust and accurate
representation of the performance of an 800 m coaxial BHE given the parameters in Table I-3.

For different borehole depths, the maximum values of the COP,, for each mass flow rate as
shown in Figure [-40 have been used to create a chart for the optimum performance of the BHE
as a function of center pipe wall thickness and mass flow rate. The borehole diameter and the
average thermal extraction rate (W/m) have been kept constant. The chart is presented in Figure
1-42 for mass flow rates varying between 2.5 kg/s and 5 kg/s.
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Figure 1-42. Performance chart for pipe-in-pipe BHEs. The figure shows normalized COP,, as a function
of center pipe wall thickness, borehole depth and mass flow rate. Lines for constant borehole depths and
constant mass flow rates are shown in the figure. Simulated operating time is 1000 hours.

Figure 1-42 shows the optimum performance of the BHE based on COP,y, the lines correspond
to both constant borehole depths and mass flow rates. It is seen that the overall performance
increases with depth and that the maximum COP,q, is found for a mass flow rate of about 3 kg
/s and a center pipe wall thickness between 6.6 mm and 10 mm. There are, however, several
combinations of mass flow rate and wall thickness that can give an almost similar performance.

These results assume a constant heat pump condenser temperature of 60 °C , and as a result a
rather low COP. If the heat pump COP is increased the power consumption of the circulation
pump becomes relatively larger and has more influence on the total COP. As a consequence, the
optimum wall thickness corresponding to each mass flow rates decreases.

Also, the thermal conductivity of the center pipe has been keept fixed at 0.24 W /m K in the
study. Increasing the thermal conductivity to 0.42 W /m K, (corresponding to polyethylene
pipes) results in similar center pipe dimensions for larger mass flow rates while a larger center
pipe wall thickness is required for lower mass flow ranges.

The price of the center pipe is linearly proportional to its weight which increases with an
increasing wall thickness, i.e. increasing the wall thickness from 4 mm to 10 mm increases the
price about 2.5 times. If economical aspects would to be weighted in, it is, therefore, expected
that the optimum would move further to the left side of the figure, favoring a larger mass flow
rate and a thinner wall thickness.

Another way of showing the increasing potential with borehole depth is to keep COPiyy
constant while determining the resulting heat load. This would imply that the temperature lift by
the heat pump, and the return temperature from the heat pump both are kept constant and
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invariant with borehole depth. Further, means that the ratio between the power used by the
circulation pump (W) and the heat pump compressor (Wy,) is kept constant.

The parameters from the previously modelled case (Table 1-3) are used, but instead of using a
constant heat load, a constant inlet fluid temperature is used. The center pipe dimensions
determined in Figure I-42 are used while the mass flow rate is adjusted accordingly to the
average heat load and the requirement of a constant COP,,,. The parameters used in addition to
Table I-3 are summarized in Table I-4.

Table I-4. Parameters for parametric study

Parameter Value
COPyora [-] 3.8
Tine [°C]

W, / W‘:P [%] 5

It is found that for each borehole depth, the variation in the results is small. It is, therefore,
sufficient to show only the values for pipe dimensions corresponding to a mass flow rate of 4
kg/s in Figure 1-42. The results for the total heat loads are presented in Figure [-43.a and the
temperatures and the heat loads in the end of the simulation are shown for the 800 m BHE in
Figure [-43.b.
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Figure 1-43. a) Total and average specific heat load as function of borehole depth. b) Temperatures and
heat load in the end of the simulation for 800 m BHE, s= 4.8 mm, m=4.7 kg/s. Simulated time 1000
hours.

The average specific heat load increases with depth; the change is 35 % between 600 m and
1000 m. A rather large mass flow is used in all cases, which reduces the thermal potential
between the inlet and outlet fluid, and the need for thermal insulation. Also, with a higher mass
flow rate, the temperature change in the surface process is less which in the case of the pipe-in-
pipe coaxial BHE means that more energy can be extracted without risking freezing of the
water.

It should be emphasized that the heat load declines over time, after 1 year it has declined with
5% and after 5 years the decline is in total 30 % but thereafter, the decline is almost negligable.
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As shown, there is a clear potential to extract significant amounts of energy from deep BHEs.
Deep BHEs can be used as an option to shallow BHEs, especially for large heating loads in
areas where there is a scarcity of space. As an example, an 800 m deep coaxial BHE can provide
the equivalent heat load of more than 6 conventional 200 m U-tube BHEs thus dramatically
reduce the required surface area and thereby, make GSHP systems an option also in e.g urban
areas where there often is a scarcity of space. The benefits of having a system that is space
efficient, and that can sustain a higher specific heat load has to be weighted to possible
additional costs associated with increased borehole depth

[-6.6 CONCLUSIONS

The thermal performance of the coaxial BHE has been studied for different borehole depths and
with water as the heat carrier. The deep BHE is most efficient for heat extraction, and the
potential for cooling decreases as the ground temperature increases with borehole depth.
Relative to conventional BHEs, the deep BHE can sustain a higher thermal load during heat
extraction which significantly reduces the total drilling length required to cover a given heat
load.

The flow direction of the heat carrier affects the thermal performance of the coaxial BHE.
During heat extraction, the heat carrier should be injected through the annular space. If used for
heat injection, the fluid should enter through the center pipe. This is most important for deeper
boreholes, for a shallow borehole with a single and uninsulated center pipe, the flow direction
has little importance, as seen in Paper 4.

During heat extraction, the vertical distribution of the thermal load in the borehole follows the
thermal gradient; therefore, most of the energy is extracted from the lower part of the borehole.
During heat injection, the distribution of the thermal load is reversed such that the upper part of
the borehole will be heated up while the lower part is poorly utilized.

The distribution of the thermal load also influences the way deep BHEs should be constructed.
The thermal influence is proportional to the thermal load, which during heat extraction is small
in the upper part of the boreholes. Several boreholes can, therefore, be placed near each other on
the surface, but should have a deviating pattern to create a sufficient distance between the
boreholes in the deeper parts of the boreholes.

For a deep BHE with water as the heat carrier, there is a bottleneck problem connected to the
thermal output from the borehole. In order to get the heat out from the borehole without
lowering the inlet temperature below 0 °C, the mass flow has to be rather high. A high mass
flow also increases the thermal performance of the deep coaxial BHE since it reduces the
internal heat losses and increases the heat transfer for the surrounding rock. The drawback with
a high mass flow rate is that it can cause excessive pressure losses if the internal flow area in the
coaxial BHE is too small. It is, however, shown in the parametric study that the increase in
system performance with increasing borehole depth significantly outweighs the effect of the
increase in pressure losses and pumping power. This indicates that the optimum configuration
for a deep coaxial BHE used for heat pump applications is a combination of a thin walled center
pipe and a rather high mass flow rate.
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PART II

II CLOSED LOOP ENGINEERED GEOTHERMAL
SYSTEMS

1I-1 Introduction

In this part of the thesis the focus is on the geothermal resources that are made up by the thermal
energy stored in the upper few kilometers of the earth 's crust; that is outside the tectonically
active areas with naturally occurring hydrothermal resources. The aim with the development of
Engineered geothermal systems (EGS) is to access and extract this vast energy resource.

EGS has so far mainly been developed through a series of research and pilot projects where the
target has been to use the thermal energy for production of electricity, which requires a rather
high production temperature. These projects have as well been initiated in geological locations
that have more favorable conditions, i.e. higher temperature levels than what can be found in
Norway (which is the main focus and origin for this work).

An EGS installation in Norway would, however, most likely be used directly in district heating
systems, (due to the country's high heating demands and large hydropower resources) thus
eliminating the rather low efficiency associated with binary cycles used for electricity
production. The most commonly known approach to an EGS is a system where the connectivity
between the production and injection well is established using artificially created networks of
fractures. In such system the heat transfer is less dependent on the thermal conduction in the
rock (as a large heat transfer area can be created). In the EGS concept studied here the
connectivity between the production and injection well is created by drilling a number of
wellbores. This limits the heat transfer area (which means that the heat transfer is more
dependent on thermal conduction). And thus, generally a larger temperature difference is
required between the working fluid and the initial temperature of the rock surrounding the
wellbores. Interaction with existing fractures, and resident fluids in the rock is not wanted, and
the system can, therefore, be referred to as a closed loop EGS.

The concept enables production of hot water in the temperature range required for district
heating (60 °C — 90 °C) given what is considered accessible depth (say 5 to 6 km) and a
geothermal temperature gradient of about 20 K/km to 30 K/km.

Presently there are no boreholes in the depth range sought onshore in Norway; therefore, the

temperature levels at the target depth for an EGS have to be estimated using measurements of
temperature and thermal properties from shallower boreholes (< 1000 m).
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11-2 Section structure

This section starts with a summary of related previous works. Thereafter follows three parts,
the first part is an brief presentation of the closed loop EGS and serves the purpose of
demonstrating the performance of the system. This part is summarized in Paper 5 , “4 novel
concept to engineered geothermal systems”.

The second part is about the thermal structure of the ground. In Norway there is a lack of deep
boreholes ( > 1000 m) onshore. As a consequence there are no direct temperature
measurements showing the thermal structure in the depths of interest for EGS. An indirect
method to estimate the temperatures is presented, where a numerical steady state thermal model
is applied to a geophysical model of the Oslo graben. This part is presented in Paper 6 “Thermal
modeling in the Oslo rift, Norway”.

The third part contains a more detailed study of the closed loop EGS presented in Paper 5. A
transient numerical model is developed and presented for the system. The model is then used to
study the thermal characteristics of the system. To further explore the usefulness of the EGS as
a provider of thermal energy, the model is used in conjuction with measuremens from a district
heating network.

11-3 Previous works

Geothermal energy is one of the energy resources that has attracted attention as the search for
alternatives to fossil fuels has increased. In the MIT report “Future of Geothermal Energy”,
Tester et al. (2006) estimated that 100 GW,, could be produced from geothermal systems in the
USA within the next 50 years after a moderate R&D investment. The interest for geothermal
energy has increased worldwide, and assessments of geothermal potential are made for many
parts of the world, e.g. during the World Geothermal Congress 2010 in total 111 papers were
presented in the categories “country updates” and “resource assessments”. Also in Norway, heat
flow measurements have been conducted in recent years, indicating an average thermal gradient
slightly less than the world average of (30 K/km) Slagstad et al. (2009), Pascal (2010).

I1-3.1. ENGINEERED GEOTHERMAL SYSTEMS (EGS)

In the past, deep geothermal energy has been closely associated with the geographically
constricted and naturally occurring hydrothermal systems in active volcanic regions. In recent
years it has been pointed out that Engineered Geothermal Systems (EGS) can provide a way for
geothermal energy as an energy resource to grow independently of the geographical constraints
of hydrothermal systems and, thereby, to reach a significant share of its huge global potential.

The research on EGS or hot dry rock (HDR) systems as it was first named started in the early
nineteen seventies at the Los Alamos National Laboratory and with Fenton Hill as the first field
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project. The aim of the project was to develop methods for heat extraction from hot dry
crystalline rock. The project which started in 1974 targeted resources in the vicinity of a
hydrothermal system, the deepest well reached a depth of 4390 m and reached a temperature of
327 °C. Hydraulic fracturing was successfully used to create permability between production
and injection wells and flow testing showed that it is possible to extract heat from dry
crystalline rock at reasonable rates (around 10 MWy, and with a production temperature of 180 —
190 °C). The produced fluids were used to generate electricity with a binary turbine cycle,
producing 2- 3 times the amount of energy requied to operate the system (Brown and Duchane
1999). The Fenton Hill project generated a substantial amount of novel experience and
knowledge regarding EGS.

The Fenton Hill project has been followed by several subsequent projects that have been placed
primarily in sedimentary basins and in the periphery of hydrothermal regions. A god review of
the major R&D field projects is given in Tester et al. (2006).

A milestone was reached in 2006 when electricity production could be started from a research
project in Soultz, France (Cuenot et al. 2008), (Genter et al. 2009). Since then, commercial
companies have been joining the field, and amongst others, USA and Australia have invested
significant resources into the research and development of geothermal energy. The 3™ of May
2014 electricity production started at the commercial EGS power plant in Habanero, Australia
where heat is extracted from a sedimentary basin. Although these pilot-plants have a relatively
low power output in the range of | MW,, they are important proofs to the validity of the concept
with artificially created geothermal systems.

For EGS to reach a significant portion of its vast potential, it must be proven that the concept
can be applied largely independent of site conditions. Since the geological and thermal structure
of the uppermost kilometers of the earth crust varies geographically, the designs are site
dependent. This makes EGS a conceptual name for a wide range of ways to utilize deep
geothermal energy, ranging from single well concepts using the natural permeability of
sedimentary basins to systems with multiple wells and artificially constructed fractures in
crystalline rock. A variety of concepts should be expected since the aim is to create the
possibility to use geothermal energy regardless of site specific geology.

Australia and Germany are examples of countries that are active in the development of EGS
systems as illustrated by the work of Long et al. (2010) and Schellschmidt et al. (2010). Their
priorities and aims are to produce electricity and their geological conditions are more favorable
than what are found in Norway. However, an EGS system constructed in Norway would supply
hot water e.g. for district heating purposes, without the low efficiency associated with binary
power cycles. In comparison to an EGS for power production which would typically target areas
with the highest geothermal potential, a geothermal plant for district heating would be restricted
to areas where infrastructure and demand for hot water exists. In addition, the temperature level
requirements of the heat consumer will have a significant impact on the amount of thermal
energy that can be extracted from the EGS.

A key benefit of EGS is that it can provide a stable energy source that is local and
environmentally friendly. Thus it can be used as a base load for both heat and electricity
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production. Since it is a local resource it also has socioeconomical benefits such as improved
energy security.

With only a few EGS plants operative today the technology is still in a development phase.
Although reports such as Tester et al. (2006) predict a bright future for the technology, there are
some obstacles ahead, e.g.

e Reservoir stimulation induces seismicity. In 2006 the stimulation of a reservoir in Basel
resulted in an earthquake that caused damage to buildings, Héring et al. (2010). This
subsequently caused a major drop in popularity and acceptance of EGS.

e Large quantities of water are required both for the construction phase and for operation of
the plants, Driscoll (2010). This can prevent the development of EGS using fractures in
areas where there is a scarcity of water.

11-3.2. EGS- CONCEPTS

In an EGS with several wells or with fracturing, the idea is to create connectivity between the
wells. The basement rock is by nature intersected by fractures. By applying hydraulic pressure
in the first well, existing fractures are widened, this enables existing shear forces acting on the
fractures to cause slip, which creates permeability after the pressure is released. The propagation
and location of fractures can be monitored through seismic measurements and can then be
targeted by a second well, Rothert and Baisch (2010). This is the most established method to
create an EGS and has been applied in several projects, Genter et al.(2010), Quick et al. (2010),
Kaieda et al. (2010). An schematic illustration of a EGS based on fracturing is shown in Figure
II-1.
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Figure 1l-1. Schematic illustration of an EGS based on fracturing (Tester et al. 2006).
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There are alternative approaches to this concept. Some strive at using only one well to reduce
drilling costs. One example of this is the GeneSys project in Germany where a single well
concept is being developed with a first aim to provide heating for Geozentrum Hannover,
Tischner et al. (2010). Another example was presented at WGC2010 incorporating a closed loop
single well system, Wang et al. (2010). The idea and main benefit of using a closed loop is the
ability to use alternative heat transfer fluids. Through using fluids with a high temperature
dependence of density, a thermosiphon effect can be achieved that reduces the power
requirements for pumping. Another benefit with a closed loop is that it can manage the problem
of water losses that might prohibit geothermal development in some places, Driscoll (2010).
Also concepts with CO, as the working fluid have been proposed which can give additional
benefits such as CO, sequestration, Pruess and Spycher (2010).

In recent years geothermal energy has attracted interest from Norwegian industries traditionally
active within the petroleum industry. In 2009 a geothermal group was established in Bergen,
with the aim to gather industrial professionals and researchers and to contribute to the
establishment of a Center for Environmental-Friendly Energy Research (FME) with financial
support form the Research Council of Norway.

The Norwegian contribution to geothermal energy is through drilling and geophysical expertise
from the petroleum industry. In the EGS concept proposed by the Norwegian company Rock
Energy AS, the idea is to use offshore drilling technology from the Norwegian oil & gas
industry. Instead of fracturing the rock, connectivity is created by drilling a network of
directional wellbores between injection and production wells. This creates a system that to a
large extent can be controlled and adapted to the specific thermal structure of the site. A
schematic illustration of the concept is shown in Figure II-2, (US-patent (2001)).

13,2 dm?/s

T=45°C

Ly v=0,67 m/s
215 cm

Figure 11-2. Schematic illustration of the closed loop EGS (US Patent US6247313B1).
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The fundamental idea is that the fluid heats up as it is circulated with a lower mass flow rate as
compared to the fractured based EGS. Another concept which bears som similarities has also
been published by a geothermal consulting firm operating in the US, Sanyal et al. (2005). These
systems require significantly more drilling than EGS based on fracturing. It is also implicit in
the scheme to leave the connecting wells without casing, thus relying on the integrity of the
bedrock.

The main benefits of these systems would be that it can:

- reduce problems with fluid losses

- enhance the reservoir control and reduce risk for thermal drawdown.
- manage problems with short-circuiting

- eliminate risks for induced seismicity

- be designed for a long operation time

Short-circuiting in relation to EGS based on fracturing means that the injected fluid finds the
“easiest” way between two wells without capturing sufficient heat. Theoretically the EGS
concept proposed by Rock Energy AS avoids this since the flow paths are controlled by the
drilled heat exchanger part having the lowest hydraulic resistance.

There are some fundamental differences between this type of concept and the fracturing
concept. Firstly, the priority would be to target structurally stable bedrock with little fractures,
secondly the heat transfer area would be limited to the surface area of the boreholes, the
dominating heat transfer mechanism would, therefore, be thermal conduction in the rock
surrounding the boreholes. The heat transfer to boreholes is often called wellbore heat
transmission and is a known concept e.g. in relation to the petroleum industry where controlled
wellbore temperatures during injection and production are desired. The usual assumption when
calculating the transfer is that the thermal resistance is in the bedrock and that the fluid and the
wellbore are at or near thermal equilibrium. Most of the practical calculation methods used
relate to the classical semi analytic approach by Ramey (1962). The heat transfer problem is in
many aspect similar to the heat transfer in shallow boreholes for ground source heat pump
systems, and estimates of heat extraction rates and temperatures can be made using the heat
transfer examples in Section 2.1.4 in the present work. More detailed studies can be performed
using numerical methods.

I1-3.3. NUMERICAL SIMULATION
I relation to EGS, numerical models of can be used for two separate, but closely connected
reasons. The first is a resource assessment in which the thermal structure, properties and

temperatures in the ground are predicted. This can be performed based on geophysical data and
observations, examples of this can be found in Gibson et al. 2010 and Backé et al. 2010. The
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second reason is to determine the performance of an EGS, and to give a prediction of the
extractable resource.

The performance of an EGS is governed by many interacting and coupled processes; therefore,
a realistic model might have to handle thermal, hydraulic, chemical and mechanical processes,
in addition the processes behave with very different time scales. The modeling is further
complicated by the combination of high temperature and pressure and by the chemical
composition of the fluid in the system.

E.g. to accurately model and predict the performance of an EGS based on artificially created
fractures it is nessecery to estimate the effective heat transfer volume that is accessed by the
fractures, and the distribution of the fractures (fluid flow paths) in the heat transfer volume
(Xing et al, 2010). This is further complicated since the permeability of the created reservoir is a
function of the induced pressure, and might change over time as a result of e.g. chemical
precipitation and dissolution processes and differential reservoir cooling, which can cause
fractures and thus changes in permeability (McDermott et al. 2006), (Koh et al 2011).

Although models exist that can account for all modes, it is in most cases feasible to simplify the
problem by focusing on the phenomenas having the largest influence on the performance.

In the present study of the closed loop EGS it is chosen to focus primarily on the fluid flow and
heat transfer in the EGS, this is motivated by specific characteristics of the system studied. That
is, the importance of rock mechanics is reduced since the system is constructed through drilled
boreholes rather than fractures, and the potential for chemical precipitation and dissolution
processes is limited due to the combination of a controlled and limited heat transfer area
(contact area between the rock and the heat carrier) and the relatively low operation
temperatures (in the range of district heating).

In the present work a numerical model has been developed specifically for the closed loop EGS
concept. The model is used to study the transient behaviour and performance of the EGS
concept on both short time scales (minutes to hours ) and on longer time scales (multiple years).
To the authors knowledge, this is the first work in which such a closed loop EGS concept has
been studied on a detailed level.
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11-4 A novel concept to engineered geothermal systems

11-4.1. INTRODUCTION

The target for the development of Engineered Geothermal Systems (EGS) is concepts which can
be used to extract heat from the ground independent of geological conditions and in areas with
what would earlier be regarded as an area with low geothermal potential.

In this section of the thesis, an EGS concept which is based on thermal conduction as the
primary heat transfer process is presented. The concept utilizes a subsurface heat exchanger
consisting of drilled wellbores. This gives a well defined, but limited heat transfer surface area.
The system is, therefore, highly dependent on the heat transport through the rock by thermal
conduction.

From a thermal perspective, it is seen that if managed correctly, the proposed system can
provide thermal energy for a virtually unlimited time.

11-4.2. OBIJECTIVES

The main objectives for the present study are to :

- Develop a transient numerical model for the proposed EGS system.

- Study the thermal performance of the system over time and as a function of physical
dimensions, thermal properties and operation parameters.

11-4.3. BACKGROUND

The novel EGS concept presented and studied is based on the US-patent (2001) and is being
commercialized by the Norwegian company Rock Energy AS. The concept is illustrated in
Figure II-3.
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Figure 1I-3. Conceptual illustration showing the closed loop EGS for extraction of geothermal energy
(Rock Energy AS).

The figure shows heat being extracted from parallel and inclined boreholes that are placed at a
depth of about 5 km. Since drilling is at present cost intensive, it is crucial that the EGS can
provide heat over long operation times, e.g as a base load heat provider in a district heating
network. The thermal output and operation temperatures required together with the thermal
properties and temperature of the rock determines the main system layout.

The focus for this study is on thermal performance of the system. The overall thermal
performance of the system is studied as a function of the operation time, the thermal properties
of the rock (primarily the thermal conductivity) and the physical dimensions (diameter of the
boreholes).

The aim is, thereby, to provide essential information on the performance that can be expected
for this type of system.
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ABSTRACT

Geothermal energy has emerged as one of the viable
options in a future clean energy based society. It
poses a nearly inexhaustible resource with a
worldwide potential. As pointed out in several recent
publications, engineered geothermal systems (EGS)
represent the future development of geothermal
energy. These systems are still in the development
stage while commercialization is lurching in the near
future.

The common concept representing an EGS relies on
engineered fractures for permeability and heat
transfer area. This paper elaborates on a different and
novel approach to the EGS concept, where wellbores
instead of fractures are used. The system consists of a
production well and an injection well interconnected
by drilled wellbores. The wellbores act as a
subsurface heat exchanger with a limited, but well
defined heat transfer area. The result is a system that
can be controlled and adapted to the specific thermal
and geological structure of the site and that reduces
the uncertainties regarding reservoir lifetime, thermal
breakthrough, connectivity and short-circuiting.
Since there is no fracturing involved, the construction
of the system does not cause seismic events, the
system can, therefore, be built directly within
populated areas to provide heat and power where it is
needed.

The thermal performance of this type of system is
characterized by an initial decline in thermal effect
which reaches a semi-steady state after a few years.
Thus the system has to be dimensioned for it’s
performance at year 20 or 30 of operation.
Interestingly, the performance between 30 and 50
years degrades with only 1 %, thus showing the long
term sustainability of the concept. This paper
presents the concept and demonstrates its
performance based on geological prerequisites.

INTRODUCTION

Geothermal energy has unique features as it is one of
few renewable resources that can be used for
continuous base load production of clean heat and
power. Thus it has a given role in a future energy
system. The starting point for this article is in
Norway, a country with vast hydropower resources
and a cold climate, this together with a moderate
geothermal gradient makes production of heat the
obvious choice.

System outline

The system outline would consist of a production
well and an injection well interconnected by drilled
wellbores. These wellbores would thus act as a
subsurface heat exchanger with a limited, but well
defined heat transfer area. This creates a system that
in theory can be controlled and adapted to the
specific thermal and geological structure of the site.
A principle sketch of the system is shown in Figure 1.

Figure 1: The system consists of an inlet and an
outlet well that are connected through deviated
wellbores.



The concept has previously been presented in a US-
patent (2001) and was mentioned in Sanyal et al.
(2005). Rock Energy AS is presently developing this
concept further. The aim with this article is to
elaborate on the thermal aspects of this type of
concept.

The vertical extent of the system depends on the
thermal structure and properties of the rock together
with the designated production temperature and
thermal effect. Today, accessible depths are
considered in the range of 5000 m (Tester, 2006),
(IGA Roadmap, 2011).

The process in which such system would extract heat
is best described as mining of heat, as a heat sink will
develop around the wellbores. By adopting the
system to the limits of heat conduction, the process
can be continuous for a significant amount of time.

This type of geothermal concept involves much more
drilling than creating a heat exchanger through
fracturing the rock; it would also have a restricted
heat exchange area, directly linked to the amount of
drilling and thus the costs. The cost of drilling is very
important, and the use of modern drilling technology
is essential. On the other side, the concept would
directly cut away uncertainties involved with EGS
regarding reservoir lifetime, thermal breakthrough,
connectivity and short-circuiting (Workshop, 2007).
Since there is no fracturing involved, the system
would not cause seismic events and could thus be
built directly within populated areas to provide heat
and power where it is needed.

Heat transfer

The primarily heat transport mechanism in such
system would be heat conduction within the rock and
convection between the flowing water and the surface
of the wellbore. Since the thermal resistance in the
rock is orders of magnitude higher than the resistance
between the fluid and the wellbore, it will be
governing for the heat transfer process. Thus for such
conduction based concepts it is important to have a
sound estimate of the thermal properties of the rock.

Short circuiting means that the fluid takes the path
with the least resistance. For a fractured based EGS
this means that instead of spreading through the
whole fractured network, the fluid will take the
easiest path and thus capture less heat than it
otherwise would. With wellbores constituting the
heat exchanger the flow resistance can be controlled
to avoid short circuiting.

Thermal breakthrough will here be defined as the
point when the wellbores start to have thermal
interaction. Through engineering the heat exchanger
with drilled pathways the risks for thermal

breakthrough can in theory be controlled and
avoided.

Wellbore heat transmission

To asses such a system it is important to consider the
heat transfer around the wellbore, this is commonly
referred to as the wellbore heat transmission. It has
been treated by authors like Ramey (1962), Horne
and Shinohara (1979) and Pruess and Zhang (2005).
Pruess and Zhang (2005) mentions that it can have
importance as the heat transfer in the wellbore is of
the same order of magnitude as a major fracture in
the system. However, it is often neglected in
conventional hydrothermal systems. There are two
primary reasons for this, hydrothermal systems are
targeted at relatively shallow depths of around 2-2.5
km and the circulation flow rates are high.

Wellbore heat transmission is a well known concept
in relation to the petroleum industry where controlled
wellbore  temperatures  during  injection and
production are desired. The usual assumption when
calculating the heat transfer, is that the thermal
resistance is in the bedrock and that the fluid and the
wellbore surface are at thermal equilibrium, thus the
Biot number is large. Most practical methods relate to
the classical semi-analytic approach by Ramey
(1962) that uses the line source from Carslaw and
Jaeger (1959). The problem can as well be treated
with the analytical solution for a cylindrical geometry
within an infinite domain (Carslaw and Jaeger, 1959).
These solutions are also frequently used for
simulation of shallow ground source heat pump
systems (Bernier, 2000). However, with numerical
methods it is possible to study the heat transfer in
more detail, (Pruess and Zhang, 2005). This also
allows for variation in physical properties and
simplifies for time dependent variation of heat
extraction rates.

Discretization of the concept

To analyze the system one can start with neglecting
the heat transfer in the injection and production wells.
With sufficiently good insulation in the upper part of
these wellbores this can be a viable choice. If then the
wellbores in the subsurface heat exchanger are placed
sufficiently far from each other to avoid thermal
breakthrough within the desired operation time, and
the fluid flow will be evenly distributed, the
performance of one single wellbore can be
representative for the whole system. This wellbore
can be discretized along its axial length into sections
of unit length, thereby neglecting axial conduction.
Figure 2 describes the discretization of the system.



Figure 2: Discretisation of the EGS concept from full
system down to unit length segment of the wellbore.

Within a section of the wellbore a heat carrier fluid
will flow with turbulent conditions leading to a high
heat transfer coefficient between the fluid and the
wall of the segment. Depending on the structure and
integrity of the rock there might be a casing between
the rock and the fluid. Assuming that there is good
thermal contact between the casing and the bedrock,
the overall thermal resistance between the turbulent
fluid and the wall can be lumped together with the
resistance of the casing and the higher resistance of
the bedrock. See Figure 3 and Equation (1.1, 1.2)

Figure 3: Cross section of wellbore segment. ry is the
radius of the wellbore, 1y is the radius of the casing
and r,, aims at the infinite undisturbed rock around
the wellbore.
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h,, is the equivalent heat transfer coefficient for the
thermal resistance in the rock, h, is the convective

resistance and k, is the thermal conductivity of the
casing material.

This gives a heat transfer coefficient h (W/m* K)
between the wellbore and the surrounding bedrock
which is a function of primarily the thermal
diffusivity and time.

A heat flux per unit length (Q") of wellbore can be
considered, this will then be dependent on the heat
transfer coefficient and the temperature difference
between the rock and the fluid, as follows:

Q' =hD7z (T,-T,) (1.3)

Where T, is the undisturbed temperature far from the
wellbore, T; is the temperature at the surface of the
wellbore and D is the diameter of the wellbore.

If the temperatures T, and T, are being held as
constants, the unit length heat flux will be
proportional to the heat transfer coefficient, which is
dependent on the properties of the rock and the heat
extraction history.

Numerical evaluation

Numerical evaluation of the concept has been
performed based on the finite-difference method with
the use of Matlab. This has been done by
representing the wellbores with 1-d models that are
then coupled with 2-d radial models for the
surrounding rock domains. This enables transient
simulation with sufficiently small time-steps to study
the system with hourly load variations, while still
performing simulations of the full life-length of the
system.

The thermal properties of the simulated rock domain
are allowed to vary with temperature. The
dependencies are according to the empirical equation
by Sass et al. (1992) and Vosteen and Schellschmidt,



(2003) for thermal conductivity (k), see Equation
(1.4).

k(T) =k,/ (a+ T (b-c/k,)) (14)
The coefficients a, b and ¢ have been based on
Vosteen and Schellschmidt (2003) for basement
rocks.

For specific heat capacity the normalized empirical
equation of Waples and Waples (2004) for nonporous
rock has been used, see Equation (1.5).

CPn, =8.95*107°T° ~2.13*10°T> +0.00172T +0.716
(1.5)

See Waples and Waples (2004) for further details.
The temperature dependencies are visualized in
Figure 4.
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Figure 4: Temperature dependency of thermal
conductivity and specific heat capacity.

Thermal conductivity is temperature dependent
mostly due to the effect of phonon scattering. This
causes the conductivity around the wellbore to
increase as energy is being extracted. The specific
heat capacity increases with temperature and will
thus decrease as the temperature around the wellbore
decreases. This means that the heat transfer
coefficient defined in Equation (1.3) is a function of
the temperature field around the wellbore.

Thermal conductivity of crystalline rocks also
depends on porosity. Porosity is a function of
pressure, and for the considerable depth considered
for the heat exchanger wellbores, the pressure should
be high enough to close any intrinsic porosity in the
rock. The influence of porosity has, therefore, been
neglected within this paper. However, it should be
mentioned that results from deep drilling projects
have shown that there can be zones with increased
porosity and migrating fluids even at considerable
depths (Huenges et al. 1997).

The aim with the numerical model has been to further
explore this type of concept beyond the limitations of
simpler analytical solutions. And to exploit how the
system reacts for different operating strategies. Some
characteristic results will hereunder be presented.

These results are presented based on continuous heat
extraction. This is sufficient to describe the main
characteristics of the system. In reality the system
would likely operate with a variable load. This can be
done either by changing the mass flow or through
bypassing the heat carrier fluid and thus changing the
inlet temperature. A change in mass flow is directly
felt by the system and thus has a direct impact on the
produced energy. Bypassing causes the inlet
temperature to increase, the response in change of
production temperature will then be delayed with the
time it takes the fluid to travel through the system. In
addition, both methods cause a lagging thermal
response in the bedrock.

RESULTS

It is of interest to explore the long term sustainability
of this type of concept. As mentioned the process
whereby heat is being extracted can be called mining
of heat. Heat is thus being transported away from the
wellbore faster than it can be replenished. This causes
a rapid drop in temperature around the wellbore. The
thermal effect of the system will thus decline rapidly
in the beginning until it reaches a semi-steady state.
If the system is dimensioned based on this semi-
steady extraction process it is possible to create a
process which can be continuous for a significant
amount of time. This can be visualized either by the
change in thermal performance or the heat transfer
coefficient over time. Given that the wellbores are
placed with a sufficient distance in-between to avoid
thermal breakthrough, the curve in Figure 5 will be
representative for the thermal performance of the
entire system.

Normalised heat transfer coefficient

% change in h (w/m*2 K)
£ .

Figure 5: The graph shows the heat transfer
coefficient as a function of time, the values have been
normalized by the value of year 30. As can be seen
the decline after year 30 is small.



The thermal properties govern how quickly heat
diffuses though the rock, this is important as it
determines the distance the heat diffuses during the
lifetime of the system and thus the required distance
between the wellbores. As mentioned both the
specific heat capacity and the thermal conductivity
have strong temperature dependencies. This can be
visualizes by plotting the conductivity and specific
heat capacity around the wellbore. See Figure 6.
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Figure 6: Thermal conductivity and specific heat
capacity varies in radial distance from the wellbore
due to their temperature dependencies.

As seen in Equation (1.3) the heat flux is dependent
on the diameter of the wellbore, and thus on the heat
transfer area. However, by decreasing the diameter of
the wellbore, the thermal performance of the system
is only slightly affected. This means that if it is
possible, a smaller diameter would probably reduce
the drilling costs for the system. This would then be
bounded by the subsequent pressure drop and the
available drilling technology. This dependency can
be visualized by plotting the product of the heat
transfer coefficient and the surface area of the
segment, as shown in Figure 7.

Sensitivity to wellbore diameter
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Figure 7: Normalized plot of the product between the
heat transfer coefficient and the wellbore diameter
for different diameters. The figure shows that the heat
extraxtion only increases sligthly with increased
diameter.

A typical temperature profile through the system is
visualized in Figure 8. In this figure the water enters
the system at 60 °C and returns at 90 °C.
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Figure 8: Typical temperature profiles through the
geothermal  system. This is simulated without
insulation in the upper wellbores. HX refers to the
heat exchanger wellbores.

And as can be seen, the temperature decreases in the
production wellbore. Thus there are some heat losses
that could be prevented by adding insulation to the
wellbores. These are most prominent during the first
years of operation, and are mostly important for
smaller systems.

Sensitivity to thermal conductivity

The heat transfer coefficient is strongly dependent on
the thermal conductivity. In Figure 9 the thermal
conductivity around one segment has been varied
between 2 and 4 W/m K. This shows the importance
of accurate conductivity estimates when sizing the
wellbore heat exchanger. In this case the temperature
dependency of the conductivity has been neglected to
simplify the figure.

Sensitivity to thermal conductivity
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Figure 9: Normalized plot of the heat transfer
coefficient and the variation with  thermal
conductivity of the rock.



DISCUSSION:

The aim with this paper has been to present some
characteristics of a novel EGS concept based on
wellbores instead of fractures. The thermal aspect of
the system has been in focus. The primary features of
the concept are the predictability and the long life-
time.

The motive has been to provide heat at moderate
temperatures for district heating, this is a limitation
imposed by the geological conditions in Norway and
not a characteristic for the concept. Nevertheless it
affects the way the system has been analyzed and
thus the results.

Thermal conductivity is one key-factor that has to be
considered for this type of concept. There are many
factors that govern the thermal conductivity of rocks,
of which some have been mentioned in this paper.
Accurate dimensioning of the system requires
accurate  determination  of  in-situ  thermal
conductivity. There are several different empirical
equations in the literature that describes the
temperature dependency of thermal conductivity. The
general trend is, however, the same and the
difference between them have little influence on the
results in this paper.

There are several factors that could affect the result.
For example, it has been assumed that the rock is an
impermeable medium where conduction is the sole
heat transfer mechanism. Thus the impact of
advection has not been considered in this paper.

To eliminate losses and improve the performance of
the system it is advisable that some type of insulation
is placed in the upper parts of the inlet and outlet
wells. This is of course dependent on the actual
operation conditions for the system.

The geometry of the system and the operation
conditions govern the overall pressure drop and the
energy required to circulate water in the system. In
general this energy consumption amounts to less than
1 % of the thermal effect of the system.

Heat transfer surface is often a key factor in EGS, it
should, therefore, be noted that for this type of
concept the performance is not very sensitive to the
diameter of the wellbore, but more related to the axial
extent of the wellbores and the temperature
difference as the driving force. In Figure 7, the
product between the heat transfer coefficient and the
wellbore diameter increases with 43% as the surface
area increases 4.8 times.

CONCLUSION:

Some thermal perspectives of a novel EGS concept
based on wellbores instead of fractures has been
presented. The concept poses an alternative way of
considering EGS.

The thermal properties of the rock are essential for
this type of concept as it relies only on conductive
heat transfer for the extraction of energy.

Predictability and simplicity are the major strengths
of the concept, while increased requirement for
drilling is the most obvious weakness.

The long term sustainability of the concept has been
demonstrated in the results. Accurate dimensioning
of the system requires measurements of in-situ
thermal properties. Once operative, the system can
provide heat at a near constant rate for a significant
time, (50 + years), with low energy requirements for
circulation.

To eliminate thermal losses in the inlet and outlet
wells, insulation of the upper wellbores should be
considered.

The optimal diameter of the wellbores in the heat
exchanger part is a function of, heat extraction rate,
pressure drop and available drilling technology.



REFERENCES

Bernier. M. (2000), “A Review of the Cylindrical
Heat Source Method for the Design and Analysis
of Vertical Ground-Coupled Heat Pump
Systems”. 4™ International Conference on Heat
Pumps in Cold Climate, Aylmer, Québec.

Carslaw. H.S., J.C. Jaeger. (1959), Conduction ofheat
in solids, second ed., Oxford University press,
Oxford.

Horne. R.N. and Shinohara. K. (1979), “Wellbore
Heat Loss in Production and Injection Wells,”
Journal of Petroleum Technology, 31, 116-118.

Huenges. E., J. Erzinger., J. Kiick., B. Engeser.,
W.Kessels. (1997), “The permeable crust:
Geohydraulic properties down to 9101 m depth,”
Journal of Geophysical research, 102, 18 255-
18 265

IEA (2011) ”Technology Roadmap, Geothermal heat
and Power,” Available at
http://www.iea.org/papers/2011/Geothermal Roa
dmap.pdf

Pruess. K. and Y. Zhang. (2005) A Hybrid Semi-
Analytical Numerical Method for Modelin%
Wellbore Heat Transmission, Proceedings, 30"
Workshop on Geothermal Reservoir Engineering
Stanford University

Ramey. H.J. (1962), “Wellbore Heat Transmission,”
SPE 9,465-474.

Sass. J. H., A. Lachenbruch. and T. H. Moses.
(1992), “Heat Flow From a Scientific Research
Well at Cajon Pass, California, Journal of
Geophysical research,” 97, 5017- 5030

Tester. J.W. et al. (2006). “The Future of
Geothermal Energy — Impact of Enhanced
Geothermal Systems (EGS) on the United States
in the 21st Century,” MIT - Massachusetts
Institute of Technology, Cambridge, MA. 358 p.
Available at
http://www].eere.energy.gov/geothermal/future_g
eothermal.html.

U.S. Patent, #6,247,313B1, 19 June 2001

Vosteen. H-D. and R. Schellschmidt. (2003),
“Influence  of temperature on  thermal
conductivity, thermal capacity and thermal
diffusivity for different types of rock”, Physics
and Chemistry of the Earth 28, 499-509.

Waples. D.W. and J.S. Waples (2004), “A Review
and Evaluation of Specific Heat Capacities of
Rocks, Minerals, and Subsurface Fluids, Part 1,”
Minerals and  Nomporous Rocks Natural
Resources Research, Vol. 13, No. 2.

Workshop. (2007), Enhanced Geothermal Systems
Reservoir ~ Management and  Operations
Workshop, San Francisco CA, September 17,
2007, Available at
http://www]1 .eere.energy.gov/geothermal/pdfs/res
ervoir_management.pdf




188



II-5 Thermal modeling in the Oslo rift

I1-5.1. INTRODUCTION

The aim with the EGS concept presented in Section II-4 is to extract heat from about 5 to 6 km
depth in geologically stable continental areas where there is no naturally occurring hydrothermal
systems and where thermal conduction is the dominant heat transfer mechanism in the ground.

The thermal performance that can be expected from the EGS is highly dependent on the thermal
properties of the rock and the temperatures at the target depth. In absence of direct
measurements from the target depth, the properties and temperatures have to be predicted based
on measurements of temperature and thermal properties from shallower boreholes. In case of
onshore Norway, this means boreholes with depths less than 1000 to 1600 m.

In Paper 6: Thermal modeling in the oslo rift, Norway, a steady state thermal model is
presented. The model is using heat flow data together with a geophysical model. The aim with
this study is to provide information on the temperature distribution in the upper crust.

11-5.2. OBIJECTIVES

The main objectives are to:

- Study the heat flow and thermal structure of the Oslo graben

- Construct a steady state thermal model for a section of the Olso graben.

I1-5.3. BACKGROUND

Outside tectonically active areas, variations in the geothermal heat flow is strongly related to
variations in the concentration of radioactive heat producing elements in rocks of the surface
crust. Heat is generated primary by radiogenic decay of *U, ***Th and *’K, (Turcotte and
Schubert (2002)). High concentrations of heat producing elements can result in favourable
conditions for EGS, especially if the produced heat is accumulated under an insulating
sedimentary layer, such as in sedimentary basins.

In this study, the focus is on the Oslo rift in Norway where relatively high heat flow values have
been determined, which represent an increased potential for geothermal energy. The rift is,
however, either lacking or having a negligible sedimentary cover.

Since there are no boreholes in the depth range of EGS in the region, the temperatures and
thermal properties at the target depth (= 5 to 6 km) have to predicted using measurements of
temperature and rock thermal conductivity from shallow boreholes (< 1000 to 1600 m). The
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temperature distribution down to the target depth can then be extrapolated using models for the
variation in radiogenic heat production and the thermal conductivity of the rock.

In Norway this is complicated by paleoclimatic disturbances of the temperature in the ground,
i.e. the temperature of the rock has been cooled down by previous ice ages. This is a transient
effect which influences the upper 1-2 km of the ground. As a result the heat flow as determined
from direct measurements in shallow boreholes is lower than it otherwise would be and cannot
be used directly to determine the temperatures at further depth. Therefore, when determining the
geothermal heat flow the temperature measurements have to be corrected for palaeoclimatic
disturbances. In addition, the exploration boreholes needs to be deeper than what is usually
required in order to reduce the uncertainty, Slagstad et al (2009).
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ABSTRACT

In stable continental regions, local variations of heat
flow are usually related to variations in radiogenic
heat production. Depending on the location of the
heat source and the geological structure, areas with
high heat flow might be suitable for geothermal
prospecting.  Given that transient effects can be
neglected, the thermal structure of the continental
basement can be modeled with a steady state
conductive model based on primarily the radiogenic
heat production and the wvariation of thermal
conductivity.

The Oslo rift is situated on the Fennoscandian Shield
and compromises a complex lithology. It has been
subjected to extensive geological and geophysical
studies; however, there are no boreholes exceeding
1000m within the region. Therefore, temperature and
properties at depths relevant for geothermal energy
have to be extrapolated from shallow measurements.
This is further complicated by palaeoclimatic effects.
In this study a published geophysical model of the
Oslo rift developed by the Geological Survey of
Norway has been used. The model is based on
integration of geophysical data such as magnetic and
gravity data with geological models, and has been
used as basis for thermal modeling. The results from
the thermal modeling can be used both to evaluate
geothermal potential and as a further constraint for
the geophysical model.

INTRODUCTION

Geothermal heat flow can be used as an indicator to
suitable areas for exploitation of geothermal energy.

The majority of the continental heat flow originates
from decay of radioactive isotopes in the crust, thus
finding areas with a high heat flow can be equal to
finding areas with high isotope concentration.

Scandinavia has, with exception of Iceland long been
considered to have a lower than average heat flow,
and thus to less suitable for deep geothermal energy.
In 2009 the Geological Survey of Norway presented
heat flow data from a series of scientific wells drilled
across the country. The wells ranged in depth
between 500 and 900 m and the results showed that
the heat flow was on average higher than earlier
measurements had indicated. The discrepancy can
partly be explained by corrections for paleoclimatic
influence, (Slagstad et al. 2009).

These heat flow data can be considered as a first step
in a characterization of the geothermal potential of
Norway. Some locations have shown higher than
average geothermal heat flow, which points to more
favorable conditions for geothermal exploration.
However, the data is to scarce for any general
conclusions to be drawn.

The highest heat flow values were found in Hurdal
(73 mW/m?) and in Fredrikstad (73 mW/m?). Hurdal
is situated 65 km North of Oslo while still in the Oslo
rift. Fredrikstad is situated southeast of Oslo.
Significantly lower values were also determinate east
of the rift in Berger (49 mW/m?). The locations
including their heat flow values can be seen in Figure
1.
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Figure 1: Locations for heat flow determination, the
average heat flow for each location is displayed in
mW/m’. The. figure is modified from Slagstad (2005).

This paper will focus on the region around the Oslo
rift; thermal modeling has been used in an attempt to
explain the variation in thermal heat flow that has
been determined in and around the rift.

One particular aim with the study has been to explore
whether the higher heat flow in the northern part of
the Oslo rift is a common feature of the rift or a local
anomaly. This is motivated by the high population
density in the southern part of the rift, which could
make the region a possible target for geothermal
developments.

The Oslo rift is an intercontinental rift situated on the
Fennoscandian Shield as an incision within the
Sveconorwegian geological province. The rift
compromises a complex lithology which is outside
the scope of this paper.

The rift has been subject to extensive geological and
geophysical studies; however, there are no boreholes
exceeding 1000 m within the region. Therefore,
temperature and thermal properties at depths relevant
for deep geothermal energy (5000m) have to be
extrapolated from shallow measurements. This is
further complicated by palaeoclimatic transients.

As a basis for thermal modeling a published
geophysical model of the Oslo rift developed by the
Geological Survey of Norway has been used. The
model is based on integration of geophysical data
such as magnetic and gravity data with geological
models, (Ebbing et al. 2007). The model consists of a
series of 2-D geological profiles that are placed
perpendicular to the rift. For further information on
the geophysical model the reader is referred to the
work of Ebbing et al. (2007).

The commercial finite element software Comsol 4.2a
has been used to construct thermal models based on
the geological profiles.

The thermal structure of the ground in stable
continental areas is governed principally by the heat
flux from the mantle, the radiogenic heat generation
and the thermal conductivity of the crust. These
parameters also constitute the primary input
parameters to the thermal model.

Thermal conductivity and heat production

Due to the absence of deep boreholes (> 1000 m)
within the study area, there are no prior data available
on the distribution of heat sources, or variability of
thermal conductivity with depth. Therefore, surface
measurements have been wused as the main
information source. There is an extensive coverage of
surface data within and in the vicinity of the rift.
Conductivity and heat production data has been
retrieved primarily from the LITO-project at the
Geological Survey of Norway, and yields more than
1400 measurements. Radiogenic heat production
data is based on XRF and LA-ICP-MS analysis of
core samples from surface rocks. The methodology
and the results from this project are well summarized
in  Slagstad (2008). Thermal conductivity
measurements were performed on dry samples based
on the approach by Middleton (1993), the
methodology is further described in (Ramstad et al.
2008). The conductivity data has as well been
presented in Liebel et al. (2010).

Heat generation

Radiogenic heat production, H (WW/m’), is related to
the decay of })rimarily the radioactive isotopes **>Th ,
28U and ™K and can be estimated based the
concentration of the respective elements through
Equation 1 (Rybach, 1988).

H =5(9.52C,, + 2.56C;, +3.48C, )10~ (1.1)

Where o is the density of the rock. High isotope
concentrations are associated with enriched felsic
rocks like granite, while depleted mafic rocks have
the lowest concentration and thus lower heat



production. The average heat production of the
Precambrian shield has been estimated to 0.77 + 0.08
pW/m® by Jaupart and Mareschal (2003), however,
they also stressed that on a local scale the variation
can be significant. Published data from the KTB deep
borehole in Germany show high vertical variations
down to 9 km (Jaupart and Mareschal, 2003).

Heat production data have been combined with
lithology maps from the Geological survey of
Norway, to produce a heat production map over the
rift region. Figure 2 displays arithmetic mean values
of heat production based on the measurements in
each geological domain.
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Figure 2: Heat production in the rift region. The map
is based on the arithmetic mean values of the
measurements in each geological domain.

In general the heat producing rate of the Permian
rock within the Oslo rift is higher than in the
surrounding Precambrian rock. According to Slagstad
(2008) the area weighted mean value of the Oslo rift
is 2.93 pW/m® and for the Precambrian 1.76 pW/m’.
The two red domains with noticeable higher heat
production are the Precambrian Fla granite to the
west and Iddefjord granite to the east.

Thermal conductivity

Thermal conductivity together with specific heat
capacity and density constitute the thermal diffusivity
which governs how quickly heat diffuses through a
medium. This is important when considering

transient effects; steady state heat flow on the other
side, is only dependent on the thermal conductivity of
the medium.

As with the heat production data, the thermal
conductivity data has been combined with lithology
maps to display the variation of thermal conductivity
in the rift region, see Figure 3. The figure displays
arithmetic mean values of heat production based on
the measurements in each geological domain.
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Figure 3: Thermal conductivity in the rift region. The
map is based on the arithmetic mean value of the
measurements in each geological domain.

It is clear from Figure 3, that the granitic rock within
the rift has a lower thermal conductivity than the
surrounding domain.

Thermal conductivity of crystalline rocks is known to
have a strong dependency on temperature and
decreases with increasing temperature. This behavior
is dominated by the effect of phonon scattering,
(Clauser, 2006), it is also related to changes in
contact resistance and porosity due to thermal
expansion of the mineral constituents of the rock,
(Clauser, 2006), (Pridnow et al. 1996). This effect is
less pronounced if the rock is saturated with water
(Walsh and Decker, 1966); however, most
measurements of the temperature dependency have

Thermal conductivity (W/mK)



been done with dry samples, (Abdulagatov et al.
2006), (Mottaghy et al. 2008), (Vosteen and
Schellschmidt, 2003). Pressure has a counter effect
and acts to decrease the porosity (Walsh and Decker
1966). Several authors have published empirical laws
for how thermal conductivity varies with
temperature. A summary of empirical equations for
the thermal dependency of conductivity can be found
in Lee and Deming (1998) and in Vosteen and
Schellschmidt (2003). The perhaps most common
empirical equation was first published by Sass et al.
(1992) in the form:

kO

k(T):a+T(b—c/k0)

(1.2)

Where &(T) is the thermal conductivity in (W/m K) at
a given temperature T(°C) and k, is the thermal
conductivity at 0°C, the coefficients a, b and ¢ where
adapted to data from Birch and Clark (1940) and
could predict the temperature relationship within
experimental error of the measurements. Equation 1.2
has then been used and cited in several publications
(Clauser and Huenges, 1995), (Vosteen and
Schellschmidt, 2003) and (Clauser, 2006), (Hartman,
2008). Seipold (1998) also derived a general equation
for the temperature dependency of thermal
conductivity for different rock types. In the present
study, Equation 1.2 has been used in the thermal
model, with the coefficients from Vosteen and
Schellschmidt (2003) for magmatic and metamorphic
rock.

Heat flow measurements.

There is in general scarce data on the thermal heat
flow in Norway. In 2009 the Geological Survey of
Norway presented results from a study in which
measurements of thermal gradients and thermal
conductivity from 9 sites in Norway were used to
determine the heat flow. The values were corrected
for topography and paleoclimatic disturbances and
the average values ranged between 50-60 mW/m?,
while locally higher values were found. The results
were in general higher than what had been earlier
measured (Slagstad et al. 2009). This can to some
extent be attributed to paleoclimatic corrections that
were applied and which constituted between 10- 20
% of the final values.

The highest values were obtained in Hurdal and in
Fredrikstad (see Figure 1). The data from Hurdal
were derived from 4 wells of which the deepest
reaches 900 m, Hurdal is situated 65 km North of
Oslo while still in the Olso rift. The average
corrected heat flow based on the four wells was 73
mW/m®. The same value was determined at
Fredrikstad where only one well, 733m deep was

used. In Berger, which is on the east side of the rift,
49 mW/m” was determined from a well extending to
640 m (Slagstad et al. 2009).

There was no core available from the borehole in
Berger. Therefore, the thermal conductivity was
based on surface lithology and interpretation of
televiewer recordings down to 480 m (Slagstad et al.
2009). The result from Berger might thus contain a
larger uncertainty than the other data used in this
paper. The results from the heat flow study are
summarized in table 1.

Table 1: Reproduced heat flow data from Slagstad et
al. (2009)

Corrected heat flow (mW/ m’)
Avg Range
Berger 49 48-51
Hamar 58 53-63
Fredrikstad | 73 72-75
Hurdal 73 66-82

Slagstad et al. (2009) determined the heat flow for
major geological provinces in Norway based on both
the new heat flow data and earlier works. Some of the
earlier measurements were performed as lake heat
flow measurement, these can have a higher
uncertainty than measurements performed in deeper
wells (Haenel, 1979).

Excluding these measurements, the average corrected
heat flow was determined to be 57.4 + 4.6 mW/m” for
the Sveconorwegian province (Slagstad et al. 2009).

Geothermal heat flow is an indirect property, and as
such it can be subject to several uncertainties through
both temperature logs and thermal conductivity
measurements. There are also uncertainties involved
with the applied corrections for topography and
paleoclimatic influence. According to personal
communication with Slagstad. T at the Geological
Survey of Norway (2011) the largest uncertainty is
likely within the paleoclimatic corrections.

It is difficult to estimate the uncertainty of these
corrections; however, recent studies by Kukkonen on
the Outokumpu deep borehole in Finland points to
similar magnitude of corrections (Kukkonen et al.
2011).

Geophysical model.

Ebbing et al. (2007) presented a geophysical model
over the Oslo rift. The model is based on integration
of geophysical data such as magnetic and gravity data
with geological models. The geophysical model
explains the rift as a differentiation of Granite-
Diorite and Gabbro intrusions that extend down to



roughly 10-15 km. This differentiation series is in
line with recent results from Stratford and Thybo
(2011) based on seismic velocities and Poisson’s
ratio.

Without going in to detail on the model, the general
geological trend that is described has been used and
combined with data over heat production and thermal
conductivities to construct a thermal model.

While the geophysical model covers the whole extent
of the rift, this paper presents the results based on
only one profile. The reason for this is the lack of
heat flow data. The profile is placed in the vicinity of
the heat flow locations from Slagstad et al. (2009).
See Figure 4.

.58

-
-

b 73
Modeled profile *,
I

$ '

O .49 .

Figure 4: The modeled profile is placed
perpendicular to the rift, between Hurdal and Berger.
The average heat flow for each location is displayed
in mW/m’.

Thermal modeling

Thermal models where constructed with Comsol
multiphysics  4.2a, which is a commercial
multipurpose finite element software. The profiles
have been modeled essentially as 2-d profiles that
extend down to the Moho.

The Oslo rift was formed during the Permian and is
around 250 million years old. This time-span should
be sufficient to eliminate any transient thermal effect
in the crust (Jaupart and Mareschal, 2011), hence,
steady state models have been constructed. Thermal
transients induced by climatic disturbances are
neglected, this is implicit as the corrected heat flow
values have been used.

According to Jaupart and Mareschal (2011) and
Kukkonen and Peltonen (1999), the heat flux at the
Moho is around 7- 15 mW/m? for the Fennoscandian
shield. Based on this the heat flux at the Moho has
been assumed constant at 15 mW/m?.

The average depth of the crust in southern Norway is
38 km (Stratford and Thybo, 2011), with an assumed
heat flux of 15 mW/m’ at the Moho and a surface
heat flux of 57.4 +4.6 mW/m’, the average heat
production for the crust would be 1.11 +0.12 pW/m’.

In regions of extension, the heat flux is normally
increased by the induced heat from an up-warping
hot mantle. This is a transient effect, and after return
to steady state the heat flow might actually have
decreased. Since the majority of the heat flow
originates from decay of radioactive isotopes in the
crust, thinning the crust through extensional rifting
decreases the amount of isotopes and thereby the heat
flow (Jaupart and Mareschal, 2011).

According to the geophysical model (Ebbing et al.
2007) there is an up-warping of the Moho underneath
the rift, this is also in accordance with seismic
refraction of the southern part of the rift (Stratford
and Thybo, 2011) which shows a thinning of the
crust of about 2 kilometers under the rift. The
magnitude of this up-warp varies through the rift and
according to the geophysical model; the crust is 35
km thick for the section considered in this paper.

With an average heat production of 1.1 pW/m’ the
thinning of the crust with 3 kilometers for the
modeled profile would reduce the surface heat flow
in the rift with around 3.3 mW/m®.

The geophysical model explains the rift as a
differentiation series from felsic rocks at the surface
to mafic rocks. Heat production would, therefore,
decrease with depth as mafic rocks are virtually
depleted of radiogenic isotopes.

A value of 2.93 pW/m® has been used for the heat
production of the felsic top-layer in accordance with
Slagstad et al. (2008). The intermediate rocks
(diorite) and mafic rocks (gabbro) have been given
1.08 pW/m’® respective 0.3 pW/m’ with reference to
Haenel et al. (1988). The differation series in the rift
has also been assigned a lower thermal conductivity
(2.5 W/m K) than the Sweconorwegian region (2.87
W/m K) based on Figure (3).

The principle outline of the model for the rift can be
seen in Figure 5.
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Figure 5: Principle outline of the geology used in the
thermal model.

Hurdal is situated 36 km from Hamar and 52 km
from Berger, heat flow variations within such short
distances are wusually related to variations in
concentration of heat producing elements in the upper
crust, (Jaupart and Mareschal, 2011), (Perry et al.
2004), and cannot be explained by changes in heat-
flux from the Moho or by deep seated heat sources.

RESULTS

In Fredrikstad the high heat flow can easily be
explained by the presence of Iddefjord granites with
high heat production. The heat production of these
granites is on average 6 pW/m" (Slagstad et al. 2009),
(Landstrom et al. 1979) and the thermal conductivity
is 3.2 W/m K with reference to Figure 3. To explain
the high heat flow, these granites have to extend
down to around 3.5-5 kilometers. This is in
accordance with earlier gravimetric studies,
(Ramberg and Scott, 1971), which estimated the
Iddefjord-granite to have a thickness ranging between
3 and 5 kilometers. Figure 6 shows a simplified
model of the structure in Fredrikstad. It has been
assumed here that the surrounding surface heat flow
is 57 mW /m’. Figure 7 shows the heat flow profile
as a result of the geological structure in Figure 6.

Pt AT AT
6 UW /m?

Lower crust

fFrerreeeeeeenees

15 mW /m?

Figure 6: Simplified model for the structure in
Fredrikstad, with a domain of high heat producing
granites. The upper crust and the lower crust have
been assigned a heat production of 1.1 pyW/m’.

Line Graph: Conductive heat flux magnitude (Wfm?)

: : e
0.073 7 -

0.072 / A\

0.071 | \

|

|
I
0.067 |
\
\
\
|

Conductive heat flux magnitude (W/m?)
o
°
@
n

|
|
|
|
|
|
\

0059 / \
0.058 // s
0.057 bem e e — . :
0 02 04 06 [ x10
Are length

Figure 7: Surface heat flow profile as a result of the
Iddefjord granite in Fredrikstad.

The wvertical thickness of the Iddefjord granite
required to generate the heat flow anomality is
dependent on the contrast to the surrounding rock, If
the extent of this granite could be determined in more
detail through, for example, geophysical modeling,
this could provide information on the variation of
heat sources in the upper crust.

The thermal state of the Oslo rift is a function of
several factors. The thinning of the crust causes a
decrease in heat flow, which is then compensated for
by the geological structure of the rift. Thermal
modeling does, however, show that an additional heat
source is required to reach the elevated heat flow in
Hurdal. The structure used in the simulation can be
seen in Figure 8.



58 mW/m?
B 57 mW/m’

Figure 8: Layout for the model of the model for the
Oslo rift.

The next step is to introduce a slab of granite with
similar properties and thickness to the Iddefjord
granite into the felsic top layer of the model. See
Figure 9.

73 mW/m?
T 57 mW/m>

Figure 9: Shallow heat source introduced in the top
layer of the rift.

This creates a situation which is fairly similar to the
heat flow in Fredrikstad with a confined heat flow
peak. The Iddefjord granite has similar density and
magnetic susceptibility as the granite in the top layer
of the geophysical model, and would therefore not
cause any difference to the model. Measurements in
the drilled wells in Hurdal did not indicate elevated
heat production, thus this body would have to be
placed at least 900 m below the surface, personal
communication with Slagstad. T at the Geological
Survey of Norway (2011).

A shallow heat source such as introduced in Figure
10 can cause the elevation in heat flow. For
geothermal purposes it does not have any significant
impact, the temperature increase at 5000 m depth is
only a few degrees. Since a confined heat source is
considered, the size required to generate the elevated
heat flow increases rapidly if the granitic block

would be moved downwards in the model. This is
because heat diffuses out on the sides of the heat
source. Heat flow contour lines in the horizontal
plane for such case can be seen in Figure 11 where a
10 km block of high heat producing granite (6
puW/m®) has been placed underneath the rift. This
would as well be inconsistent with the geophysical
model.
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Figure 10: Heat flow contour lines in the horizontal
plane for a deep seated heat source.

DISCUSSION

The results presented in this paper are based on a
uniform heat production in the lower and upper crust
of the Sweconorwegian province. In Slagstad et al.
(2009) the heat production rate for this region was
determined to be on average 1.76 pW/m’. Without
further information on the variation of heat
production in the crust, an average of 1.1 wW/m’ has
been assumed. This has implications for the result
since the contrast between the Oslo rift and the upper
crust of the Sweconorwegian region is dependent on
this assumption. This also affects the thermal
structure of the crust which is a function of both the
distribution of the heat sources and of the variability
of thermal conductivity. Increasing the heat
production in the upper crust implies a decrease of
either heat production in the lower crust or heat flux
at the lower boundary (Moho), which in turn
decreases the temperature in the upper crust.

The result from this paper indicates that the high heat
flow in Hurdal is most likely a local phenomenon. It
is thus, not a feature of the Oslo rift, and
extrapolation based on these heat flow measurements
should be made with caution.

Although it has been assumed for the thermal
modeling, there is nothing that states that the heat
flow anomality in Hurdal is the peak heat flow in the
region. The location for the measurements might just
as well be placed on the side of a larger heat source.



The extent of the high producing granite cannot be
determined based on the available heat flow data
today. Whether a body of high heat producing
granites extend outside the rift, might be possible to
resolve through geophysical modeling based on
gravity and magnetic data.

Likewise there might be other locations in the Oslo
rift region that can have elevated heat flow due to
buried heat sources.

A shallow heat source such in Figure 9 can cause
local heat flow anomalies, it does, however, not have
any significant impact on subsurface temperatures.
To elevate the temperatures at reachable depths for
geothermal energy, the heat sources need to be placed
at greater depths.

It should be noted that the thermal conductivity data
used in this paper are based on dry measurements. It
is, therefore, likely that the actual in-situ thermal
conductivity is slightly higher. This does not affect
the results with respect to heat flow, but could change
the interpretation of the thermal structure of the crust.
Also the actual temperature dependency of the type
of rocks considered in this paper has not been
evaluated, the error involved with this is difficult to
assess.

The geophysical model does not contain the level of
detail required to further evaluate the structure within
the rift. Likewise the thermal model presented is
coarse. The general trends are, however, captured.

In absent of local data, the differention series in the
rift has been assigned heat production values from
literature, there is indeed a significant uncertainty
involved with this assumption.

Thermal modeling can provide additional
constrictions to geophysical models. Currently the
heat flow data is scarce in Norway and limited to
some few boreholes that are deep enough to become
insensitive to the thermal transients induced by
palaeoclimatic disturbances.

To produce reliable heat flow data, either further
exploration through deep boreholes, or improved
reliability of correction methods for shallow
boreholes are needed.

Recently, shallow ground source heat pump systems
have been constructed in the vicinity of Oslo based
on 500 m deep boreholes. The increased depth
compared to normal systems (200 m) is explained by
limited construction area. This is an interesting
development as it can create an opportunity for an
increased heat flow data base.

CONCLUSION

Thermal modeling has been used with the aim to
explain some recent heat flow data in the vicinity of
the Oslo rift in Norway. Thermal modeling shows
that a shallow heat source, with the same properties
as the Iddefjord granite, could explain the higher heat
flow in Hurdal. This points to a local heat flow
anomality, and should therefore not be considered as
a feature of the Oslo rift.

Shallow heat sources do not necessarily increase the
temperature at depths reachable for geothermal
energy. The thermal modeling shows that the heat
source only increases the temperature with a few
degrees at 5000 m depth.

The best estimate for the heat flow in the Oslo rift is
around 58 mW / m2 from Slagstad et al. (2009), it is,
however, possible that there might be elevated heat
flow also in other parts of the rift region.

A larger heat flow database could resolve the
variations in heat flow and be used to explore the
geothermal potential in the region.
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II-6 Numerical model for simulation of the novel closed loop
engineered geothermal system- as applied to district heating
systems.

I1-6.1. INTRODUCTION

A numerical model for heat transfer analysis of wellbores is presented; the model has been
developed with the aim to simulate the heat transfer characteristics of the novel Engineered
Geothermal System (EGS) concept presented in Paper 5. The aim with the model is to develop a
method that can be used for transient analysis on relatively short time scales, (on the order of
hours), while still being accurate on a longer time scale. The structure of the numerical model is
presented hereunder and is validated against analytical solutions. The model is the used to study
the performance of the EGS concept for different variations of operating parameters and to
explore the usefulness of the EGS concept as a provider of hot water to a District Heating (DH)
network. The novel EGS concept is a so-called closed loop system. In principle, the EGS
system consists of a production well and an injection well interconnected by drilled wellbores.
The wellbores act as a subsurface heat exchanger with a limited, but well defined heat transfer
area. This system relies solely on the conductive heat transfer around the wellbores to extract
heat from the geothermal reservoir. The thermal performance of the system is closely related to
the thermal properties of the bedrock, the temperature at the geothermal reservoir and the
operating conditions i.e. temperature range of the heat carrier.

To explore the usefulness of a closed loop EGS as a provider for a DH -network, transient
modeling of the system is performed with a numerical model and in conjunction with DH data.
This offers a way to both characterize the way the system operates and to determine optimal
operation conditions.

Nomenclature

Symbol

C Specific heat capacity [J/kg K] u Axial velocity component [m/s]
C, Specific heat capacity, constant volume [J/kg-K] \% Velocity [m/s]

d Diameter [m] A Radial velocity component [m/s]
e Internal energy [j/ kg ] w Electric effect [W]

f Friction factor [-] z Axial coordinate [m]

g Gravitational acceleration [m/! sz] Greek symbols

GG Geothermal gradient [K/km] A Finite increment in a variable

H Depth [m] a Thermal diffusivity, pic [m? /5]
h heat transfer coefficient [w/ m?] v Specific volume [m*/ kg]

hy Total enthalphy [j/ kg ] p density [kg/m®]

k Thermal conductivity [W/ m-K] ¢ Porosity [%]

L Length of crosswells [m] n Dynamic viscosity [Pa- s]

m Mass flow [kg /s] [0} Inclination [°]

N Number of crosswells [-] Subscripts

P Pressure [N/m?] n Index , temporal discretization
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Q Heat load [W] i Index , spatial discretization (radial)
q”’ Heat flux [W /m?] j Index , spatial discretization (vertical)
r Radius [m] f fluid
S Thermal source term [W/m] g ground
T Temperature [K] b borehole
t Time [s]

I1-6.2. THE EGS CONCEPT

The EGS concept consists of a system where a production well and an injection well are
interconnected by drilled wellbores. The wellbores does, therefore, act as a subsurface heat
exchanger. The principle outline of the system can be seen in Figure I1-4.
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Figure 11-4. The system consists of an inlet (injection) and an outlet (production) well that are connected
through deviated wellbores.

The fundamental idea is that the fluid heats up as it is circulated through the system. Most of
the temperature increase occurs in the deviated boreholes of the heat exchanger part where the
mass flow is distributed and reduced accordingly. The characteristics and the dimensions of the
system are highly dependent on the operating conditions and the site conditions; this will be
discussed further in depth in this part of the thesis.

The system operation can be regulated by either changing the mass flow rate or through
bypassing the heat carrier fluid in the processs on the surface and thus changing the inlet fluid
temperature. If the mass flow in the system is changed, the change will be directly correlated to
the produced energy on a short timescale. As a secondary result the production temperature
from the system will either increase or decrease.

Bypassing causes the inlet temperature to increase, the response in change of production
temperature will then be delayed with the time it takes the fluid to travel through the system.
Both methods cause a lagging thermal response in the bedrock.
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If the fluid is bypassed (which might be required e.g. in the warm season when the heating
demand is low) the temperature of the overall system will increase and thus thermal losses will
occur in both the injection well and in the production well. This can to some extent be
compensated by insulation in the upper part of both the injection and production wellbores.
Other options are to use the excess heat also through the summer, for example for district
cooling with absorption chillers. Alternatively, the system can also be operated with a seasonal
recovery period where the fluid circulation is stopped during the warm season.

While the entire range of the heat demand (in a DH network) can in principle be covered with
an EGS, it is logical to adapt the geothermal system to cover the base load and then use an
additional heat source so cover the peak demand. This is also strongly affected by the fact that
the thermal load that can be produced by the EGS is inversely proportional to the required
temperature level of the heat carrier. The system can, therefore, produce more energy if it is
used as a base load at a lower temperature.

The stable nature of geothermal energy makes it a suitable base load candidate in a DH network.
However, existing district nets today often operate at excessively high temperatures. In
Scandinavia it is common with production temperatures around 80-90 °C and return
temperatures around 65 °C. In some systems even higher temperatures can be found. High
temperatures are often related to requirements from industrial processes while domestic
consumers in general need significantly lower temperatures. Future DH networks are likely to
be operated at lower temperatures as the heating demand of buildings decrease; this also reduces
transmission losses and promotes renewable energy resources such as solar and geothermal. As
an example, the borehole thermal energy storage used for residential heating in Anneberg,
Sweden (2014), is estimated to cover 80 % of the heating demand in the buildings with warm
water at 32 °C from the energy storage.

11-6.3. HEAT TRANSFER AND THERMAL PROPERTIES

The two primary and dominant heat transfer mechanisms in the EGS are the thermal conduction
through the rock the and convective heat transfer in the boreholes. The thermal resistance in the
rock is orders of magnitude higher than the thermal resistance between the fluid and the wall of
the borehole (assuming turbulent flow), and will, therefore, be dominant for the heat transfer
process. It is, therefore, important to have a sound estimate of the thermal properties of the
rock, in particular the effective thermal conductivity and the specific heat capacity.

While the thermal storage capacity of the rock (product of the specific heat capacity and the
density) is in general relatively stable, the effective thermal conductivity can show a larger
variability depending on the mineral constituents of the rock as well as the porosity and the
presence of fractures. In addition, the thermal conductivity and the specific heat capacity are
temperature dependent. These properties are most often measured at ambient temperature and
pressure and the measured values are then corrected with empirical laws (for the pressure and
temperature dependency) to determine the properties off the reservoir with depth. There are
different empirical correlations published for the temperature dependency of thermal
conductivity and specific heat capacity as summarized in Section 2.2 of this thesis.
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The heat transfer in a borehole can be treated either with numerical or analytical methods. It is
usually assumed that the thermal resistance is in the bedrock and that the heat carrier and the
wellbore surface are at or near thermal equilibrium. Most practical methods used for e.g. heat
transfer calculations in petroleum wells are based on the classical semi-analytic approach by
(Ramey, 1962) that uses the line source (Carslaw and Jaeger, 1959). The heat transfer can also
be treated with the analytical solution for a cylindrical geometry bounded by an infinite domain
(Carslaw and Jaeger, 1959). These analytical solutions are also used frequently for simulation of
boreholes in shallow ground source heat pump systems. Using numerical methods it is,
however, possible to study the heat transfer in more detail, (Pruess and Zhang, 2005). This also
allows for spatial variation in physical properties, and further simplifies transient simulations
with time dependent boundary conditions.

The model used in the present study is developed based on a numerical scheme using the finite
difference method. This was motivated by the inherent flexibility and transparency offered by
numerical methods which allow for detailed system simulation and evaluation.

11-6.4. NUMERICAL MODEL

The numerical model is based on the energy equation for conductive heat transport in the rock
and further a one- dimensional energy equation is used to analyse the fluid flow through the
different parts of the EGS concept i.e. the injection well, the production well and the heat
exchanger part. The equations are discretized and solved simultaneously.

II-6.4.1. HEAT CONDUCTION IN THE ROCK

In this subsection, focus is on the conductive heat transfer in the ground surrounding the
wellbore. The energy equation for thermal conduction in the rock surrounding the borehole can
be expressed by Fourier’s law using cylindrical coordinates as follows:

v (05) + a5 (o) + 5 (k5) =pe S+

where Sis a heat source term. Assuming that the heat transfer is symmetric around the perimeter
of the borehole and that the axial conduction can be neglected, the problem can be reduced to an
axisymmetric 1-dimensional transient equation.

aT _ 1[0 oT
5 =rlor (@ 5)]+s

Equation II-2 can be discretized based on appropriate numerical schemes using, for example,
finite element or finite difference methods. The ground surrounding the borehole is, in the
present work, discretized using an axisymmetric cylindrical grid and results in the following
equations:

Thtli_rn
L

o i rizri [Gl * Tir_l‘_"il —(G1+ G2) = Tin+1 — G2« Tin—-'il

where G1 and G2 are given by
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(T,;+EAT,;)(11,:+1 Aripq+ai Ary) 11-4

G1= (Ari+Ariyq)?
1
(i) (@ Aritag Ariy) 1-5
G2 = (Ari+Ari_q)? ’ and

a is the thermal diffusivity of the ground, and

AT+ a1 ATy 11-6

a- —
t Ari+Ariyq

11-6.4.2. MOMENTUM EQUATION FOR THE HEAT CARRIER FLUID

Since the heat carrier fluid (e.g. single phase water) is incompressible, the velocity field in the
system is known based on the mass flow rate and the dimensions of the system; therefore, the
momentum equation does not have to be solved. The pressure field is, however, required as the
properties of the fluid are pressure dependent.

The momentum equation for single phase water is expressed in cylindrical coordinates as:

11-7

%)y 2 P10 (,
9z dz  ror H

ou ou
u5+pua+pvr pw

%)~ gp
If it assumed that the pressure profile is invariant, and that the change in kinetic energy is
negligible. The three first parts on the left side are equal to zero.

The viscous part of the right side of Equation II-7 relates to changes in pressure due to friction.
Using the Darcy — Weisbach friction factor ( /), the pressure equation can be expressed as:
ar | fvip 11-8

0=~%t2a ~9r

The pressure gradient is evaluated based on the results of the energy equation (described
below). The equation gives the required pressure to determine the local properties.

11-6.4.3. ENERGY EQUATION FOR THE HEAT CARRIER FLUID

The heat transfer in the wellbore can be represented by the one-dimensional energy equation.

The equation can be expressed based on the total enthalpy (ho =e+ % +gH )

dho o 0o dho 10 (L 0Ty (NP _ AP o 11-9
p6t+pu62+pvr6r rar(kar) (6r) udz $=0,

where mass diffusion has been neglected. Equation II-9 is then simplified by neglecting radial
changes in total enthalpy and radial heat conduction (considering 1-d fluid flow). Furthermore,

the terms representing friction work and pressure work are neglected, being negligible
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compared to the heat transfer from the surrounding borehole walls which is included as a heat
source (S), Equation II-9 can, be rewritten as

dh dh 2hAT -
R o

where AT represents the temperature difference between the fluid and the temperature of the
wall of the wellbore, h is the heat transfer coefficient between the fluid and the wall of the
wellbore.

The total enthalphy can be expressed as
ho=e+> +gH =T;C, +~+ gH 1-11
0 p flv p .

The derivatives of 4, can be expressed as

dhy _ oTy  OPv 0H 11-12
6Z_Cvaz+6z gaz’

dhy _ . OTf 0PV oH 11-13
at_"ar+at+ at

where v =—

Neglecting transient changes in gravitational potential and pressure-volume work in Equation
11-13, Equation II-10 can be written as:

opy OH _ 2hAT _ II-14
oz +pug 0z =0.

3 9
pC ﬂ-l—pu(],,%+pu

vV oot r

Equation II-14 can then be rearranged and discretized as shown in Equation II-15.

+1 n n
T =T; — Tria D=1\ u (PWa=PW}\  ug (Hfya=HJ'\ | 2naT II-15
At - Az Cy dz C, dz rpC,

The second and third part of the right side of Equation II-15 balances each other by transferring
energy between thermodynamic and gravitational potentials. When the static pressure gradient
is dominant, these two parts are essentially of the same magnitude and can, therefore, be
removed. The energy equation can, therefore, be further simplified as:

+1
T <Tf}l+1_Tf}l_1> 2hAT II-16

At Az rpCy ~

It is, thereby, shown that the change in internal energy only depends on the change in
temperature of the fluid.

Equation II-16 can then be rearranged and discretized based on a third order upwind scheme as
follows:
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n+1 n n+1 n+1 n+1 n+1 n+1
T -Tf7  2h(T=Tf7*) V2Tfj+1+3Tf]. —6T (1 AT 1I-17

At rp Cy 6Az

T, is the temperature of the source (i.e. the borehole wall) and ris the radius of the borehole, V
and C, are the fluid bulk velocity and the specific heat capacity of the fluid, respectively.

11-6.4.4. COUPLING BETWEEN THE CONDUCTION AND CONVECTION
MODELS.

To couple the thermal conduction in the rock with the borehole fluid flow models, a flux
boundary on the wall of the borehole is introduced. In the conduction equation this is done
through central finite difference and the use of a ghost node (Ty) as shown in Figure II-5.

Figure II-5. Illustration for implementation of flux boundary

The heat flux on the boundary is discretized with central difference as shown in Equation II-18
(based on Fourier’s equation). The temperature, Ty, is then determined as shown in Equation
1I-19 below:

» o 4T - To I1-18
q k dx %Aro +Ar1+%Ar2
To =T, =L (Sor, +ary +3A 1I-19
o =127 13787 T T 78N

Equation II-19 is then used when applying the discretization in Equation II-3 to the boundary
node. The resulting equation can be rewritten and simplified as :

T = TP+ 22D [(G1+6G2) + TP — (61 + 62) + T{+ = q” + 63 ] 11-20
1 1
where
G3 =22 (SAry + Ary + 217, ) 11-21

Thereby, the temperature of the borehole wall is expressed based on the heat flux. The heat flux
can also be expressed as:
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q” = ho(Ty — Tf)=

where T is the fluid temperature in the borehole. The discretized conduction equation is
thereby coupled to the heat transfer in the borehole. The complete equation system is
summarized as follows:

Convective equation:

Jj=2

2h, Tln"'l—Tf'.“'l 21" +1+3Tf"+1—6Tf"+1+Tf"+1
Tfr.H‘l =Tfr.l+At( ( J )—V jt
J J

Top Cp 6Az
Conductive equation:
TP = TP 4 2—“[(m + G2) * T — (G1 + G2) * TP — G3 » b (T — Tf}”l)]

Equation II-23 and II-24 are then setup for the required domain and solved simultaneously
through matrix division in Matlab.

I1-6.5. RESULTS AND DISCUSSION

In the following section, the accuracy of the described model is first evaluated in Section II-
6.5.1. In Section II-6.5.2 the model is thereafter used to simulate the EGS system and to study
the sensitivity to variations in fluid mass flow rate, inlet fluid temperature and ground thermal
conductivity. In Section 11-6.5.3 the model is used to simulate the performance of the EGS as a
provider of heat to a district heating network.

[1-6.5.1. VALIDATION OF THE NUMERICAL MODEL
11-6.5.1.1. CONDUCTIVE MODEL

In this part, the conductive heat transfer perpendicular to one section of a borehole is compared
with the results from the corresponding analytical solution. The analytical solution for a
cylindrical hole bounded by an infinite medium is presented in Carslaw and Jaeger (1959). The
analytical solution has been numerically evaluated using the Matlab function Integral. Water
with a temperature of 20 °C is injected through a borehole with a diameter of 0.2159 m , (8”), as
shown in Figure II-6. The initial temperature of the surrounding rock is 5 °C. The change in
temperature with time of the borehole wall and at two further positions are compared between
the numerical model and the analytical solution.
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20°C The flux boundary condition that has been used in the
l analytical solution is determined from the numerical modeling

results. In Figure II-7 the temperature changes at the three
specific locations are shown as a function of time.

l

Figure II-6. Layout for validation of the conductive model.
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Figure II-7.Temperature profiles at radius R=r0 =0.11 m, R=0.24 m and at 0.34 m, simulated at one
section of the pipe.

It is seen that there is good agreement between the temperature profiles from the numerical
modeling and the analytical solution.

11-6.5.1.2. CONVECTIVE MODEL

In the convective model, it is primarily the influence of larger temporal and spatial
discretization on the accuracy of the solution that is of concern. Since the objective is to
simulate convective flow in boreholes with a significantly high aspect ratio, it is important to
establish that the simulation method is conservative, meaning that the quantities entering and
leaving the pipe are equal. By nature, numerical methods are approximate and are bound to
introduce some error. The magnitude depends on both the numerical discretization method and
on the nature of the problem it is applied to. For example, a coarse discretization becomes an
inaccurate approximation when the problem involves sharp gradients. For continous heat
extraction over long time, it is possible to perform the simulation with a coarse discretization.
Refinements can then be made when needed, e.g. if the temperatures or flow conditions
changes.
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It is not the objective to explicitly simulate step changes in operation conditions. They do,
however, pose a challenge for the model, as sharp gradients are introduced. Step changes can,
therefore, be used when validating the model. In Figure II-8 a step change in inlet temperature
to a 1000 m long pipe is simulated. The simulated time is 10 hours, and the temperature changes
from 30 °C to 60 °C with a ramp function over 100 s. The initial temperature of the rock is 90
°C. This introduces sharp temperature gradients that are then attenuated as the fluid travels
along the borehole. Since thermal diffusion is not accounted for in the convective model (see
Equation II-10), the attenuation occurs by numerical diffusion and by the convective heat
transfer to the surrounding rock. It is seen in Figure II-8 that a coarse spatial and temporal
discretization gives the same result as the finer discretization. The difference in accumulated
energy transfer between the two cases is on the order of 0.2 %. This is simulated with a variable
time step that changes and becomes smaller when the gradients are high. For the applications of
interest here, the heat transport between the rock and the fluid in the pipe is much larger than the
effect of numerical diffusion.

95 60
6 ~
O
%
2 % 0“5
% *  T-out (At=1000 s, Ay=50 m) %
Yt
% — T-out (At=10's, Ay=1m) g
IR . U I R | R T-in g
5 bllotetel =
O e
8o 30
o 2 4 6 8 10
Time(hours)

Figure II-8. The figure shows inlet and outlet temperatures from a 1000 m long pipe segment surrounded
by an infinite solid domain. The results from two cases with different spatial and temporal discretization
are shown. The change in accumulated energy transfer between the two cases is on the order of 0.2 % .

In Figure 11-9 the change in thermal load is shown for a 5000 m long borehole with a step change
in temperature. The initial temperature of the rock is 90 °C and the inlet temperature changes
from 30°C to 60°C. It is seen that with a coarser discretization essentially the same thermal load
is determined. The difference in accumulated energy transferred between the two cases in the
figure is on the order of 0.35 %.
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Figure 1I-9. The figure shows inlet temperature and thermal load from a 5000 m long pipe segment
surrounded by an infinite solid domain. The results from two cases with different spatial and temporal
discretization are shown. The change in accumulated energy transfer between the two cases is on the
order of 0.35 %.

In conclusion, it has been shown that both the conductive and the convective parts of the model
are sufficiently accurate. The model can, therefore, be used with confidence to simulate the
performance of the EGS.

11-6.5.2. SIMULATION OF CLOSED LOOP EGS.

In this part, the numerical model is applied to the novel closed loop EGS concept. By assuming
that the wellbores constituting the heat exchanger part of the EGS are placed sufficiently far
apart from each other so that thermal influence between the boreholes can be considered
negligible, the system can be segregated into a series of wellbores that are connected only
through the transfer of energy by the fluid in each of the wellbores.

The required length of the wellbores, the inclination (¢) and the number of cross-wells with a
specific length, depends on the temperature gradient in the ground, the thermal properties of the
rock the, target fluid temperature range (injection and production temperatures) and the target
thermal load value.

A specific system is designed and simulated with the aim to demonstrate the thermal
performance for different operation parameters.The parameters describing the system are shown
in Table II-1 with reference to Figure II-10. This system layout is then used as a base case when
studying the influence of some of the important parameters.
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These parameters are :

- mass flow rate

- inlet fluid temperature

- effective ground thermal conductivity
- operation time

The model is, thereafter, used to simulate the
performance of the EGS as a provider of hot water to a
DH-network.

Figure II-10 System layout for closed loop EGS

The EGS is simulated with three parallel boreholes, each with a length of 2000 m constituting
the heat exchanger part. In the simulated case the undisturbed temperature at 5000 m is 105 °C.

Table II-1. Parameters defining the base case.

Geological Value System Value
GG [°C/km] 20° H [m] 5000
“kg W/mK] 3 L[m] 2000
pg [kg/md) 2600 mlkg/s] 25
C [JKkg] 840 D[m] / 0.2159 (8")
O [%] 0 9[°] 40°

N[ 3

"Thermal properties of the rock are here assumed constant with respect to temperature and pressure.

The temperature profile in the system after 1000 hours of operation is presented in Figure II-11,
the pressure and density profiles are shown in Figure I1-12.

Since the fluid heats up along the borehole, the rising fluid in the production well will have a
lower density than the fluid in the injection well. The fluid can, therefore, to some extent
circulate in the system without assistance from a circulation pump. To meet certain criteria’s of
temperatures and flow rates, the flow has to be controlled by a circulation pump.
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Figure II-11. temperature profile in the system. Water Figure II-12. Pressure and density profile in the system.
enters at 40 °C and leaves at 54 °C. simulation time: simulation time: 1000 hours
1000 hours

For the simulated case, the total frictional pressure drop is 3.7 bar while the pressure difference
due to the density differences between the fluid in the injection well and the production well is
3.5 bars, the fluid is, therefore, almost self circulating. The heat load from the simulated system
after 1000 hours of continuous operation is 1.45 MW.

It is obvious from Figure II-11 that there are temperature losses in the upper part of the wells.
To limit these losses, thermal insulation can be added in the wells. This also increases the
frictional pressure drop as the flow area is reduced, alternatively the borehole diameter can be
increased. In Figure II-13 and Figure II-14, 2 cm of thermal insulation with a thermal
conductivity of 0.1 W / m K is used in the upper 2500 m of the production well and 2000 m of
the injection well.
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Figure II-13.temperature profile in the system with Figure II-14. Pressure and density profile in the system with
insulation. Water enters at 40 °C and leaves at 56 °C. insulation. Simulation time: 1000 hours.
Simulation time: 1000 hours.
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The frictional pressure drop is in this case 6.9 bar which means that the real pressure difference
required on the surface is 3.4 bars, or 12.1 KW, with an assumed pump efficiency of 0.7. The
pressure drop can, however, be limited using a larger borehole diameter. The heat load from the
system is 1.72 MW (18.5 % larger than for the uninsulated case).

In the following cases, the influence of mass flow rate, inlet temperature, ground thermal
conductivity and operation time is studied. In all cases, the EGS is simulated without insulation
in the production well and the injection well.

In Figure II-15 the mass flow is varied while the inlet temperature is kept constant. With an
increasing mass flow rate, the temperature rise of the fluid through the system decreases.
Therefore, a higher temperature difference is maintained to the surrounding rock. As a
consequence, more thermal energy can be extracted.

70/.\........................2
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60 ] ', < 1

Outlet temperature’C)
> Y
\\
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55 77 0.5
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5 10 15 20 25 30 35 40
Mass flow (kg /s)

Figure 1I-15. Variation in mass flow. Water enters at 40 °C. Simulation time : 1000 hours,

A higher mass flow requires more pump work both because of the increased frictional pressure
loss and because of lower density differences (driving potential for self -circulation). The
required pump work is in the simulated cases at most 4.7 % of the produced heat load.

In Figure II-16 the inlet temperature is varied while the mass flow rate is kept constant.
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Figure I1-16. Variation in Inlet temperature, simulation time : 1000 hours

It is seen that the heat load and the outlet temperature are both linearly proportional to the inlet
temperature. Figure II-16 clearly shows that it is crucial that the geothermal installation
provides energy in the lowest temperature range possible.

In Figure I1-17 the thermal conductivity of the ground is varied while the mass flow rate and the
inlet fluid temperature are kept at constant values. In the figure, the thermal load has been
normalized with the value at a thermal conductivity of 3 W/ m K.

0.9 /

0.7

\
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2 2.5 3 3.5
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Figure II-17. Variation of thermal effect with ground thermal conductivity.
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It is seen that the thermal conductivity has a significant influence on the performance of the

system. This is expected since the system relies on thermal conduction as the sole heat transport
mechanism.

There is a relatively large decline in thermal performance of the system during the first years of
operation. As seen in Figure II-18, the heat load declines from 1.19 MW after the first year to 1
MW after 10 years, in the following 10 years the heat load decreases further 5 %. Interestingly,

the decrease between year 30 and 50 is only on the order of 1 %. Thereafter, the performance
can be said to be near constant.
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Figure 11-18. Decline in thermal output over time

11-6.5.2.1. THERMAL INTERFERENCE BETWEEN WELLS.

The main part of the heat extraction occurs in the heat exchanger part of the system, and it is
crucial for the performance of the system, (and for the validity of the numerical model ) that
thermal breakthrough (interference) between the wellbores is avoided in this part. Through
engineering the heat exchanger with drilled wellbores the risks for thermal breakthrough can in
theory be controlled and/or avoided. The required separation distance between the wellbores can

be determined based on the rate at which heat diffuses through the ground and the designed life
length of the system.

The thermal influence around a wellbore with a constant heat extraction rate is shown as a
function of time and radial distance in Section 2.1.4 (Figure 2-6 b). It is seen that after 50 years,
the influence at 100 m radius is almost negligible. This can, therefore, be considered as an
appropriate distance between the wellbores in the heat exchanger part.
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[1-6.5.3. EGS SYSTEM COUPLED WITH DISTRICT HEATING

In this subsection, the closed loop EGS is assumed to provide heat for a DH network. To get a
realistic behavior, operational data from a DH network is used; the data is sampled on daily
basis over one year. An illustration of how the model is coupled with the DH network is shown
in Figure I1-19.

Tsupply Treturn
Mpistrict ‘ ‘
Heat exchanger
Megs ~Mpypas ‘ ‘
mbypass
Megs
T, T,

outlet inlet

Figure II-19. Illustration of the EGS in connection with heat exchanger.

The amount of energy extracted from the geothermal loop is varied by adjusting the mass flow
rate (mggs) and the amount of mass flow that is bypassed (Myypass). The thermal load in the DH
network varies between a minimum of 0.5 MW during the summer and a maximum of 8§ MW
during the winter. The return temperature from the DH network varies between 36 °C and 58
°C and the production temperature varies between 70 °C and 96 °C. In the simulation, the mass
flow in the geothermal system is allowed to vary between 20 kg/s and 40 kg/s. To reduce the
thermal output, the mass flow can be bypassed, e.g. when the system provides more heat than is
required and the mass flow rate is at the minimum.

The parameters describing the simulated geothermal plant are summarized in Table II-2. The
EGS is simulated with five parallel boreholes, each with a length of 2000 m constituting the
heat exchanger part. The undisturbed temperature at 5000 m is 105 °C.

Table I1I-2. Parameters defining the base case.

Geological Value | System Value
GG [°C/km] 20 H [m] 5000
koo [W/ mK] 3 L [m] 2000
pg [kg/md] 2600 m [kg/s] 20- 40
C [J/Kkg] 840 D[m] / 0.2159 (8")
O (%] 0 o[ 40
N[ 5

The thermal conductivity of the ground is allowed to vary with temperature (see Section 2.2).
The dependencies are according to the empirical equation by Sass et al. (1992) and Vosteen and
Schellschmidt, (2003) for thermal conductivity, see Equation 2-13 and Equation 2-14. The
pressure dependency of the thermal conductivity has been neglected as it is of minor
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importance. The simulation is done for 10 years of operation, and the results are presented
hereunder. The delivered heat load during year 10 is shown in Figure I1-20.a, and the duration
curve for the 10 years is show in Figure II-20.b.
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Figure I1-20 a) Thermal effect delivered by EGS during year 10 . b) Duration curve for 10 years.

As can be seen from Figure 11-20 a, the energy supply from the EGS can vary quite significantly
(between about 0.4 MW and 3 MW heat load). The higher heat loads ( > 3 MW) shown in
Figure I1-20 b represents the startup of the installation during the first year. A combination of
mass flow regulation and bypassing is used to control the system. The return and production
temperatures and the variation in mass flow rate are shown in Figure II-21.a and b.

The temperature increases when the load demand is low. In this specific case in total 40 % of
the required energy for the DH network is provided by the geothermal system.

ey 45 I ——
I R Y -
i 40 EGS
. ¢ —_m__ _-m
=35 EGS  bypass
~75 2 n
Q o
< < 304 i
5 65 it ©
g = 2 .
g S 251 :
255 Y " 2 t
g ] ,/\J QPE; # 20 |l
F L
* =15 w u T
1 ht 1
35 10
U I
. Ay

Jan Feb Mar Apr May Jun Jul Aug Sep Okt Nov Dec
Year 10

—+—EGST ——EGST = —%—DHT e D

outlet inlet return H Tsupply
a b
Figure 1I-21. a) Production and return temperatures in the EGS and in the DH network. b) Mass flow
rates. The outlet temperature from the EGS increases due to bypassing when the load demand is low.
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The required energy by the circulation pump is seen in Figure I1I-22. The energy requirement
becomes negative when the mass flow is low, this indicates that the system is self circulating.
As the mass flow increases, the frictional pressure losses increases and the circulation requires
energy. In this case the pump work is somewhat idealized, using a constant efficiency of 0.7.
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Figure 11-22. Power required for fluid circulation in the system.

As shown in Figure 1I-16 the heat load delivered by the EGS is directly proportional to the inlet
temperature. This can be illustrated by a reduction in the temperature level of the district heating
network. If for example the temperature level of the DH network is reduced by 10 K, i.e, the
minimum return temperature is 26 °C and the maximum supply temperature is 86°C. The
amount of energy that the geothermal system can provide increases with about 30 %. Thereby,
the share of geothermal energy in the DH-network increases from 40 % to 53 %.
Complementary figures showing the performance of the EGS operating at these conditons can
be found in Appendix C.

11-6.6. CONCLUSIONS

A numerical model is presented, the aim with the model is to simulate and study the transient
behavior and thermal performance of a novel closed loop EGS. The model is found to be
accurate in comparison with an analytical solution and by variation of spatial and temporal
discretization. The model is used to simulate the closed loop EGS, and the performance is
studied for different variations of the operating parameters. It is found that thermal conductivity
of the ground has a large influence on the system performance and that the thermal output for
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the system is directly related to the inlet fluid temperature; therefore, the lowest possible
temperature range should be sought for a given system.

The model is used to simulate heat extraction with the purpose to supply hot water to a DH-
network. It is seen that the system can sustain heat production while requiring little or no use of
high value energy for fluid circulation. While the EGS is a stable heat source which is best
utilized as a base load, transient simulation show that the system also can be operated
dynamically to cover periods with higher or lower heat demands at different temperature levels.
The simulated system provides thermal energy in the range of 1 to 3 MW, it can, however, be
upscaled to meet significantly larger heating demands.

It is shown that the system can supply energy for a significant time. After the initial decline
during the first years of operation, the thermal performance reaches a semi- steady state with
very little change in performance over time. It can therefore, be concluded that if the system is
designed and operated correctly it will, from a thermal perspective, have a virtually unlimited
lifetime.

The operating conditions have a significant influence on the performance of the EGS. The
presence of a suitable heat consumer that guarantees a high operation time at a rather low
temperature range, can, therefore, be the most important factor when finding suitable locations
for an EGS.
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APPENDIX

A. ANALYTICAL SOLUTIONS

INFINITE LINE SOURCE (ILS)

Equation A-1 describes the change in temperature of a line source (infinite line of point sources
) at the radius r, as result of the constant heat load q and the duration of the heat load t.

T(r,t) — T = Lfy‘”%du,

Where y = N

FINITE LINE SOURCE (FLS)

Following Lamarche and Beauchamp (2007), with q f(t) = q f(¢t*,8). Where t* =
t/(H?/9a) and § = r,/H, the finite line source solution can be expressed as:

f(t*,B) = A— B, where
JBZ+1 VBZ+1
A= fﬁﬁ+ erfzc\%zz)d fﬁB+ erfc(yz)dz

f‘%}wﬁ% +%(fﬁ“ﬁz+1erfc(yz) dz +fmerfc(yz) dz)

The finite line source solution is used in Section I-5 and in Paper 3.
INFINITE CYLINDRICAL SOURCE (ICS)

The infinite cylindrical source solutions, equations A-5 and A-6 describe the temperature
change at a radius r, as result of a constant heat load q imposed on the radius r, (equation A-5)
and a constant temperature T, imposed on the radius 1, (equation A-6), both with a duration of t.

With reference to Carslaw and Jaeger (1959), with t = f—zt, and p = TL
b

ICS WITH HEAT FLUX BOUNDARY

T(T, t) - Too L[

I = U AR (B) ~ s (Do) 5 df
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ICS WITH TEMPERATURE BOUNDARY

(_ rxtuz) YO(:_;)lo(u)_]o(:_g)Yo(u) au

2 oo
T 6) =T+ (Te —T) = ;fo ex, JEW+YZ(w) u

2
7o

The solution given by Equation A-6 is not straightforward as it contains a singularity; a
procedure to evaluate the intergral is described in Peng et al. (2002).

MULTIPOOL METHOD

The multipool method is used to determine the local borehole thermal resistnance (Ry) in
Section [-4.3.2. The mehod is used with reference to Lamarche et al. (2010). To account for
the influence of natural convection, the method is complemented with a Nusselt correlation to
determine the effective thermal conductivity (Ky e¢ffective) Of the water in the borehole.

kw_effective = ky * Nu

_ kw_effective_kg
g =—4=" 2J
kw,effective"'kg

=" =T =22
Al_rp’ A2 xc’ A3 207

. [ln<’111%+46>— /1§<1—(4o/(/1‘2*—1)>>2 }

Rb = G
4k, 2(23-1) 1+A§<1+<166 /(/13—1/15)2)) |

k, is the ground thermal conductivity, X. is the shank spacing (half the distance between center
to center of the two collector pipes), 1, is the borehole radius and r, is the collector pipe radius.
ky is the thermal conductivity of the water in the borehole.
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B. DEEP COAXIAL BOREHOLE HEAT EXCHANGERS

CONSTANT INLET TEMPERATURE

The figures in this section complement the results presented in Section [-6.5.2 where heat
extraction is simulated using a constant heat load. The simulation uses the same model
parameters as described in Section [-6.5.2. Instead of applying a constant heat load, a constant
inlet temperature of 5 °C is used. The heat exaction is preceded by 1 hour of fluid circulation
during which the first temperature profile showin in Figure B-1 is established, this profile is the
same as the first profile in Figure I-30.
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Figure B-1. Temperature profiles. Constant inlet temperature.

The temperature of the borehole wall is shown in Figure B-2, the temperature profiles
correspond to the instances shown in Figure B-1. This figure can be compared with the results
shown in Figure I-31 for a constant heat load.
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Figure B-2. Borehole wall temperatures, profiles corresponding to Figure B-1.

In Figure B-3 the specific heat load is shown for the times corresponding to the profiles in
Figure B-1. This figure can be compared with the results shown in Figure 1-32 for a constant
heat load.
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Figure B-3. Distribution of Specific heat load in the borehole, profiles corresponding to Figure B-1.

THERMAL RECHARGE WITH INLET THROUGH THE ANNULAR SPACE

The figures in this section complement the results presented in Section 1-6.5.2.2 where heat
injection to a 800 m deep coaxial BHE is simulated. The simulation uses the same model
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parameters as described in Section 1-6.5.2.2 but instead of having the fluid inlet through the
center pipe, the fluid inlet is through the annular space.

In Figure B-4 thermal recharge is simulated with the fluid inlet through the annular space. The
profiles can be compared with the profiles in Figure I-35.
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Figure B-4. Temperature profiles during thermal recharge. Fluid inlet through annular space.

The temperature of the borehole wall is shown in Figure B-5, the temperature profiles
correspond to the instances shown in Figure B-4. This figure can be compared with the results
shown in Figure I-36 where the temperature profiles is shown for a case with the fluid inlet
through the center pipe.
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Figure B-5. Borehole wall temperature during thermal recharge, profiles corresponding to Figure B-4
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In Figure B-6 the specific heat load is shown for the times corresponding to the profiles in
Figure B-4. This figure can be compared with the results shown in Figure I-37 where the
distribuition of the specific heat load is shown for a case with the fluid inlet through the center

pipe.
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Figure B-6. Distribution of specific heat load during thermal recharge, profiles corresponding to Figure
B-4
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C. CLOSED LOOP ENGINEERED GEOTHERMAL SYSTEM

EGS COUPLED WITH DISTRIC HEATING.

In this section, additional results are shown to Section II-6.5.3. It is assumed that the
temperature level in the district heating network is reduced with 10 K compared to the
temperature level in 1I-6.5.3. The parameters describing the simulated geothermal plant are
summarized in Table I1-2.

Figure C-1 shows the thermal effect delivered by the EGS and the thermal effect in the district
heating network during year 10. A comparison with Figure 1[-20.a reveals that the heat load
supported by the EGS has increased. This is also seen in the duration curve for the heat load
which is shown Figure C-2, the duration curve should be compared with Figure 11-20.b. In total,
a temperature reduction of 10 K in the district heating network increases the amount of energy
that the geothermal system can provide with about 30 % and increases the share of geothermal
energy in the DH-network from 40 % to 53 %.
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Figure C-1. Thermal effect delivered by EGS during year 10.
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Figure C-3 shows the production and return temperatures in the EGS and in the DH network.
The temperatures should be compared with Figure II-21.a. It is seen that the outlet temperature
from the EGS is in this case high enough to cover the entire heat demand of the DH network in
the summer.
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Figure C-3. Production and return temperatures in the EGS and in the district heating (DH) network

Figure C-4 shows the mass flow rates in the EGS, the figure should be compared with Figure
11-21.b.
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Figure C-5 shows the required energy by the circulation pump, the figure should be compared
with Figure I1-22. It is seen that also in this case, the system is self circulating during a large
part of the year as indicated by the negative pumping power.
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Figure C-5. Power required for fluid circulation in the system.
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ABSTRACT

Deep borehole heat exchangers (BHE) can be used as a complementary heat source in ground source heat pump (GSHP)
installations with a negatively balanced thermal load, i.e. when more thermal energy is extracted than recharged. GSHP systems can
be made space effective and with a small or negligible visual footprint. Larger installations may, however, require certain amount
of available drilling area for the boreholes. This area can be reduced by placing the boreholes closely together. This creates a
system susceptible to the load balance. If the possibilities for thermal recharge are limited, the temperature in the boreholes will
decline, which also degrades the performance of the system. To balance the thermal load, deep BHEs have to sustain the required
temperature level without the need for thermal recharge. A numerical model is applied to simulate the performance of deep BHEs
over time, and to determine the average specific thermal load and amount of energy extraction that can be sustained. The results are
used to propose an alternative solution for a GSHP installation having a limited construction area and a negatively balanced thermal
load. It is seen that the deep BHEs can support a high (increasingly with depth) thermal load, and that the required temperature
level can be sustained over the life time of the system. Deep BHEs reduce the required borehole length, and are a viable option for
GSHP installations in areas with scarcity of space and/or with negatively balanced loads.

1. INTRODUCTION

GSHP systems are made space effective by placing the boreholes in a compact pattern. Such systems favors thermal interaction
between the boreholes and can be designed to store energy. Thus, if the yearly thermal load is positively balanced (more energy is
being recharged than extracted) the temperature in the boreholes will increase over time, which favors the performance of the heat
pump. On the contrary, if the thermal load is negatively balanced, the temperature in the boreholes will decline. Thermal recharge
can often be provided with free cooling or by use of other thermal sources such as solar collectors, building exhaust air, outdoor air,
amongst others.

This paper discusses cases where it is desired to use a GSHP system to provide heating in an energy system where both the
recharge possibilities and construction area are limited, e.g. buildings with a heating dominated thermal load in urban areas. The
study considers to what extent boreholes deeper than the conventional 200 — 300 m can be used to provide either a complementary
or a standalone thermal source in such energy systems.

As discussed in Rybach and Hopkirk (1995), for a deep BHE there is the choice to produce either a higher thermal load at a lower
temperature, or a lower thermal load at a higher temperature. With the depths (600- 1000 m) and undisturbed temperature gradient
(0.02 K / m) analyzed in this paper it is most profitable to pursue the first option. Therefore, the aim is to provide thermal energy in
the temperature range of conventional BHE installations. The temperatures the deep BHEs can provide are determined given a
predefined average specific heat load, and operation time.

The BHE is modeled as a coaxial, pipe-in-pipe BHE where the central pipe is made of polypropylene. The annular space is

separated from the borehole wall by a thin polyethylene membrane. This type of coaxial BHE has been presented in Acuiia (2013).
An illustration of the coaxial BHE is shown in Figure 1, where the fluid inlet is in the annular space.

¢, center pipe

T,

wall

outer pipe

Figure 1: Coaxial BHE.
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It is assumed that water is to be used as the heat carrier, which limits the possible minimum temperature. During heat extraction, the
water temperature will be lowest at the inlet of the BHE and this temperature limits the amount of energy that can be transferred in
the BHE. By increasing the mass flow rate, it is possible to transfer more heat. Increasing the mass flow rate reduces the
requirements for thermal insulation between the fluid in the annular space and the center pipe. Therefore, the center pipe can be
made thinner and thus less expensive. This also allows for higher mass flow rates without causing excessively high-pressure drops.

The results presented in this paper are based on a numerical model that has been described and verified in an earlier paper
(Holmberg et al. 2014). The model is used to determine the thermal performance of coaxial BHEs for three different depths and
average specific heat loads. It is assumed that the BHEs will provide energy as a complementary source in a GSHP system. The
layout for a GSHP system with a complementary deep BHE is shown in Figure 2. The deep BHE is working in parallel with
conventional BHEs. The inlet temperature of the heat carrier to the conventional BHESs is coupled through the heat exchanger with
the inlet temperature of the deep BHE. Due to the higher ground temperature level of the deep BHEs, they can sustain a higher
specific heat load than shallow BHEs without needing thermal recharge.

Condenser

QX

Evaporator

Deep BHE Conventional BHE

L

Figure 2: Layout for GSHP system with deep BHE.

2. MODELING

The coaxial BHE is simulated with a numerical model which uses an axisymmetric grid. The model uses a geometrical
simplification where the analogy to electric networks is used to describe the thermal resistances within the borehole. A numerical
grid is used to resolve the temperature profile in the bedrock surrounding the borehole in two dimensions, while the borehole, the
collector and the heat carrier are simulated as one-dimensional features. The model is implemented in the Matlab® environment
and it is compared with experimental data in the next section. Further details on the model and a more extensive comparison with
experimental data can be found in (Holmberg et al. 2014).

It is assumed that the ground is homogenous and that the thermal properties of the ground are isotropic. The borehole diameter, the
dimensions of the outer pipe, and the thermal properties of the center pipe and the outer pipe are assumed constant. The physical
dimensions of the center pipe and the mass flow rate being used are determined from a parametric study and depend on the
borehole depth. The values of the parameters held constant in the present study are shown in Table 1.

Table 1. Parameters that assumed constant.

Parameter Value
Borehole diameter [mm] 140
Outer pipe [mm] 139x 0.4
Ground thermal conductivity, k, [W /m K] 3

Ground density, p,[kg /m’] 2600
Ground specific heat capacity, C, [J/kg K] 840

QOuter pipe, thermal conductivity, k. [W /m K] 0.42
Center pipe, thermal conductivity k., [W /m K] 0.24
Heat carrier fluid Water
Thermal gradient [K / m] 0.02
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3. RESULT

3.1 Validation of numerical model

The results from the numerical model are validated with experimental data from Acufia (2013). The temperature measurements are
from a distributed thermal response test (DTRT) with a coaxial pipe-in-pipe BHE operating with water in a 190 m deep borehole.
Figure 3 show vertical temperature profiles that are measured in the early and late period of the DTRT. As seen the simulated
values agree well with the experimental data.
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Figure 3: Vertical temperature profiles. Measured and simulated values are shown.

It should be noted that in the experimental setup, the BHE operates with the fluid inlet in the central pipe. For that specific setup,
the flow direction does not affect the inlet and outlet temperatures. In the following sections the inlet is through the annular space
since it is advantageous for heat extraction from deep BHEs.

3.2 Thermal performance for the deep BHE

The thermal performance of deep BHEs is studied using the numerical model. Three depths are simulated, namely 600, 800 and
1000 m. The parameters used are shown in Table 1 and Table 2. The dimensions of the center pipe was determined in a parametric
study presented in Holmberg et al. (2014), where the influence of center pipe dimensions and the mass flow rate were studied for
different borehole depths and heat loads. The simulations are performed assuming a continuous operation with an on/off interval of
24 hours and a seasonal recovery period of 4 months representing the warm season. The fluid temperatures for two cycles of the
operation scheme are shown in Figure 4 for a 800 m BHE with an average specific heat load of 50 W /m.
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Figure 4: Inlet, outlet and mean fluid temperatures together with mass flow rate.

As shown in Figure 4 the fluid temperatures experiences a peak each time the mass flow is switched on followed by a monotonic
decrease until the mass flow is switched off. The profiles shown are taken after nearly half a year of operation (4200 — 4300 h), the
mass flow rate is 4 kg / s and the mean fluid temperature varies between 9.5 °C and 4.2 °C.
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Table 2. Case specific parameters

Parameter Value Value Value
Active length BHE [m] 600 800 1000
Collector (center pipe) [mm] 75 x4.3 90 x 5.1 90 x 3.5
Mass flow rate [kg / s] 3.5 4.0 5
Thermal load [W /m] 40 50 60
Pressure drop' [bar] 1.0 1.0 1.7
Pump power required” [kW] 0.47 0.53 1.33

"It is assumed that the annular space is confined within a smooth-walled outer pipe. *Assuming Npump=0.75.

The mean fluid temperatures (Tf,,c.,) are shown in Figure 5 for the cases described in Table 2. As seen, the minimum temperature
decreases by approximately 1.5 K during 20 years operation. The values in Figure 5 are calculated by averaging each load cycle,
i.e. the mean value of Tf},.,, shown in Figure 4 is determined for each period when the mass flow is on.
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Figure 5: Mean fluid temperature (Tf,,.,,) for 1000 m, 800 m and 600 m deep BHEs, with an average specific heat load of
60, 50 and 40 W/m, respectively. The BHE operates with an on/ off interval of 24 hours and a seasonal recovery
period of 4 months.

As seen from the figure, the decline in minimum mean temperature is relatively small. In these cases the total accumulated
operation time is 4 months / year. Given this operation time, the 1000 m BHE can sustain 60 kW, and can deliver 175 MWhy, /
year, the 800 m BHE can sustain 40 kW, and can deliver 117 MWh,, / year, and the 600 m BHE can sustain 24 kW, and can
deliver 70 MWhy, / year. The share of high value energy (electricity) required for fluid circulation is highest for the 1000 m BHE
and amounts to 2.2% relative to the produced thermal energy. This could, however, be reduced using a somewhat larger borehole
diameter.

The specific heat flux is proportional to the temperature difference between the BHE wall and the undisturbed temperature profile
and increases with depth. Therefore, most energy is being extracted in the lower part of the borehole. In Figure 6, the change in the
temperature of the borehole wall during the first 5 years of operation is shown along with its initial (undisturbed) profile for a 800
m BHE. It is seen that the temperature change is largest in the lower part of the borehole, indicating that most energy has been
extracted in the deeper region.

The figure shows both the temperatures during heat extraction, (which takes place during the first 2/ 3 of the year) and recovery
(last 1/ 3 of the year). As seen, the temperature of the upper part of the borehole wall is initially warmer than the undisturbed
temperature, indicating that heat is being transported from the borehole. As more energy is being extracted, the temperature drops
and in the extraction profile at 5000 h the temperature of the borehole wall is lower than the undisturbed temperature profile also in
the upper part. The profiles for 6000 h and 8000 h show how the temperature recovers and approaches that of the initial undisturbed
profile. The last profile shows the temperature profile at the end of the thermal extraction period during the fifth year.

The specific thermal load is calculated based on the conductive temperature profile and is shown in Figure 7 for the same cases as
in Figure 6. The first temperature profile (100 h) show a negative specific thermal load in the upper 100 meters of the borehole
while the energy extraction is higher in the lower part as compared to the later profiles. For 5000 hours, the thermal load is positive
in the entire borehole.

As the operation time increases, the distribution of the specific thermal load becomes slightly more evenly distributed. Most of the
energy is, however, extracted from the lower part of the borehole. The distribution of the thermal load at the end of the thermal
extraction period during the fifth year is shown in Figure 8.
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Figure 6: Vertical profiles showing the borehole wall temperature during the first 5 years of operation.
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Figure 7: Vertical distribution of thermal load in 800 m deep coaxial BHE, total thermal load is 40 KW.
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Figure 8: The distribution of the thermal load in the borehole after 4. 6 years of operation.

It is noticeable that 71 % of the thermal energy is extracted from the lower half of the borehole, while less than 10 % is being
extracted from the upper 200 meters. Although there is a slight change in the distribution as the borehole is further cooled down, the
distribution in Figure 8 is characteristic for the this type of deep BHEs.
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The distribution of the specific heat is important when considering thermal influence from neighboring boreholes. With a higher
heat flux, a larger thermal volume is required. Deep BHEs can, therefore, be placed relatively close on the surface and then deviate
a few degrees from vertical to create sufficient distance between the lower parts of the boreholes. The required distance between the
wells can be determined based the distribution of the specific heat flux. Figure 9 shows the thermal influence based on an infinite
series of boreholes placed on a line. The figure is based on a simulation using Comsol Mulitphysics (2014); the parameters in Table
1 are used in the simulation together with values representing the vertical distribution of the specific heat load in Figure 7.
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Figure 9: Thermal influence after 20 years of operation. X is the separation distance for a series of boreholes placed on a
line as seen on the right side.

The additional temperature decrease due to the thermal influence from neighboring borehole is expressed by A K in the figure. The
values are taken after 20 years of operation. It is seen in Figure 9 that the influence of the specific heat load is largest for short
separation distances, and that a larger separation distance is required for higher specific heat loads. E.g. assuming two BHEs with a
separation distance of 20 meters and a deviation from vertical of a few degrees creates a sufficient distance between the boreholes
to avoid thermal influence in the lower part of the boreholes.

3.3 GSHP system with complementary deep BHEs

A GSHP installation is to be built. The specified thermal effect is 180 kWy,, the yearly heating load is 600 MWh and the cooling
load is 200 MWh. With an average heat pump coefficient of performance (COP) of 3, the heating load (energy that is extracted
from the BHEs) is twice the cooling load (amount of energy rejected to the BHEs). The site is large enough to fit twenty, 200 m
deep boreholes with 6 m spacing (Figure 10, left). It is, however, expected that the temperature level will decrease in the BHEs due
to the unbalanced thermal load. Simulations using the design software EED (2010) do indeed show a temperature decline on the
order of 6-7 K during 20 years with a minimum Tf,,, of -4.8 °C.

O O O O O 18 m @)
(@) @) @) @)
18 m
@) @) @) @)
O O O O 'O O O
6m 6m
Qém O O O Q6m O 0] 0]

Figure 10: borehole pattern for 20 BHEs (left) and for pattern with complementary deep BHEs (right).

As an alternative, it is proposed to drill fewer boreholes and to complement these with some deep coaxial BHEs. As mentioned
above a 800 m deep BHE could produce 40 kW, and deliver 117 MWh / year of water in the temperature range needed by the heat
pump. Therefore, the unbalanced heating load can be covered by two 800 m deep BHEs, which can deliver 2/3 of the required
thermal effect. These would have to be drilled with a deviation of a few degrees away from each other to ensure that thermal
interaction is limited in the lower part of the boreholes. Additionally, seven, 200 m BHEs can cover the rest of the thermal effect
requirement (Figure 10, right), these are now thermally balanced and the minimum Tf,.,, is -1.75 °C after 20 years. For the two 800
m deep BHEs the minimum Tf,.,, is 4 °C as shown in Figure 5. The total drilling length for this alternative solution is 3000 m, as
compared to 4000 m for the twenty 200 m boreholes. The required power for fluid circulation in the deep BHEs is approximately
1.7 % of the power required for the heat pump.
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4. CONCLUSIONS

It is seen that deep BHEs can sustain a higher average specific heat load than conventional BHESs; this is due to the higher
temperature level in the borehole. The analysis performed favors high mass flow rates since it makes it possible both to keep the
thermal extraction rate high and the installation cost low as the need for thermal insulation is reduced. The distribution of the
thermal load is proportional to the thermal gradient, which in the simulated cases is linear. Most energy is extracted in the lower
part of the borehole, making deep BHEs insensitive to thermal influence from neighboring BHEs (shallow or deep) in the upper
part. Deviated deep BHEs can be closely spaced and provide a significant amount of thermal energy. Since the thermal influence in
the upper part is small, deep BHEs can also be placed in the vicinity of conventional borehole fields. The required energy for
circulation of the heat carrier fluid in the cases shown is on the order of 1-2 % of the produced thermal energy and can be reduced
using a larger borehole diameter. Deep BHEs are, therefore, a viable option for GSHP installations in areas with scarcity of space
and negatively balanced loads.
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